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NOTICES
01

When U.S. Government drawings, specifications, or other data are
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nor any obligation whatsoever, and the fact that the Governimenit niav
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FOREWORD

This report is a compilation of abstracts and papers

presented at scientific and'engineering seminars conducted

by the Air Force Rocket Propulsion Laboratory, Edwards,

California, from 10 January 1.967 through 23 August 1967.

This report has been reviewed and approved.

Colonel, USAF
Commander, Air Force Rocket Propulsion Laboratory
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A-1STRACT

Opportunities for personal growth through intellectual stimulation

and the acquisition of new knowledge should be available to scientists,

engineers and managers regardless of their field of experlence or geo-

graphical location. Such opportunities are readily available when

colleges and universities are located in the irnediate vicinity.

However, at the Air Force Rocket Propulsion Laboratory (AFRPL) the

nearest university is approximately two hours distant by automobile.

Accordingly, in September 1964 a seminar program was initiated as a,

lecture series for the scientists and engineers. In the first t:,ree

years, over 100 seminars were conducted on a wide range of subjects

dealing with both technice.l and management ,aspects of research and

development. The emphasis in this program has been on subjects re-

lating to the mission and the career development requirements of the

Laboratory personnel.

In the first three years of operation, many of the seminar speakers

have been provided by UCLA on contracts from AFRPL and have included

authorities from various government agencies, universities and industry.

In addition, Laboratory personnel served as speakers for the program on

subjects rangivg from technical discussions on in-house experimental

studies to reviewr of management and planning activities.

W/Al
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RECENT ADVANCES IN SOLID PROPELLANT DEVELOPMENT
(10 January 1967)

Gntby
GatThorn~son

Mr. Thompson received his B.A. Degree in Chemistry in 1950 and Ph.D. .in Organic
Chemistry in 1953 from -iversity of Utah. Formerly with DuPont Company
doing research in the field of organic and polymer chemistry, he is now Manager
of Propellant Development at Wasatch Division of Thiokol Chemical Corporation.

INTRODUCTION

A solid propellant rocket motor is welli known for simplicity of designa;nd

operation. This reputa ic' n has been adequat.!y demonstrated over the years with

thousands of moto7 firings. Recently, the requiremneits dictated by missions th~at

solid motors are being called on to' perform have become more comnplex and th.

designs are therefore less simple. As a result the jpropellant properties that are

now being specified are very sophisticated and. thereforemxuch more dif ficuit to

xmeet.

It is necessary -for some missions that the solid :motor'-have on-off capability.

and the pro upllaxtt mst, ave properties. that wil allow it to extinguish and reignite

readily. Other applications .specify throttling thus -requiring propellant to -possess

a high burning rate-pressureslope. Some =3ssi .ms make itmiandatory that the

exhaust plume have 351w radar attenuation ar low radar..cross section; thus -electron

densities,.aft;-'rring and vtc~nust be rcontrolledL Mlotors f or volume limited

applications may use end iburznin omri6 tdesigns requring 1ey &g burrning xates .and

yet maintaining strzactzr~Al fntezrity ever wiae temperature extreines. -The usuaA

excellent propertiesjof thesolk id ppella'nts u~s't .be =a .intained -while obtainin'g



these special properties. I

Composite and double base are the two common types or solid ropellants,

ncth having their advantages and disadvantages. Composite propellounts are safer

to manufacture and use, can be stored and fired over wider terperature ranges,

are cheaper, and are easier to case bond. Double base propellants, on the other

hand, deliver a few seconds more of specific impulse in aluminized propellants,

and are more effective with the hydride fuels primarily becmuse yperfcrmance

optimizes at higher binder levels.

There are many considerations that are taken into' account when selecting

. new., propellat ingredient orwhen deciding whether a new propellant can be useful.

These include probperties -chat affect performance, such asheat of formation orI

density, and burningrte. Compatibility of a hew ingmdient with the other ingredi-

ents in -the propellant 'or -the compatibility of a- new, propellant with liner and

insuilation -must be'studied. The processability of the propellant has a large influence

on the propellant selection, as well as mechanical. properties, aging and safety char-

acteristics. Cost and availability of ingredients must not 1)6 neglected.-

Binders.

The binder. system for a solid propellant has several impertant functions. It

provides a continuoii, matrix for the sod oxidizer'and fuel with sufficient strength

to maintain structural integrity during handling, storage and operation. It also serves

as a fuel andi tisme ease ~as anoxiz.

Tedouble base binderconsists prim:arily'of niti ocelfulose and an energetic

nitrato plicizer such 'as nitrolcrn (N) ithyleneglyco ditte (DEGDN),

triethyleneglycol dinitrate (TEGDN) or trimethyolethane trinitrate (TMETN).



Stabilizers such as nitrodephenyl amine are used to inhibit the decomposition of thr,

iutrato compounds. The nitrocellulose which is a h..gh polymer is swollen by the

plasticizer to yield a viscoelastic gel which is somewhat thermoplastic since it is

not crosslinked. Recent work has improved the mechanical properties by cross-

linking the nitrocellulose with isocyanates through the free hydroxyl groups.
(2)

The rLost commonly used binders for composite propellants are hydrocarbon

and polyurethane liquid polymers while polysulfides have lost favor because of low'

energy. Recently interest has been shown in fluorocarbon binders and in fluorine

containing binders.

Composite binders are chain extended and crosslinked, chemically, with curing

agents to give a network which is at least partially three dimensional. Random

catboxylated hydrocarbon polymers which are cured with epoxides and aziridines do

not give the ultimate in mechanical properties because of their dangling chain ends.

Carboxyl-terminated hydrocarbon polymers give better mechanical properties and

much higher gel fractions than the random carboxylated polymers when trifunction

epoxides and a7irilines are used because the dangling chain ends are eliminated.

Hydroxyl terminated hydrocarbons which have lower viscosities at the same molecular

weight than the carboxyl analog are cured with isocyanates to give urethane linkages,

Polyurethane propellaAts Lare prepared by two methods: (1) a hydroxyl-terminated

polyether is reacted with an i.ocyanate or (2),an isocyanate terminated polyether

or polyester is reacted with diols and/or triols.

A hydrogenated polybutadiene binder yields the highest theoretical I
sp

performance with ammonium perchlorate and'aluninurn while the polybutadiene type
(3)

is a close second. Polyurethanes yield slightly lower I values and the, optimum
sp.

values shift to lower total solids. Nitratoplasticized polyurethane o r polyesters

3



and double base propellants optimize for I at much higher binder levels bu
sp

the peak values are not as high as with the hydrocarbon system. Since the

nitratoplasticized propellants optimize for I at higher binder levels, thissp

allows them to accept high concentrations of light metal hydrides and still

be processable.

Oxidizer

Perchlorates are used almost exclusively as solid oxidizers and, of the

perchlorates, ammonium perchlorate is used for almost all propellants. Because

ammnonium perchlorate is non-hygroscopic. safe to handle, available in large

quantities and cheap, it has been difficult to find a higher energy oxidized to

replace it even in a few of the applications.

Recent emphasis has been placed on nitronium perchlorate (NP), hydroxyl-

ammonium perchlorate (HAP), and hydrazinium diprchlorate (HP2) since these

materials have favorable heats of formation and reasonable thermal stability.

All three are hygroscopic, but NP decomposes in the presence of moisture which
makes it more difficult to work with. Compatibiliy of the oxidizers with binders

has been a problem but: solid progress has been made. HAP and HP2 can be. used

with either functionally terminated polybutadiene binders or with functionally

terminated saturated hydrocarbon binders. NP requires a saturated hydrocarbon

'binder and even then great pains must be taken to remove trace impurities from

the binder.
' f h ()

Theoretical calculations'show that NP. yields sigicantly h..er s
sp

(15 sec) than NH4 C10 4 for an aluminized system; with berylliu. the inc:rease



I

is only about 6 sec, with aluminum hydride the increase is 24 - an,i with Bell

i0 sec. From the reported heats of formation for HP2 and &iA:', it is predicted

that theoretical performance will be bet-ween armmonium perdilorate and NP.

Fuels

A fuel as used in solid propellants is a reducing agent that improves

performance by increasing the enthalpy of system or by decreasing the molecular

weight of the gaseous products or both. The fuels are usually metals or metal

hydrides with the important ones being aluminum, beryllium, aluminum hydride and

beryllium hydride. Of these, aluminum is the only one used in an operational solid

rocket motor.

Since aluminum is cheap, readily availabie, inert and yields non-toxic exhaust
products, there has been reluctance to accept high p --. - . t

ni egerJ#WAJJ.L&L AL~

appears that ;t is more desirable to increase the size of the motor rather than

using a higher energy fuel. Beryllium can be used in place of aluminum in either

composite or double base propellants rather easily but cost and toxicity of exhaust

products have apparently prevented its use in an operational motor. Aluminum

hydride does not havehe toxicity problem of beryllium but it is expensive and the

thermal stability of the material is borderline. Beryllium hydride is more thermally

stable than aluminum hydride, but it is also expensive and high specific impru'e

?fficiencies have been elusive. Good specific impulse efficiencies have been achieved
1V

recently in double base propellants. Beryllium hydride, of course, suffers from the

same toxicity problems as beryllium.

_5I



T r:chniques of Propellant Characterization

* There are numerous techniques of characterizing solid propellant which

have b2en developLd over the years. This discussion will be limited to the more

recent pronising techniques.

Extinguishrnent

Propellant extinguishment has recently become an important characteristic

which must be evaluated according to the extinguishment method being used. To

evaluAte the pre-"A-gL (P a)d of Z propellant, a 5/8 in. diameter
.... (4)

strand is burned in a large bomb of essentially infinite L*. The pressure is

reduced slowly (5 psia/sec) while recording pressure and. luminosity time traces.

Pdl is the pressure at which the luminosity drops to zero. The validity of this

test has been verified by many motor firings.

Techniques have also been devised to study propellant extinguishment using

dp/dt and L* methods. The first method requires rapid depressurization while the

second 'ases a variable volume device that can change L* as the propellant burns.

Plume Properties

The radar attenuation and reflection characteristics of solid propellant

exhaust plumes are very important considerations for guidance and tracking of

missiles using solid propellant motors. These properties are influenced by

propellant flame temperature, afterburning, alkali metal impurit is and chemi-

L ionization. Techniques of measuring and improving these characteristics have

been developed. C.



Processability

The ability to cast propellants into motors is becoming more and more

-eomplex as propellant total solids increase and grain &signs become more unorthodox.

It is seldom that a simple viscosity from a Brookfield instrument will predict pro-

pellant processability. To completely predict the propellant flow characteristics

it is necessary to measure the rate of shear as a function of both shear stress and

temperature. In addition, a knowledge of the process life (pot life) is essential,

so that perfec t motors can be obtained from the casting. The Sivers Extrusion

Rheomete=r nd t'ne Brookfield Viscometer can be utilized to obtain , desired

information.

Mechanical Properties

With the trend toward higher propellant loading densities in motors and the

use of plastic cases, the need for reliable grain structural analysis is even more
/

important than it has been. The specific material properties which are required

for analysis are (1) the maximum stress, strain at maximum stress and maximum

strain to define large deformation and failure properties; (2) e4iiibrium modulus,

relaxation modulus, Poisson's ratio,.and multiaxial properties todefine the visco-

elastic functions; (3) coefficient of thermal expansion specific ieat, glass transition

temperature, and thermal conductivity to define thermal proerties; (4) creep modulus

to define slump properties; and (5) dynamic modulus aid atigue to'define cyclic and

dynamic properties. Only the more recent methods of measuring properties such as

these will be discussed.

Uniaxial properties are determined by deforingi the spe6men at constant

rate of deformation at various temperatures and strain ratesand measuring the
~7



load through the pecimen. Recent work has been shown.that the problem of

changing effective gage length with strain can be alleviated by using an end-

bonded JANAF specimen. Application of the time-temperature superposition

principle yields curves of reduced stress dr strain verstsi tinte. A Smith type

failure envelope can be defined which shows uniaxial properties of propellant

independent of temperature and time. The effect of motor operating pressure

can be determined by testing under pressure and then treating the data in the

same manner. At the same time a multiaxial effect is observed due to the

hydrostatic pressure on the specimen. The stress field is changed by testing

at several pressures.

.ti motor grain experiences biaxial and triaxial forces and since the

multiaxial field product on a uniaxial specimen by pressiwization is not the only

multiaxial field experienced in the motor, some multiaxial testing must be per-

formed at ambient pressure.

The biaxial rail test has been sho vn to have a true biaxial field at the

center of the specimen and it is commonly vsed to obtain correlation between

biaxial and uniaxial data. Pressure can be.imposed during the test tmore

nearly simulate mt5o opera :on. A more recent method uses a hOllow sphere

specimen and deformsit -in either a biaxial or triaxial field. ThI" method has

advantages over the biaxial rail test.

Poisson's ratio which is the ratio of lateral contractionto the axial

elongation is known to decrease with increasing strain. It can be determined

by elongating a cylindrical bonded tab-end specimen and determining the change

v .in cross-sectional area with an Cpscan or optical micrometer. This instrument

projects a beam of light across the specimen and the change in volume is detected

by change in the shadow cast on photoelectric cells.

I.



Cyclic loads below the failure strain cause a decrease in the propellant

ultimate properties similar to fatigue in metals,, It is necessary to know the

effect of these repeated loads upon the motor grain*apability; therefore, fatigue

testing is performed. The tests are m ade at a constart cyclic. strain and the

strain vs. number of cycles to failure plotted to show propellant capability.

A recent promising technique for the prediction of aging life of propellant

as determined by mechanical properties is 'based on a superposition method. Thii

method utilizes uniaxial data obtained after aging at several temperatures for

various periods of time. The property-time data are superposed to give master

curves of uniaxial properties versus log storage time. Properties after long term

storage at lower temperatures have been successfu1ly predicted using this rethod.

Hazard Tests

Because of the increase in higher energy materials in the propellant industry,

several tests are performed to ascertain the potential hazard of the propellant or
(6)

its ingredients. Two relatively new- techniques are worthy of discussion: one to

determine friction se,.sitivity and the other to determine detonability. The friction

sensitivity test is conducted by pulling one strip of an assembly consisting of two

thin metal strips with the sample sandviched between the strp ..The use of a

seismometer with the standard card gap detonation 6est has iniprovd results.

Illustrative Examvrle

The development of a solid propellant that can be readil .extinguished by

pressure deflagration limit (P technique is, a good example of how. a propellant
(4)

is developed. A set of requirements which included a Pd3 of >15 psia were

V £7.
r:i



established as vt gets for the program. A theory of extinguishment by the Pdl

mechanis'- proposed and experimental work was conducted along the lines
~~ ~ that the theory peitdwudbmotuel.-A p~opellant was developed with

a P 'of >30 ps-i- and c.-aracterized by numerous tests includinga 150 lb. motor

j 0
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FLUORINE TECHNOLOGY
24 Januar-y 1967-

by
Hans R. Neurnark

Dr. Neumark recei7ved his Ph.D. in electrochemistry frmthew Technische Hochschule,
Mmnich, Germ~any. Hie has been with Allied Chemical otbainsne13,weeh
is presen tly Director of Government Likison. Hie has directed activities in the field
of fluorine propelants andi nuclear energy and initiated the pr-1duction of uranium
hexafluoride. At the conclusion of World War J1, he visited Germany as a cvla
axpert with the chemical warfare services. to study fluorine installations employed
in the German war effort. Dr. Neurnark's present p6sition includes the* corporate
coordination of research and developmerit contracts with DOD and NASA in the field
of propellants and special materials such as plastics and refractory metals.

luorine, the most powerful chemical oxidizer, has been of interest to the

rocket engineer for almost a decade. In addition to its supperior specific impulse,

major performance advantages are hIgh density and hypeirgoli city w4hich eliminates

the need for a separate ignitor system. The use of fluori'e as a chemical oxidizer

permits maximum payload capabilities using existing booster coaiigurations. A

brief history of the element fluorine ir. presented, and a descriptioni is given of the

physical and chemical properties of the element. Fluorine reacts with practically

all organic and inorganic substances with the exception of metal fluorides or fully

~~uoriri~ttO -~n:o CrgakzaL. compoundas such as sulfur hexafluoride or tetra-

fluo-rethylene.

The manufacture of fluorine from initk ! aboratory stages carried out in

1886 to present large-scale multi- ton comnmercial operation-_ are discussed in detail.

The basic raw material for fluorine is c#1iu fluoride or fluorspar which is treated

with sulfuric acid to for.; hydrofluoric: acid. Fluorine gas is then produced by

electrolysis of a solution of .inhydrour, hydrofluoric acid and potassium bifluoride

subsequently liquif ied by refriger~ation. The maj,;: impurities; contained in fluorine

gdis are HF and cr -a*4 -h are solids at liquid fluorine temperature arid havv to be



rer-aoved pric- to the lquefaction step in order to avoid plugging of lines3 and4

or., ices in rocket engine systen-s. The orly other inpuiities are oxygen and

nitrogen which do not interfere with the use of fluorine as rocket oxidizer.

Present liquid fluorine specif.c:ations are 99% F mnmm
2 -

The '=sic design of fluorine tanks and of tank. trucks for the shipment

of 5,000 to 25,003 tons of liquid fluorine is descrbe4..

In spite of the high reactivity of, fluorine, mary metals and materials

are compatible for handling of gaseous and liquid fluorine without difficulty.

Most ccmon metals can be used as well as fluorinated hydrocatbons under

certain specified operating conditions. Temperature and flow velocity are

important factors tht affect the compatibility. Th lwvlct a itle

eff ect on the corrosion of metals; however, it is extremnely important in the

case of plastic materials. Research studies carried -out at elevated temperature

indicate that nickel has the highest temperature compatibility followedl by me',

aluminum, stainless steel and steel. The resistance of all mrals used in fluorine

service depends on the cleaning znd passivation of the systern. 1 'hi is one of the

Lmost critical stens in all fluorinp onsrA44nii can-2"#4 be J A-

purpose is to remove the last traces of foreign matter and to 1form a passive

f luoride film on the metal surface. In lbrief, after applying a tandard cleanin

method, the passivation proccdure consists of slowly'.displacing ,.the'nitrogen in

the system with gaseous fluorine. If at all possible, it is recoziuened the

fluorine pressure be raised to the workin pressure level of t4:equnnuent.

In addition to cleaning and passivation procedures, the einsecfcto

for tanks or any equipm.-ent in contact with fluorine is of extrem impertarice.

Welding must be carried out by the tungeten inert gas process, .nd no back-up

t~rips are permitted. X-ray examination of the weld must show no cracks,
14-



:ind14rcu'-s (.-r lack of fusion. Maximum porosity of slag inclusion parameters are

'Recorrn -da ticns arq, made for materials of construction to be used in

*.ystern coinuoncents. For piping and fittings carbon steel can be ur-d for gaseous

Huorine service and st-ainless steel 300 series, aluminum or mnonel for liquid

siervice. Carbort-ste- 21 or bronze-body gate and -globe valves are recommended for

gaseous servi'-e an& pack',ss valves of the bello.r type or- pa .cked valves with

tetrafluorethylene packing for liquid service. Valve plugs and seats should be

of dissimilar materis such as stainless steel, montl, alumiinum or copper. for

ca ske ts soft ?-Iirninum or copper is recommended in gaseous or liquid fluorine

service.. Liqv'id fluorine pumnps have been designed and demonstrated by. NASA and

many rocket engine manufacturers.

Onc major concern of personnel unfanifliar with t~he handling of fluorine has

been thc safety hazardis associated with the use of the oxidizer. Experience ha;:-

shown tzmat- this concern has been unwarranted. Over a hundred million pounds of

fluorine lhave been produced, handled and used during the past two decades, and

during the last /0 years of industrial e~perience no singlc serious injury caused by

fluorine huas been reported either by the industrial producers or the Atomic Energy

Commission. If proper precautionh. -ire taken, fluorine proved to be no. more dif fi-

cult f-o handle than. oth.er reactive or toxic chemicals commonly used. *There is no

protective clothing thlat affords complete protection under all conditio~nz, but for

short intervals of contact with low-pressure gas or splashes of liquid fluorine,

neoprene gloves, coa c:t an~d boots are recomrmended. Safety glasses must be worn

at all times. Face shields preferably made from tranv~arent fluorinated

polymiers are recommended. The most imnportant point to remember is that all



protective clothing should be designed and used in such a manner that it can be

shed easily and quickly. Another important item of general concern is the toxicity

of fluorine. The harmful effects on the htiman body are essentially non-cumulative,

and limited exposures can be repeated daily. The pungent odor of fluorine it,

detectible in concentrations as low as 20 parts per billion which is considerably

below the safe working level. This characteristic can be considered as a built-in

alarm system which makes it impossible for personnel to inhal, dangero, s con-

centrations of fluorine unless they are unable to escape the area of the gas

contamination. In contrast to many other toxic propellants, the effect of fluorine

on the human body is clearly predictable. It is limited to the lungs and has no

insidious side effects on other organs of the blood stream and the nervous system.

Evaluation of animal toxicity data suggests that exposure to 12 ppm fluorine for

5 minutes will cause no permanent respiratory damage and that at least 5 ppm

should be tolerable for short single exposures from the comfort standpoint. The

very latest information is presented on short-term animal toxicity tests with

fluorine from 5 minutes to one hour which were carried out in 1966 at the Depart-

ment of Pharmacology, School of Medicine, University of Miami, ZFlorida. As a

result of this investigation it is expected that the presently recommended EEL

limits will be revised. There are various comnmercial detecting devices available

for the continuous monitoring of fluorine in the atmosphere. The Tracer Lab

analyzer is based on the reaction of fluorine with the quinol clath-rate containing

krypton 85, and the MSA billionaire depends on the use of an ionization chamber to

detect an aerosol. The clath-rate detector is more specific to fluorine than the

MSA analyzer. Other detectors have been developed on the laboratory scale but

i~i '



are not available commercially.

Accidental spillages of liquid fluorine can be controlled either with

water in the £orm of a fine spray, or fog, and smaller spills can be decon-

-tamiinated with powdered soda ash or bicarbonate. Th heat of reaction with

water causes the light gaseous HF to rise almost vertically and to diffuse

quickly into the atmosphere.

In addition to fluorine, OF, FLOX andhalogen fluorides such as CIF 3

and CIP5 are being considered as oxidizers in the rocket program. The ce:n-

patibility with metals, handling and safety procedures are very similar for

all theso oxidizers. Oxygen difluoride is in a different category regarding its

toxicity. Since it is less reactive and irritating than fluorine, it can be inhaled

unknowingly in dangerous concentrations. In that respect it can be compared

with the boranes. Because of its higher toxicity, co.-Iderably more stringent

precautions are required for the. handlinig of OF 2. For decontamination of OF 2

water is unsuitable since it does not react with the compoundbut dilute

ammonia solutions are recommended for that purpose.

It is concluded that fluorine can be readily produced, shipped, stored

and handled if proper precautions are taken. The present state of the art

permits the design and development of fluorine engine propulsion systems and

ground handling equipment through a straight-forward engineering approach.
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All rocket engines have one problem in common: The energy released by

the propellants must be contained, and the thrust chamber and any surrounding

structure must be protected and/or cooled. Concepts developed to cope with

this problem, either singly or in combination, include regenerative cooling,

radiation cooling, film or transpiration cooling, ablation, and inert or

endothermic heat sinks. In addition to this primary requirement for cooling

during firing, the design of thrust chambers for launch, space or tactical ap-

plications pose additional special problems related to (1) long time storage on

earth or in space, (Z) starting and intermittent operation or throttling, (3) shut-

down and postrun soaking in a space environment, and (4) entry at high velocity

into planetary atmospheres.

Furthermore, the various cooling concepts may be used separately or

combined in different ways for each of the thrust chamber components,. such as

the combustion chamber, the nozzle throat and the expansion nozzle.

The objective of this lecture is to present the.ranges of applicability and

the limitations imposed on these various cooling concepts. New materials,



cornposites, and more sophisticated combined cooling designs are providing

increased cooling capability for the advanced high energy propellants including

tuorinated oxidizers and metal containing fuels.

The function and size of the engine establish several important cooling

design parameters, such as engine location, thrust level, burn time, and duty

cycle.

The propellant choice determines the combustion gas temperature and

composition. Several propellants are excellent coolants (such as hydrogen) while

others are thermally unstable (such as diborane), and the combustion gas

constituents vary widely in their compatibility with candidate thrust chamber

materials. Typical operating characteristics and propellant choices

associated with five different propulsion requirements are shown in Figure 1.

What dictates the choice of cooling scheme? As the severity of the

operating conditions increase, the choice of cooling technique becomes

limited or material capability must increase or cooling techniques may be

combined. Factors which increase the severity of operating conditions are:

* Increased run times

* Higher chamber pressures

* Hotter propellants

* Chemical reactivity with structural materials

• Buried installation or chamber outer wall
temperature limits

* Throttling and restarts

These are desirable directions because ,they usually provide greater

mission capability, increased payloads, high specific impulse, etc.



As we survey the capability of the available cooling techniques, it's

hard to generalize completely but one can show ;rends as in the chart of

Figure 2 which outlines the general operating regimes of several cooling

_techniques as a function of chamber pressure an't-gas temperature. Increased

gas temperatures are attained by going to hotter propellants, such as from

cold gas to mnonpropellants, such as peroxide and hydrazine to LOX/RP,

N 2 04, Fluorine and on to the OF? and metal fuel combinations including

lithium and beryllium systems.

Typical propellant flame temperatures and exhaust products are shown

in Figure 3. Temperatures above 7000°F will exist in high performance

systems. Temperatures approaching 9 6 00°F may be attained in lithium

combustion.

A more detailed review of the advantages and limitations of each cooling

concept is presented below. Of course, the limitations described may be

overcome as materials improve and cooling techniques are .:ciombined.

Radiation Cooling

The equilibrium temperatures reached by the walls of a refractory

•metal thrust chamber cooled only by radiation to the surroundings may -be

exrpressed in simplified form by the familiar steady-state equation

q/A h(Tg T w T C 4

A graphical preeentation of this relationship is shown'in Figure 4.

Where conditions permit steady-state operation, radiation-cooled

engines have the advantages of lightweight, simple structure, and long

operating life. They are capable of high-frequency pulsing 'r variable-thrust

operatiorn anj are not subject to dimensional-change during operation.-cagedrigoprtin



Experimental heat transfer rates in small .-hrust chambers can be

controlled by injector design (leading to film cooling or combustion

stratification) to permit chamber pressures well above theoretical limits.

The characteristic limitation on radiation cooling is availability of

coatings and materials that can operate at equilibrium- temperatures above

3000 F in the combustion environment. Disilicide coated refractory metals

have demonstrated the best performance with propellant gases containing

water vapor. At higher temperatures a promising material system is an

alloy of hafnium and tantalum. For propel]xwt gases containing fhuorine

products, the most promising materials are'the carbons while silicon bearing

materials are not usable.

Regenerative Cooling

Regenerative cooling has long been the conventional method for cooling

liquid rockets. The coolant(s) (one or both of the propellants) is (are)

circulated through cooling jackets or through contoured thin-walled tubes that

form the chamber walls.

The metal walls operate at relatively low temperatures (<.Z000°F)

compared to the gas temperatures (4500-60000F); heat fluxes range from

1-10 Btu/in. sec. Basic advantages are: 1) continuous long run times are

possible, Z) there is negligible heat loss from the propulsion cycle due to

cooling, and 3) with modern fabrication techniques, the chamber structure is

relatively light compared to typical uncooled structure.

Three factors describe the nature of the operating limits for

regencrative cooling: pressure, fabrication limits, and coolant heat capacity.

The results of specific studias of chamber pressure limits vs. engine thrust



capabilities for various propellant combinations are- shown in Fig. 5.

Three lines define the boundaries of feasibility in Fig. 5. The maximum

chambe=' pressure line is fixed by the a,.ailable propellant supply pressure,

which must be greater than the sum of the chamber pressure, the propellant

injector pressure, and the coolant circuit pressure loss. Propellant supply

press,3ure, in turn, depends on the result of a system weight optimization,

and whether the propellants are pump-fed or pressure-fed. The upper-

left line which limits minimum thrust depends on the minimum practical

coolant passage height at the nozzle throat, assumed to be 0.060 in. for

this plot. (The heat flux capability of the liquid propellants is directly

related to coolart pressure and velocity;, velocity may be increased by

decreasing the flow area, subject to pressure loss and fabrication limita-

tions.) The lower line which limits minimum thrust is determined by the

allowable bulk temperature rise for the coolant. For propellants such as

NZO4 , the bulk temperature limit is the saturation temperature, whereas for

fuels such as pentaborane, hydrazine or RP-I, the limit is the thermal

decomposition temperature which would cause solids formation or an

explosion; e.g., the coolant-side wall temperature limitation for Aerozine 50

(0.5 NZH 4 -0.5 UDMH) is 500°-600°F. For hydrogen, the limit is determined

only by the required temperature difference (to achieve heat:transfer) between

the wall and the hydrogen; the lower curve in Fig. 5 is drawn for a hydrogen

temperature limit of 1000 F. These coolant temperature limitations

determine how much of the thrust chamber area can be cooled. In Fig. 5 the

thrust limit cur.°es are drawn for. the case of cooling the chamber, the

nozzle throat, and the expansion section to an area ratio of 5; greater

i23



relative areas can be cooled for engines falling above -the line, and vice

versa.

Specific design conditions could alter the locations of these regenerative

cooling envelopes, but the trends would remain the same. It is seen that

regenerative cooling is best suited to high-thrust, pump-fed, main-

propulsion engines. Current design studies indicate that chamber pressures

from 2000-5000 psia are feasible and that cooling limits may be extended

further through the use of auxiliary film cooling and/or refractory metals.

A Ablative Cooling (Char-Forming Plastics)

The thrust chamber can be lined with a solid matrix containing a

substance that pyrolyzes to form gases which in turn act as a transpiration

coolant. (This technique has been extensively used to protect re-entry

.vehicles.) For engines using N 20 4 /hydrazine blends and 0/H 2 propellants,

r ~.the oriented-silica-fiber reinforced phenolics have consistently shown

superior performances over many other ablative materials.

This has been attributed to the formation of a very viscous protective

film of molten silica and to the favorable structural and insulating

qualities of the char. Numerous thermodynamic processes are invol--d:

Or' . heat absorption, heat conduction, resin depolymerization, silica-carbon

reaction, transpiration cooling, evaporation, radiation, etc. A variety of

analyses have been developed to account for these phenomena and

facilitate calculation of charring and surface recession rates.

An analysis of t-anz'int terrperature response data on several

ablative nozzle firings at the NASA Lewis Research Laboratory and at

Marquardt, and a comparison with a slab heat -onduction analysis carried



out with the IBIM 704 digital computer,,/assuming only conduction heat. transfer,

revealed that Lhe experimental char depth and transient temperature response

could be predicted approximately, neglecting the other phenomena. The

-oi-relation of a large amount of data has produced the following relationship

. between char depth 6, an effective thermal diffusivity¢f, ahd run time 8:

.Zo(m e}-

The successful prediction of surface rezession ratec on so simple a

basis has not been accomplished for any gc-eral case, but useful empirical

correlations have been achieved for limited ranges of applications.

For chamber applications involving fluorine containing oxidizers, the

carbon reinforced phenolics have proved superior to the silica-phenolics.

Newer carbon composites such as carbon fiber based graphite or pre-charred

and impregnated carbon fiber materials appear most promising.

Heat Sink Cooling

The primary limitation on this transient heating approach is the run

time available before one of two limiting surface temperatures is reached:

1) the melting, subliming, or softening tgmperature at which the material

would flow or erode rapidly, or Z) the'temperature at which the oxidation or
21.

reaction rate with the combustion gases would be excessive. Meat sink

materials should have high heat capacity, high thermal conductivity, Igh

structural temperature limits, and compatibility with combustion gases.

Pyrolytic graphite, isotropic graphite, and tungsten top the list for use with

V i high-tempe rature vrooellants. Oxidation of theme .- tarials. Is t critical

- problem with all combustion gases containing CO1 and Hz2 O. Surface coatings

for graphite and tungsten offer only a partial solution to this problem, since

I,



wuvalabie COatix1gs are~ limited to temperatures of less than 4000orF.

Effecte of various parameters on heat-sink r-un time capability are

""9hownby Fig. 6. A dimensionless heat-transfer pararAtter, hrjlk. is

2lotted against a dimensionless run-tm prmtr, 2.9rZ aiu

valujes of the wall-thickness to inside-radius ratio), t/i. Here 8 is the timre

required to raise the wall temperature by an amount equal to half the

nitial temperature difference between the gas and the wall. The limiti ng

or "envelope" curve represents the locus of points for which increased wall

thickness could not increase the run time parameter; in other woaeds, for a

given value of hrik this curve gives the maximum val e of at /ri achiev-

abl~e regardless of wall thickness.

For example, if 4friz u 0. 1 is desired, nothing would be gained by

mraking t/i greater than 0. 67, and the maximum hri/k that could be handled

;or that run time would be 3. From the individual curves, it can be seen,

that for the relatively thin-walled cylinders that one would consider accept-

able for the co-nbust ion chamber (/i 0 ) h a ieprmtri

.nve rsely proportion~al to the heating paramneter. For very thick walls,

which might be acceptable only in the nozzle throat, i. e. working along theV nvelope cur-re, it in seen that the run time can be increased by a factor

* near 5 if the convective heat-transfer coefficient is halved.

The over-all conclusions from Fig. 6 is that the inert heat s ink

approach is applicable for small enginoeP with low to moderate chan-1

pressures (low h). The use of limited film cooling to extend run time may

b'e attraciive for spcciai. -applications. Theoretically, run times for heat

t~nk nozzleti c.- aIko be extended thr qq~h tlie un of endotheriic materials.



such as sublining salts, lithium compounds, and low-melting-point rnetalh,

which can. absorb large amounts of heat through a phase change. The

endothermic materials may be impregnated into porous refractory wall

materials or used to back up the walls as an insulator as well as a heat sink.

Film and Transpiration Cooling

In film cooling, the fluid is introduced directly into the thrust chamber

through slots or holes and directed along the walls. This layer of liquid or

gas a'bsorbs heat and thickens the effective boundary layer' thus reducing

*the heat flux to the walls. Cooling films may be supplied from several

sources. One source is a propellant injector designed such that a separate

supply of fuel is injected along the chamber walls during firing, thus

producing a fuel-rich boundary zone. Alternatively, a fraction of the fuel

*. or oxidizer can be routed directly to slots or holes in the chamber wall

just ahead of the critical nozzle cooling area. Or, a separate supply 6f

coolant (liquid, gas, or solid) can be metered separately or controlled by

the heat flux (causing melting, expansion, or evaporation) to provide flow

. .through slots or holes in the nozzle surface. Cooling of this latter type has

• 2 been studied for solid-propellant motor application.

Transpiration cooling may be thought of as a special case of film cool-

'" ing in which the slot or hole spacing becomes very small (porous ourface).

Many of the same design considerations apply, but the available analytical

gt, ":' design equations differ. Coolant sources are usually 1) pressure-fed fuel,

water, hydrogen, or other anolant or 2) a material such as copper, lithium,

- or a subliming salt with which the porous refractory wall has been

4, 0, impregnated. Transpiration cooling is most applicable to one-shot, constani-

' ",



hruzt enginez3 due to the problems of flow control and shutdown effects.

There are no inherent limitations on the coolant capability, run time,

or chamber pressure with either film or transpiration cooling. If one of the

p'ropellants or.an inert fluid is used as a coolant at the nozzle throat, there

may be a performance penalty (Ip loss, where coolant flow is counted as

added propellant flow in the I calculation). However, coolant introduced
sp

wel1 ahead of the no:.zle throat may completely mix and react, thus causing no

loss.

Application to engines is limited by possible coolant waste in starting

and residual flow from coolant passages after shutdown. Plugging of film

cooling passages or transpiration media may be caused by eitherthermal

decomposition during operation or b r freezing between firings.

Current .re search on the ractical application of transpiration cooling't li pCrctresre egntes has.-

to high chamber pressure engines: has lead ".o the development of transpira-

tion cooled walls composed :of a stack of many thin discs with multiple slots

on the surfac, of each disc.

Combined Cooling Techniques and Advanced Concepts -

There are several propellant systems for which no completely

satisfactory cooling technique for reasonable run tines has yet been devel-

oped. Examples are fluorine--based oxidizers, such as OF 2 and CIF 3 , used

i ithfuels containing sach metals as boron, .aluminum, beryllium, and

Sithium. These propellants give combustion gas temperatures in the 6000
8000°F range, iand the combustion products'may be highly erosive and

corrosive on the available refractory metals and carlbides. Throat-heat
4'..e ma fal "- a/ n. se h

I.,xes may fall in the 15-25 Btu/in. second range for achambei pressure



of 600 psia (and increase with pressure, of cour:;e). At these conditions,

the very best inert heat sinks would reach temperatures of 5000 F in less

than 20 sec. The other cooling techniques, which do not involve a

performance loss such as regenerative, ablative. and radiation, will not do

the job alone; some form of film or transpiration cooling is required.

When film or transpiration cooling is required, the objective is to

minii.iize the required coolant flow, which depends on the surface area to

be cooled and also the wall temperature. Therefore,.the engine surfaces

should be held at the highest temperatures consistent with structural

integrity. Materials with ths highest temperature capabilities are the

graphites, tungsten,. and the carbides of hafnium and tantalum. Structurally,

graphite and tungsten are capable of operation above 5000°F (the structural

capability of the carbides has not been demonstrated), but all of these

materials are subject to oxidation and erosion by the Combustion gases even

at 5000 0 F, so that they must be cooled to somewhat lower temperatures.

Most advanced cooling studies now in progress are relatid to ways of

generating coolant films either on a transient or steady-state baisis. Develop-

ment problems lie in the areas of refractory material formulation, nozzle

design and fabrication, coolant selection and supply techniques' Particular

problems include passage plugging by coolant or combustion products,

coolant distribution, starting and shutdown phenomena, limits on run time

and thrust variability, and thermal expansion and sealing provisions.

Concluding Remarks

Most of the material included in this lecture summary has been extracted

from the articl, by the author published in the 5-OURNAL OF SPACECRAFT



AND ROCKETS of March, 1964. This article, "Selecting Cooling Techniques

for Liquid Rockets for Spacecraft" a!!;o includes an extensive unclassified

bibliography.
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NOMENCLATURE

A* nozzle throat areas, in.2

A combustion chamber cross-sectional area, in.

; 2
A nozzle exit plane area, in.

h heat-transfer coeffi.cientEtu/hr-ft2_oR

1sp specific impulse, ibf/(lbm/sec)

k thermal conductivity, Btu/hr-ft-08

q/A heat flux, Btu/hr-ft2

rI  insid radiu , in., ft

T gas recovery temperature, 'OR

Tw wall tej.crature, OR

T effective beat sink toaperature. OR

t wall thickness, in.

T temperature difference between gas and wall

O time, sec

exterior wall emissivity

2
effective thermal diffusivity, In. /sec

char depth, in.

(" Stefan-Boltzmann constant, Btu/fO -hr
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2 COMPARISON OF HEAT FLUX WITH WALL TEMPERATURE
N2 04 /0.5N 2 H4-. 5 UDHM-

p 100 psia
10.0 - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

SPC

0.0

WALL EMPERTURE- FIWRALL



z a

O X us- w-C

LLZL. z .

SIz Cz

Avom <1 x I-
E o n w, Z- I 4L~ L

u=u

000
~~rJ

WLLu C
mozcmj

someJ

Z :E U 3'



h.oOWo

.j0
m~

NuV

LL.
> 0 Nus

z~ -.

sno Uz .A 0

LU'

LI

71w



B OC.Kr-T PERFORMANCE PREDICTLON
AND ANALYSIS

SUMMARY
by

R. S. Valentine
(February 14, 1967) 4

Dr. Valentine holds the 2AS degree from the Univernity of flhjais and the PhD
degree from the University of Washington - both in Chemical Engineering. After
five yeare with Chevron Research Corporation where he was engaged in petro-
chemical research, he joined Aerojet-General where he is now Manager of the
FI'aid Dynamics Section, Liquid Rocket Operations. He holds 12 patexits and has
authored extensive publications.

Rocket engine performance is determined by the potential of the propellant

system, the operating conditions and the physical design characteristic3 of

the thrust chamber. The variations between the ideal perfomance of a perfect

engiae and that actually attained by a real engine is the result of such physical

conditions as bouuidary effects, heat 1sse53 curvature, f inite reaction rates,

.. Zt~o phase flow and non-homogeneous mrass and mixture ratio distribution.

F Perfect Engine Concept

Liquid rocket performance calculations are great~l simplified if

Liie asbtzmea a "periect engin-e' condition, i.e., perfect injector, chamber.

and nozzle opera'.ion. For this model, specific imnpalse is only a function of the

propellant combination and the combustion products, because complete

combustion of the propollant and ideal expansion of the combustion gases are

presumed. Thus, for the perfect engine the following conditions are applicable:

(1) Onae-dimnensional flow%

-. 31



(2) Adiabatic and reversible flow

(3) Chemical equilibrium among the conibufition products

I hroushout the entire expansion jrocess.

(4) Equilibriumn multiphase flow

(5) Homogeneous composition of combustion products

(6) Complete combustion

On the basis of the above conditions or asstimptions, thermo-

clhemical calculations can be made to determine the composition and

properties (density, temperature, pressure, and ve'ocity) of the combustion

gases at any point in the expansion process.

Perfect Injector Concept

The perfect injector concept represents the maximum performance

attainable in a rocket engine assuming ideal performance up to the throat,

but taking into account expansion nozzle ldsses for a specific configuration

and area ratio. Fer th"T concept, the following conditions are a pplicable.

(I) Three-dimensional flow

(2) Boundary layer effects (friction and heat transfer)

(3) Finite reaction and relaxation ratea

(4) Nonequilibrium multiphase flow

(5) Homogeneous composition of combustion products'

(6) Complete combustion

The first four of the above conditioi represent deviations from the

fir:-t four conditions of thu perfect engine coatept, and the remainiing two

-onditions are identical to the perfect engine concept. These deviations will

re-Sult in the followinig performance loss definitions:



(}Ncz:zle c~;~~and divergence performance, loss - This

represen~s the diff, renct "~prfo!rrnanc6 betweer. the cne-dimiensional and

th~~~~~-IN ee-innsjnl o odit-ens,

{21C,11nda ry l4ayr pe rf ormance loes a. 'This represents the

irieinperfc..-,rince betwe en isentropic and ndii ientrop ic, flow due to

friction and heat transfer effects.

(3 -n'ite rate performrance los1 This. represifts the dif-

ferencme in. perfor=maryce between total shifting equilibrium expanision and

nonequiliriurn expc.Dsion because of finite reaction and relaxation rates.

(4) Gas,/ Particle: flow performance lairs,-,- This,4epreseiits the

difference'in pericu:mance between equilibrium and rionequilibriumn multi-

phase combustion product flo*.

Rea ngine Concr

The re,.-I engine concept considers specific impulse to be a

function of the propcilant cornwination, the ijectqr/chamber design and

operation,' , the c wmn.is tion vy odu cts, and the nozzle expauaiaul.des ign and

operation. For the real engine concept, the following conditibns ar

applicable:

(1) Three-dimensional flow

(Z) Boundary layrer eo iects,

(3) Finite reacti;,jn and relaxation rates',

(4) Nanequilibri= multiphase flow

(5) Nonhomoganeos Composition of combustion poducts

(6) Incomplete finergy release



The first- four of the above conditions are identical to the perfect

ijij-tctor conditions and thus can be accountedfor by the perforrnxance losses

defined in the discussion of the perfect* injector concept. The remrair~ing

two conditions, however, represent deviations frorii Zj6 last two conditions

of both the perfect injector and perfect engine conditions, and, *As such,

will ±~:in the following performance loss definitions*

(1) Mixture i-atio distribution performance loss -This represents

'he difference in performnance between homogeneous and nonhomogeneous

comkbustion products.

(2) Energy release performanxce loss -This represents the

difference in performance between complete and incomplete energy release.

Solarces of Losses

The performance losses which'determine the performance of a

real ro~cket engine are the result of the physical conditions noted, and their

mutual interactions. For example, consider kinetic losses, which occur

,w.hf.n tht: late of recombination reactions is: insufficient to allow -recovery of

i hie en~ergy1 of dissociation in the residence time available. Thisi phenomenon

.a itinction of the chemical species present, and thus the mixture'ratio.

Theroiore, non-homnogeneous mixture ratio distribution will ha'ye, an effect

.the overall kinetic loss. In addition, since di3sociation is temnperature

'A-p~endent, a reduction in energy release efficiency from thie theoretical

inamxirrum will result in a lower stagnat ion temperature in the ch)amber, and

'n turn, lowt-r kinetic losses. Similar interactiono exist between several of

then other physical effects which inf laence performance.



As a result of these interactions, a loss can occur in the expansion

nozzle because of a condition which exists in the combustion chamber. For

this reason, parameters such as c* and CF can be grossly misleading. The

best pa-rameter for evaluation of performance is Ins, v nch contains the over-

all effects of losses from each source as well as the interaction effects.

Effects of Operating Variable

The magnitude nf the performance losses which result from the

physical conditions associated with the real engir, e concept is a function of the

operatixg conditions. Losses such as boundary effects; finite ralte and two

phase flow effects are a function of the thrust level. The pressure letel and

area ratio have a significant influence on, for example, kinetic losses. The

loss resulting from non-homogeneous mixture ratio distributions may change

by an order of :magrnitude as the overall mixixture ratio of the engine is varied.

Because of theise factors and the interactions mentioned previously. the

performance of an engine over a wide tl'zottling range can exhibit char-

acteristics which would defy prediction by use of c* and CF as performance

parameters.

Experime ntal Measurements

Performarnce related parameters which can be measured in

exocrientalf tests include thrust, chamber pressure, ambient pressure,

throat area, exit area, weight flows and temperatures. These parameters,

with the exception of chamber pressure, can be used to determine the actual

measured 1,p of a rocket engine with sufficient information to canvert it to

vacuum. perforr.ance'. Chainber prcs-surc, or any parameter derived from

it, can only be used fur comparative tests on identical units or for engine
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balancing. It is not generally useful for evaluating absolute performance

levels.--

Design Constraints

For each propellant system, set of operating conditions and

envelope the, e is an optimum irjector/chamberi nozzle design which will

maximize performance consistent with satisfactory stability and reliability.

Trade-offs between high steady-state performance, transient performance,

cooling and factors affecting stability must be made consistent with system

requirements. General statements can be made however about the

desirability of even mixture ratio distribution, the relationship between

pattern design and chamber volu-ne requirements and the effects of mass

distribution on compatibility and stability. These general ries can be used

as preliminary criteria for establishing chamber'length, nozzle area ratio

and length, contraction ratio, choice of element design, and hydraulic

characteristics of the injector manifolds.

Performance Star. dardization

Recently, a committee of the ICRPG Performance Standardization

Working Group has undertaken the task of selecting the best available methods

Aor evaluating rocket engine performance. The committee has tentatively

chosen the interaction theoryapproach discussed above as its irecommendation for

a proposed national standard. The problems associated with-a standardized

procedure include choice of calculation method for individuallosses and insur-

ing that best methods are available to all users. The goal is; to devise a work-

abl- program which will allow performance prediction within', 1% of the true

value for systems operating at steady state at over 100 lbs. thrust.
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Nuclear Rocket Engine Reactors

and 4-

Engine/Vehicle Integration

The aim of "his lecture is to survey the physical bases of nuclear
rocket rearctors and to show from these bases the /notivation for or
reason why nuclear rocket reactors, engines, and vehicles have the
characteristics which characterize them and differentiate thein from
chemical rocket engines and vehicles.

This is accomplished at three successive levels of nuclear rocket
systems. First, a summary is given of the principal features of nuclear
rocket reactors, with emphasis on their characteristics as arising from
basic physical principles. This background is related to detailed engineer-
ing characteristics of current nuclear rocket engine programs. Next, a
survey is given of engine/vehicle interaction effects and integration prob-
lems, again emphasizing fundamental physical bases and limitations on
integration areas, illustrating considerable differences from'chemical
rocket practice. Finally, constraints in operational employment of nuclear
rocket vehicles are reviewed and directions for their best use indicated.

In order to accomplish this it is necessary to examine these
features in three different frameworks of analysis and design: (1) Flight
Mechanics, (2) Reactor Physics, and (3) Radiation Leakage and Shielding.
Overall systems and integration aspects are discussed as appropriate for
each area.

For reference purposes these areas of study are covered in
Chapters 2, 4, and 5 of Fundamentals of Nuclear Flight (FNF),
by R. W. Bussard and R. D. DeLauer, McGraw-Hill,: 1965.
Chapter, page and equation numbers referenced further in these
notes are to FNF as a source.

See ilso CLepter 7, FNF.
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1. Flight 'Mechanicfi.

* !Jiaton (-n) (W Mass-ratio equatio2. with gravity loss tern-s
(g sin 0 tb)

Use to show unfavorable features of nuclear
rccket vs. chemical for (ground) launching against
gravity fields.

Equation (2-69,), (b) Same equation with drag, turbine-drive. and
(7-11) and Table 7-3 back-pressure losses.

Use to show unfavorable features of nuclear
, rocket vs. chemical for operation in atmosphere.

and for need for highly efficient bleed-gas or
topping cycle turbine device (gas genierator not
competitive).

Sec. C. C h. 2,(c) Pertormance analysis equation. relating engine
?72 ff. , and system internal, parameters to (mass-ratio equation)

eqs. (2-135. 137) ballistic external performance paramieters.

Use to show rationale for "minimum" reactor
specific mass dr) shows favorable features of
nuclear rockets for use in orbit or "freefal"
launching vs. ground -launching. and 'illustrates

:Z greater allowable lsp and easier reactor develop-
V rent (higher Xr for optimum low-a 0. operation.

Eqs. (2-138 to 142) (d) Same equation but with shield + engine mass

atnd Table 2-7. as parameter of interest.

Use to show effect of shielding o n manned space
operations and impossibility of shadow shielding
over 4r

2. Reactor Physics.

(a) Basic one-veloc*_4y flux shapes, and reflector-
Sec. B-1, Ch. 4, savings equations.
eq. (4-3!) and ff,

Fand Sec. C-2, Gh. 4, Use to illustratle need for reflectors to achieve
eqs. (4-118 to 121). low fuel loading, and flat fisso dent di. baic

(and thus optimum heat exchange performance, with
minirmum specific weights, Ar).



(Cont'd) 2. Reactor Physics

Eq._4-16,1 and (b) Time-dependent re-acti~fty equation, with
Table 4-10 delayed neutrons.

Use to illustrate need for and problems of

rocket reactor control. Rapid start up, need for
delayed neutrons and precursor retention, and for
high frequency response (10 100 cps) control rod

drive systems.

Ch. 4. Sec. A and (c) Nature of cross-sections, energy dependence,
Sec. D. and neutron energy distribution. Fast and slow group

extremes. Slowing-down process and simple theory.
Fast and slow group flux shapes in reflected reactors.

Use to illustrate needfor multi-group, multi-
region calculations, employing electronic computers

and sophisticated calculational codes. Use to show
unique problems in reflected reactors with cold
reflectors -- i.e. neutron "speeding-up".

3. Radiation Leakage and Shielding.

Eqs. (5-I to 10) 4a) Operating leakage and dose rate equations;

point sources. ,

P. 270 Use to illustrate biological hazards and leakage
power levels in sample situations; e.g. -orbit launching.
ground testing, and associated operational systems
problems.

(b) Post-shutown radiation; power and dose-rate
equations.

Use to show need for cooling, anddifficulties
of operational use of nuclear rockets for manned
surface landing missions, and of post-shutdown in-
flight maintenance, etc. Difficulty of long-time
cooling and reactor re-use; the moduldir stage
(including engine) throw-away concept.-;.

Ch. 5, Sec. B; (c) Leakage radia:ion interaction with matter;
Sec. C. p. 312 ff. heating and activation from neutrons, gammas. in

and from finite sources.
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(Cont'd) s. Itadiation Leakace and Shielding.

Use to illustrate tctality of engine/vehicle
integration problems and fundamental differences

of nuclear vs. chemical systems with respect

those problems. Appropriate materials choices

from activation point of view, heating rates in

vehicles, tankage, pumps; test-stand, etc.

structure and associated pump system design

problems and shield requirements. Ionization of

air around air-launched vehicles, and consequent

e. m. communications problems. Shielding

requirements for crew, use of chemical stage

propellants as shielding, comparison with solar

flare shielding, to show crew shield needs are

generally satisfied by requirements imposed by

sources other than the reacor, and satisfied by

materials on-board for purposes nominally other
than shielding.

In general, the r-ain points in conclusion are:

A. Nuclear rockets are best used in orbit
launching for inter-orbit transfer, and lea.t
effectively used for surface launching Or landing.

B. Many engine/vehicle integration problens are

entirely different with nuclear rockets from past
experience with chemical rockets, and careful
attention must be paid to all of these. Past experi-
ence does, not provide any sure guide for their
solution, but solutions are seen for every majo:
problem area.

C. Nuclear radiation imposes new constraints on
the use of nuclear rocket vehicles relative to those
Sevolved for in-space application of chemical rockets.

New methods must be evolved and adopted, different
K, from but just as practical as those developed for.
uxi aon-nuclear systems.

• . .*

: .
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TIIERNIAL CONTROL OF SPACE PROPULSION SYSTEMS

7 March 1967

by

F. C. Svenson 5

Mr. F. C. Svenson, who received his BSME from the University of Cincinnati
is the Supervisor of Apollo RCS and SPS Technology, Research, Ergineering
and Test, Space and Information Systems, North American Aviation. Ae is
res.onsible for the thermal analysis of the Thermal Control Systems for the
command and Service Module Reaction Control Systems and the Service Propul-
sion System. Also, he is responsible for all analysis required to predict the
performance of the three Apollo liquid propulsion systems. Prior to joining
NAA in 1962, Mr. Svenson was involved with the thermal and performance
analysis of propulsion systems at Astropower Inc., The Marquardt Corp., and
Douglas Aircraft Co.

Thermal control of a propulsion system is obtained for present space-

craft by balancing the heat gained from the sun and the heat lost to space with

the addition of heat from electrical heaters. If the allowable propellant temper-

ature range was wider, the need for electrical heaters could be eliminated for

most rmissions by the proper choice of optical properties on the rocket engine

and adjacent spacecraft structure. Since this range is relatively narrow, the

cptical properties have been selected to reduce the net environmental heating

thus eliminating any over temperature problem. However, this built- ix;cold

bias must be eliminated by the addition of heatfrom electrical heaters during

periods of earth, lunar or spacecraft shadowing.

In order to size a thermal control system optimarily.with respect to

weight and energy usage, extensive thermal models must be developed to6

describe the heat transfer to and from the ccmponents, propellant tanks,

helium bottles, rocket engines and adjacent structure. These models which

consist of hundreds of nodes, resistors and capacitors can only be solved by



thermal analyzer type computer programs. Every use of _spacecraft6"

orientation is required and should be used to aid in thermal control. A

,; 4thermal control roll of I or 2 RPH imparted to the spacecraft during

i most of the mission greatly reduces the thermal control requirements.

One of the major heat losses is the rocket engine. Because it is

designed to reject heat during firing periods and has a great amount .of

exposed surface area, it can be responsible for losing over eighty percent

of the heat lost from the propulsion system. Present engine design.

gen-crally do not consider this factor and thus have not been optimized to

reduce the heat loss during non-firing periods.

The thermal control of the feed and pressurization systems iave

been achieved by passive techniques consisting of optical property silection

use of high thermal resistance for structural materials and spacecraft

orientation constraints. However, thermal control of the engines require

Fft the use of electrical heaters which have on-off control in addition to

optical property selection and spacecraft orientation constraints.

Propellant Temperature Range

The temperature range of storable hypergolic propellants in the tanks

of large and small pressure fed propulsion systems is about 40 to 8sF. The

temperature range of the propellants in the lines is about 25 to 1759,'rFfor

small systems and about 25 to 135°F for large systems. The tempeiatiure

ranges cf propellant valves vary from 20°F to 225 0 F depending on the engine.

The temperature range for th. tanks present no serious thermal concl

problem although wider limits could reduce spacecraft orientation constraints.

KA
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The tem,-peraturi: range's on the lines and engine valvcs do result in the

addition of clcc~r -al heaters and many spacecraf t )rzentaton consrra.ints.

Use of propellants which h-ave wide u.sable tenLperature ranges would

reduce the thermal control requirements, p.ossibly i usultihg in passhie met~oMs

.0-Vth no orientatio iiis eeopeto nies with wide temperature

"_.Lasranges for the propellant and v.alves could elimiratc. the need for electrical

heaters.

Spacecraft Orientation

Evry usLe Of spacecraft orientation r'elief should be made to reduce

the thermal control requireraents on the propulsion system. During space

flight a steady roll of I to 2 revolutions per hour will stabilize almost all

componentsloetween 60 and 80OIF with existi o Ica coatings. In earth

orbit.'a random drift modc noin-synchronouwihtepromabesi-

factory for eliminatirg an active thermal control system. However, the

limitation of optical coatings may require that all-he solar heatina Possible

be supplied to thc rocket engines. This would also be true of lunar orbit or

orbits of other planetIs. In orbit it is quaite difficult to balance the heat

lost during shadowing with that gained during solar heating without imposing

unacceptable orientation constraints on the spacecraft. Still, proper mission

planning can provide spacecraft orientations which will minimize the.,thermnal

q': control requirements.

Cornputer Pro2ra ms11 ....
Several computer programs are required to aid in thermal analysi--

of propulsion systems. These programs are a general thermal a~nalyzer



prk-UgAm, a r~tdiositY prograin and a view factor progra. Thethrra

ar-alyzer nrio'rani is built, around the thermal- electrical analogy using an

elect rical network with current, electrical capaci-,:ors, electrical resistance,

arnd voltage drop replaced by heat flow rate, thermal capacitance, the re-

-~ciprocal of -thermal conductance, and temperature arop respectively. The

radiosity program solves a radiation netw-ork to Cletermine the interaction

of radiation an several adjacent surfaces. The resul'-s of this program in

th -orm of thermal radiation resistors are input to the therma analyz a 2 er

program. The view factor program defines the config iaio or vie fctor

from, one surface to another. The output of this'program is inpuat to the

radiosity program. This program is not necessarily needed as'there are

extensive tables, equations, and charts defining the view factor between

various surfaces.

Thermal Properties

The thermal properties used in the thermal model must be as

accurate as possible. A model consisting of hundreds of resistors, capac-

itors and nodes has the possibility of fairly lg ros in predicting

temperatures. If the basic data used in the model is also in error, this

can result in prohibitively large errors in the predicted temp eratures. In

addition, correlation of large theratal -r-lel with test data is extremely

~ . difficult even; if the basic data is correct.

. Tho~ optical propert.ies, contact resistznce and the resiatznce of

supzer insulation are scme of- the properties wo.ith the greatest varia tion.

Any o th-:e tivit are required f-or the calculation of an important

resistanr.c within the mol. should be subst~antiated with Laboratory

"n



test data.

.  Thermal Control of an Entry Propulsion System

" - Thermal control of an entry propulsion sys :er during earth entry

or etry to some other planet was excluded as par-: of this subject. However,

tternal control of the system during spaceflight must be considered. If

the propellant is held in the tanks during spaceflight, the thermal control

problem is significantly reduced. Th.- tanks can be sufficiently insulated

to eliminate f-he need of active thermal control. The temperature range of

the propellant lines, components and engine can be easily expanded for a non-

operating system.. Thus, anythermal control of propulsion components

outside the tanks should not be needed.

Prior to entry the entry propulsion system:can be heated to the

required minimum temperature by solar heating or the use of electrical

heaters. In some cases before activating the system, 1the engine valves

are used as heaters and provide sufficient ,heat to warm the engine, injector

and adjacent propellant lines. Heating tims prior to entzy of 13 to 20

minutes with a total of 54 watts of heatfnom the valves of a IN0 pound

thrust engine is sufficient for certain spacecrafts.

Thermal Control of an ACS for Space

Thermal Control is required of attitude control systems ised during

a space mission. The heat lost during planet or spacecraft tdowing must

be added by electrical heaters or nuclear. isotope heating. Present systems

use electrical heaters because they can be easily turned off durng the

periods of engine firing or extensive solar heating. In ans-planet -flights.

passive thermal control can be readily achieved by imparting a small I to 2 rph
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roll r~ite to the spacecraft. Hovwever,' during orbital conditions heaters

with Lhermal switches ar: required. A power level of 18 watts rer 100

pound thrust engine may I e required based on a duty cycle of 60%. Contin-

uous heating would be mo,'e reliable but prohibitive orientation constraints

would be needed to prevert exceeding the maximum temperature limits.

For man rated spacecraft, these heaters and thermal switches must have

redundarlcy. In addition, monitoring information must be supplied to the

astronauts. The propellant tanks and components*-shoul6 not need an active
thermal control system. Proper selection of thermal insultion and optical

properties should enable the feed system to withstand any thermal transient

up to 10 hours. Transien-.s longer than 10 hours should be eliminated by

mission planning.

Thermal Cont-rol of a Main Propulsion System.

Optimum thermal control of a 20,000 lb thrust propulsion system is

difficult to achieve. The tanks and components can be easilycontrolled by

thermal insulation and spacecraft orienitation. However, th heat loss from

the engine can be excessive and difficult to define.' Therefo.e, sophisticated

thermal analysis is required of the engine and adjacent spaccraft structure.

This analysis can require a thermal model with a network havig 5ve- 500

nodes and running two to four hours on a 7094 for a single mission. Advantage

must be taken of the heat sink capability of the engine, and the additional heatFr
obtained during engine firing to reduce energy and power requiements. Again,

active thermal control should not be required during trans-plet £lght. But

dtring orbital conditions, heaters may be required on the propellint lines,

and the engine propellant valves. The amount of pwer that iay bS required

.,.....-. . . .



is about 96 watts based on 50% duty cyck. These heaters would also have

to have on-off control and must have redundancy for man-rated vehicles.

Conclusion

Thermal control of propulsion systems is an imp ortwint consideration

in spacecraft design and mission planning. The primary loss of heat is from

the exposed'rocket engines. Therefore, early recognition of the thernial

control criteria in an engine and propulsion system design program can

result in significant reductions in the thermal control requirements.
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ABSTRACT

PLASMA PHYSICS AND APPLICATION TO ROCKSETRY

By

G. W. Sutton
A'vco Everett Rese arch Laboratory

A plasma is an electrified gas with the following properties: 1)
partially or totally ionised; that is, an abumdnnce of charged particles;
2) ele ctrically neutral on the whole;, that ii the number of negative
charges equals the number of positive charges, and 3) a DE*bye l'ength
much smaller than the macroscopic 'dimensions. Thji requirememnt
insures that the plaorma will be elacirically neutral oni size scales larger
than the Debye length so that the plasma may be treated as a continuum
with local properties, instead of following each charged particle individu-
ally, as iec done in electron physics. The lecture will consider the special
properties of a plasma, its interaction with electric and magnitic fields,
and the mnodes of wave propagation through plasma. and uses for'plasma.
of interest to rocketry.

The various methods of ionizing gases will be reviewed...", Ionization
is caused by collisions between molecules, atoms solids, or photons in
which sufficient chemical, kinetic, 'or photon energy is transferred to
one of the bound orbital electrons, freeing it from the coulom-4 c.*ttractiV*
field of the nucleus. An a special case, electrical or, photon energy can
be given to free electrons, which gave themn sufficient energy t ionmie
neutral particles. Thermal and non-thermal ionization will bil discussed.
Ele ctro- chemiical ionization will also be discussed, sluch as -xiedin the
"10" machine.

in general, the properties of a plasma depand upon three'., kongths:
the mean-free path, the Larrnor, radius,. and the Debye leng&. and in
addition the Magnetic Reynolds. number. Two'clses 6f mean-free. paths
will be considered: very long mean free'paths, and very shortM" mean
free paths.

Whe n the me an f ree path in~ a plasmna is ve ry loiig the e lectri cal
conductivity of the plasma ii. very large and the plasmia, can boi,.considered
to be "collisionle ss". This plasma' is characterized *b y a verf-41krge magnetic
Reynold number. Expressions will, be derived for: the ielectrical 'conductivity
for this state. With the addition of a miagnetic field;,.~h 'Chijed particles
gyrate around the magnetic lines of flux.*.,. The adiabatic invaitit for such
a gas will be derived, which form the bais for the. 14anei The
limits for escape from such confine mettwill bedrvd h4dto i
vrarious fields such as electric, gravitational, an 6agetc i radients
leads to various drifts acrossi magnetic lines of flux but the nmer of
magnetic lines of flux enclosed by a grating. particle remain. constant.
The conatancy of the sum of the magnetic pressure afd gas previssuire will
be shown.



The presence of many collisions of electrons with heavy particles
yields a different regime, in which the mean free path is much smaller
than_dimensions of interest.. The plasma is then'pest described by the
velocity distribution function which is obtained from solution to the
Boltzmann equation. Several exarnples will be. given of equilibrium
states, including the distribution in an electric field, Debye. shielding,
arid Langmuir probes. The non-equilibrium states are usually cC-
sidered small departures from equilibrium and give rise to typical
phenomena of the transport properties of electrical conductivity and
thermal conductivity. The dc electrical conductiity will be derived,
and the tensor conductivity in a magnetic field. Ion slip and ambipolar
diffusion will be illustrated. The electron momentui-a equation and energy
equation will also be given and used to obtain the electrical conductivity
and electron heating.

Wave phenomena in plasma will be discussed. The phenomena of
acoustic waves and electromagnetic waves become coupled. on a plasma
and their properties are altered. In addition, in a highly conducting
plasma, in the presence of a magnetic field, a new wave diicovered by
AlfvEn (1947) can propagate. Some of the basic pr operties;iof these waves
will be discussed, including electrostatic longtudinal wavesl (plasma
frequency), electromagnetic waves and their interaction with magnetic
fields, cyclotron heating and Alfvfn waves.

For typical flow problems, the usual energy and momentum equations
of gas dynamics must be modified. Usually, the magnetic Reynold's number
is small, so that induced magnetic fields can be neglected (an exception is
the Hall accelerator). These modifications are given: thr addition of the
Lorentz force in the momentum equation and joule heating in the energy
equation. These terms make it possible to achieve plasma,"propulsion by
interacting with the Lorentz force, and MHD electrical power generators, in
which the joule heating term is neg:ative,

With the Lorentz force in the direction of the flow velocity, momentum
is added to the flow; in addition the joule heating heats the flow. If. however,
an electrical load is placed in the 1V x B direction, then'the -Lorentz force
retards the flow, and energy in extracted from the:gas. !-

The Hall effect (tensor conductivity) is usually not neglible in such
devices and can decrease the effective electrical Conductivity.of the flow.
This can be remedied by suitable electrode geometries, of which several
will be given as illustrations.

It is shown that the joile heating can cause the electron temperature to
exceed the gas temperature.: This has importantapplication'sfor increasing
the electrical conductivity of the gas. for MH1D electrical power generators
and accelerators,



The remainder of the lecture will consist of examining the applications
of plasma physics to rocket applications. One of the most'importa-nt is the
attenuaticn of telemetery by the exhaust gases from a rocket. On the otlhe r
ha~nd, at low altitudes the exhaust is highly turbulent and giVes, rise to

tur~ie. t c?'eterin; of microwaves. A more recent discovery to the use
of electric fields to increasing burning rates of ga seous fuels. Direct
uses of plasma physics for rocket application are, the plasmria propulsion

dices. Two will be discussed: the'J x B accelerator and" nd arcs of
which the Hall accelerator is a special case, in which the miagnetic field
give very high efficiencies and specific impulses;,. The total thrusts are
very small, eo that this device is very useful for :station keeping of
synchronous aatellites. It in possible that controlled thermo-nuclear

I reactions may be useful for propulsioni, but the success for, achieving CTR
with fusion has been for limited. On the other hand. cornt stion firerd-
MH1D electrical power generator -has achieved operational itatus on the
level of twenty megawatts, and should be capable. of much largerss
This gives rise to the concept of using a gaseou~s '(Rankine).,,,irect nuclear
cycle in which electrical energy is generated iii an MHD geinerator, and

I ~then used for propulsion.-in a large- 3 x B accelertr Ia.l lat application
appears tu be technically feasiblewltk the existig kno*16#go eatie
generators, andJx B propulsion devices.

IA.



ELECTRIC PROPULSION FOR SPACE VEID1CLES

(21 March 1967)
by

.erwoe v hs E Rudolf X. Meyer

Dr. Never, who received his M.E. degree in 1945 from the Swks Institute of Technology
f:~! .ind his Ph.D. degree in 1955 Jom johns Hopkins University in mechanical and aerenautical

engineering, is director of the Plasma Research Laboratory, Laboratories Division of
Aerospace Corporation. He has been Assistant Professor of Aeronautics at the U.S. Naval
Post Graduate School and has also been affiliated with Space Technology IAboratories, Inc.
mnd Raro-Wooldridge Corporation. Fields in which he has worked are plasma physics and
magneto-hydrodynamics, fluid mechanics, particularly internal aerodynamics and hydro-
dynamics, design of aircraft gas turbines, and propulsion.

NTRODUCTION

The development of electric propulsion is motivated by the need for space vehicle

Propulsion systems with exhaust velocities fai' greater than those attainable with

chemical rockets or nuclear heat-transfer propulsion. For a fixed thrust, an increase

in exhaust velocity results in a smaller expenditure of propellant mass. Depending on

-he particular mission considered, the ratio of useful payload to initial mass of the

rocket is correspondingly increased.

The concept of electric propulsion has a long history. It was considered by R. H.

I c;oddard as early as 1906, but engineering developments did not materialize until the

late fifties. First flight tests were conducted several years ago by both NASA and the

U.S. Air Force. NASA has operated successfully an electron bombardment type Pngine

on a suborbital flight. A contact cesium ion engine developed under an Air Force contract

produced a thrust of 2 mlb in a ballistic test of 30 minute duration.

Most. future applications to space vehicles envisage thrust, levels of only a fraction
.'l .boosters

of a pound, corresponding to accelerations of 10 g or less. Chemical 'or nuclear boosters

arc therefore needed to put the vehicle first into a low altitide orbit, i.rm which it can
Ini : 't

ascend slowly in a spiral path until escape velocity.is reached. The tie required to eter

A itnew orbit about a near-earth planet would exceed several months, and might be as long

41



1yc ar.

Anticzp.ted powter requirements for future planetanry missions are of the order

Of a few ft.o hundireds of kW, depending upon -the applicetion. Nuclear ane so1-~r energy

-iruresare being considered. The successful application of electric propulai')n

hinges largely upon the development of light-weight power convesion devices. The

wefight of the propulsion unit is typically only a small fraction of the combined

weiphts of energy source and conversion equipment, and therefore often not of

critical importance. However, the efficiency with which electric erterg, is converted

in~to kinetic energy of the propellant is craciai, since it directly affects the welght

of the power source.

OPTIMUM SPECIFIC IMPULSE

rht- e-hauJst velocity is c-mventiorta~y expressed in terms of the specific

impulse (I L) It is likely that electric propulsion systems with an I ranging

from 1000 to 20,000 sec will find wide application in future space rnin'sions. The

optmumI dpends mainly on the miso icudin the time allowed for the
sp-

trip) and on the mass/power ratio of the space power source needed to supply the

electrical energy. Devices with an I of 1000 to 2000 sec are useful for attitude
sp

stabilizat-ion of sctellites and for lifter satellite -,MC a4^ 0 1 01. .- Il o

syrnronous orbitL. An .1 from 3000 to 20,000 sec is optimal for extended missions
sp

within the solar systern. Systems with an I lower-than optimumare penalized by

ex(:(ssive propellant weight, whereas systems with higher tha otimum specific

irnptilse suffer from an excessive wihofthe electric powef .source.

ELEcr'rR(5TATIC THfRUSTORS

The nmost characteristic feature of electrostatic thruzstbrs is the separate

*dcruceration of positive ions and electrons in aA electrostatic 'field. Prominent



Lthrlistors of tlh s type are the eLectron- . ,.'mbardrent (Kaufi-ar) ungine and the

contact ion engine. Both of these thrustors are relat~vely highly developed at

present, and have demnonstrated lifetimes which approach those needed for ope-

ational systems, and good efficiency, at least in. the higher range of specific

imule
1. Electron-Bombardmntt Enpgine: -

The pjropellant (usually cesium or mercuy is' ionized by electron impact, frorn

electrons emitted by a ckentrally located cathode and acceler~ted towardi; a -.yclindri-

cal anode. The ionization efficiency is greatly improved by the usr. of anr axial

magnetic f ielai which provides a partial containment of the electrons, reducing

thereby wall losses. The~ acceleration of the ions takes place in the small gap between

two screens. (extractor and accelerator electrodes) to which a high electric poi-ential

dif ference is appli;'. The elec'trodes are designed in such-a way as to minimize

erosion through the mechanism of 'sputtering by the impact ofions, particularly also-

those resulting from charge- exchange.

2. Contact-Ion Engine:

Historically, this was the first electric thrustor type to undergo enginering

development. It dif fers from the electron bombardrent engine mostly'i the

mechanism which is emnployed for ionization of the propellant. Ionization is achieved

through the process of, contact ionization (Langn~i-iidr efet 'na high-work-

function metal surface, such a - tuingsten. Contact ion'zto is esenially rsrce

to the use of alkali metals, particularly cesium', as propellanits,,and requies that the1.. onizr beheated to a temperature of 130Xo ihr h iationjloss frorti the

heated ionizer is the principal power loss sustained oy this type of thriitor.

The resulting ion beam is space-charge neutralized by the ijection of electrons;
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p CiKixy r~m:in~;devce or pace-cliarv'e neut~faiz7ation i h ev~i,

Ptisrna propuision islikely to b-: :ess efficient int~he range of high I, but

V) ff r.:. the :.idvantag~e of a wider choice of propelLants with good storage and handin :

~nard~exbtcs.Other IntiCi~a ted advantages are a -tigher thrur-t per unit area

Juro to the abseric(? of space charge limitations, and possibly a wici*: useful range

of Sp-cifric ipio

Thie Propel~lant is accelera te-. either by means of expanding an arc-heatedA S M1

through zt supersonic nozzle (arc jet), by imparting a momentum to the pla. ma by

rneinrb of magric -c 1Lields (crossed-field acceleratc-r, rail accelerator, etc.) or b

P, combinati-oh of. 1.oth methods. As a consequence of the high particle density, the

Dehye shielding distance is small compared with the physical diAMensions. Except

for thin sheaths on electrodes and insulators, electric forces are therefore absen t

an'd pla~y no role in the acceleration.

1. Arc Tet:

T*h-e usual conf-iguration is coaxial, with the two electrodes !4eparated by an

antnuer gzap across which the arc strikes, and through which the-,,,' ellant flows.

Th -. inner elect-rode is usually the cathode, made of tupgsteni or;some other

rcliractorv. Licu id-cooled copper oruncooled refractory metaliare used for the

invde. In one version, the arc is confine' by the throa reio frdbthane

and st rikeE7; to tihe_ diverging portion of the nozzle, resulting in an increased voiltage

F'radj-rit and arc temperature. Anode spot motion to prevent a"od burnout can b

-ricr- 2tsed li" introducing the propellant with a swirl, or by means of -an axial



nt,1Zh~!Wtic f h.id h the ',:s~ of polyatomic propellants, the energy-required for

dissociationrepresent: an important loss mechanism. 'ae to the relatively low

density, recornbirLation in the nozzle is incomplete. 1000 to 2000 sec specific

irnpuls-ehis been obtained with gases of low molecular weight,-

In the so-called MPD arc, magnetic forces add greatly to the acceleration.

These are produced by the self-magnetic field of the arc current, or else- by the

magnetic field of a solenoid.

2. Crossed Field Accelerator:

Characteristic for these devices is an externally applied magnetic field, with

lines of force substantially perpendicular to the discharge current. The resulting

ponderomotive force is perpendiculai to both field and current, and is inthe direction

of motion of the plasma. The propellant flows through a channel, bounded by two

electrodes facing each other. Magnetic field strengths of several thousand Gauss

are typical.

3. Rail Accelerator:

The electric discharge takes place between two parallel, plane conductors (rails)

or two concentric cylinders. The magnetic field associated with the discLarge current

drives the current fron along the rails. In one mode of operation, the space between

the electrodes is initially filled with gas at a low pressure; the moving current front

then produces a propagating shock wave, which compresses and ionizes the gas. In

other devices of this type, a puff of gas is admitted through a' ast acting valve, or

by sublimation of a solid propellant, and is accelerated by the discharge. ',<.Maximum

velocities corresponding to a specific impulse of 20,000 sec and higher hae been

obtained in pulsed operation.

4. Travelling Wave Accelerator:

The principle of operation is somewhat analogous to that of an induction motor.



A Iime-va-rying maignetic field is produced either by multi-phase windings, by

Sequentially switched coils, or by means of a transmission line. An attractive

fea ture of this type accelerator is the absence of electrodes and t14~ ossibility

of isolating the plasma from the walls by means: of magntic fields.

The lecture terminates with a discussion of laboratory experiments with a

Spa ce- Charge- Shea th thrustor. In this device, cesium ions are accelerated, in

the gap between a porous tungsten ionizer and a virtual cathode forimied by

clectrons gyrating in a transverse magnetic fil.The magnetic field strength

(2500 Gauss) is such that the electron cyclotron radius is comparable-to the length

of the acceleratin~g region (approximately 1 mm). On the other hand, the ion

cyclotron radius which is of the order of 20 cm, i ; large comrpared lt Te characterisqtic

scale length (I cm) of the magnetic field. A number of experimenta.1 aind theoretical

problems arising in testing this thrustor will be discussed.
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INTRODCT.ION

Solid propellants are structural materials. Today's rocket motors must be de-

signed to meet a variety of mission applications, many of which hive placed increas-

ingly severe demands on the structural capability of the propellant grain. Although

it is generally recognized that ballistic requirements 'dictate-may aspects of the

final grain configuration, structural limitations have become more apparent in recent

years. Quantitative measurements of the propellant's physical and mechanical char-
acteristics have become as important to the design engineer as the combustion laws

may be to the ballistician. Unfortunately, the basic"character of the material is

such that attempts to measure its mechanical properties' have p sedserious experi-

mental and conceptual difficulties. Techniques of eugineerlng-structural analysis

have developed to the state where reasonable predictions can be made of loads .And

- deformations in such structures, which may be composed'of ninaty;'percnt of this

unusual material. On the other hand, difficulties in n ih " been greatest

in those •regions where critical conditions..are most likely: such ,aS' •grain discon-

tinuities, corners and bonded interfaces, that is, predictionof structural failure

where failure is most likely to occur, is in many cases the least satisfactoryr

duct of the structural integrity analysis.

There has been substantial progress in the develo:ment of methiads for solid

propellant material characterization over-the past d cide, however. -: The propellant• . .. A .

has been represented as a linear isotropic viscoelasti6 materia irfth some success.

The necessity for further sophistication is :a. always:.obvouu in mn7 ances

large errors can be expected if assumptions' of lineariy and iso rbpic behavior 2re

retained. ' - " ..

The loading environment which a propellant grain must surviie includes thermal

cycling, handling and vibration, ignition psessurization, and aceleration. Many
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of these conditions may prevail At the same time; such as the imposition of sm#1l

oscillatory stresses on a grain which has been subjected tqg-large thermal stresses.

The resultant deformations may be much greater than a few percent, so finite strains

must be ccnsi dered. The rate at which the material is deforuvad in some of these

cases requires the recognition and proper accounting of its time- and temperature -

dependent properties.

The generation of a practical propellant failure criterion has been the object

of extensive Study for several years. It appears that no completely ,general

analytical criterion is forthcoming, but significant advances in the-experimental

claracte rization of ultimate properties in multiaxial stressi fields prmise more

reasonable empirical guidelines.

High-speed computer techniques have provided the meians by which material

properties, loading environments, and geometry may be con'sidered for.,a large

num-ber of grain configurations. Also, as an important adjimct, it must be recog-

nized that propellant mechanical properties change with tioi'e and exposure, and

arty failure criterion or response characterizitiok applicable to unaged material

must also account for these changes to be of any significant value ii~eitabliuhing

operational design limitations. Many missile aystems must undergo repeated

exposure to thermal extremes as well as a wide' r ange of vibrtional fiequencies

and accelerations and are expected to survive fIor many years; without intolerable

changes in reliability or operational readiness'*

The following sections drawt from a very -large numkber o f publish&Idocuments

and reports as well as private communicationh with individual invest. gatore;
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however, only the unclassified literature has, been surveyed. Several basic source

documents have been used libe:ally. These include: the Interagency Chemical Rocket

S Propulsion Group (ICRPG) Mechanical Behavior Manual ( -3 ), Solid Rocket Struc-

tural Integrity Abstracts and the Bulletins of the Joint Army-NaevyAir Force (JANAF)

Physical Properties Panel, the ICRPG Working Group on M chanical Behavior and the

JANAF Surveillance Panel.

TESTING

A variety of tests are currently conducted to characterize the mechanical prop-

r erties of solid propellants. The nature of the test, test mode, and environmental

conditions employed depend upon the end use of the data obtained. Ceftainly, a
large portion of all testing is conducted for quality-control purose.; to determire

batch variability, and as a check for gross formulation errors. Also, formulation

chemists are guided by the recognition that some "standard" teats gLve:reasonable

inlications of the practicability of experimental propellants. In'general, these

tests are used for relative comparisons o. dst, rather than for precise values of

, stress and strain capability. On the other hand, if the,'tests areito "provide data

for engineering analysis, great.care must b6 exercised'ii the contol o f tee t condi-

tions and interpretation of results. The specific tests ito be de;dcrLed'in this

paper will be discussed in terms of their usefulness for;both a ns described

above.

THE UNIAXIAL TEST

This test is by far the most common in use today. s cal t le
specimen has received rather wide acceptance for constani sain .rte testing uinc_

1957.( 65 ) Figure 1 shows this specimen with dimensions and Aypical set,
of gripping jaws for use with any available .tester. The specime/n .. as been prepared

..71.
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by die-cutting, casting, or milling. The latter procedure usually pr~ovides a superior

spec~imen, avoiding the irregularities in dimensions and composition normally produced

by the otherinethods,

It was recognized iathet-earl thit although the JAN&J specimen 'has the obvious

advantage of preparation ease in large quantitie s, certain., precautions-must be taken

In order to provide meaningful property data. Since the specimen tends to extrude

j ~ out of the Jaws'when a load is appliedt straini data based. on jaw-displcemect alone,

tend to incl~de substantial errors'. Figure.'V ib kn illustration of the extrusion

phenomenon. Vailous techniques. fi~ve been developed to provide a 'morji Accturate

measure-of strain in' the JANAF specimen. M~e approach is 6 mak,,a :riin measure-

wient which ii iidependent of the jaw displacement, by optial or photographic methods,

and to compute an effective gauge' length for: the specific formulatioin of interest.

Un for tunate ly, the effective gauge- length (EGL) *varies with strain and-test conditions

for most propellants, and a plot -of EGL versus a tra in must; be used t6- correct for

this variation.

other techniques for a more satisfactory measure of strain in the-gauge section

r)f the JAKAF4peicimen have been Aeveloped. Me- inexpensive and s ip method is

the use of alclear plastic film extensometer :-which is attached to-th& :gauge section

rf the specimen. A mark on the-face of thesxpecimen is pulled past;Ln~ spaced

ines on the-'clear film and the recorder chart is pipped manually as~the mark passec;
. Figuxre not *vailable)

each of the tines. Figure 3 illuitrates this -technque./ Various other methods are

also used, such as a spring clip strain ga uge- dievelope d'b by .Sti e anta Sih,
* ~~-ikdi (gii ot available.)

or the more elaborate -extensmerdsi gne by Patris~ 6 ho~wd'ini ftg .

At present there Is considerable effort to-develop a tensile, speime ic

does not exhibit a variable gauge length. Mostepopular is-.,.some, for:'bf end-bonded

7al



sample. Figure 5 shgos some of the specimen configiratiors presently in use or under

develop-nent. T"ie end-bonded specimens hav.3 been quite satisfactory for response

measurements in many cases, but the tendency to iaiL at one of the bonde-1 joints makes

many 6T the configurations unacceptnble for ultimate prolrty determinations. A

specimen which has shown considerable promise is that developed by Saylak (7 7 ) . The

details of this specimen are shown in Figure 6. It is cast in a cylindrical mold and

steel washers are bonded to the ends with an epoxy glue. Figure 7 illustrates the

improvement in the variation of effective gauge length with strain ihen thia config-

uration is compared with the JANAP specimen.

The uniaxial test is widely used for quality control and formulation testing

for obvious reasons. The JANAP configuration is not likely to be replaced for these

purposes, especially since the backlog of information relative to the formulation

art is composed primarily of data from this specimen. Grain structural analysts

require more precise information, however, and when uniaxial data is obtained for

their purposes more elaborate and time-consuming tests may be conducted.

TEST MODES

This discussion applies to various test configurations whether uniaxial or

multiixial and is related, in general, to commercially available testing machines

with controlled jaw displacement rates. The characterization of viscoelastic mate-. /

rials requirea testing conditions over wide temperature ranges andS, at times, a

range of strain rates. Although material properties ure discussed I-.'n some detail

in a later section, it should be recognized that the general applicability of time-

temperature equivalence principles provides the convenience of temperature variation

where very short or extremely long time testing would be impractical.
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The constart !;u-1placement- rate test mode :s mostj.requently employed. This

mriets most of the requirements for mass testing such as in the quality control sit-

untion, but various test analytis methods have made it quite suitable for design as

well as research purposen, -Disolacement rates frot: 0.2 to 20 inches per minute zre

normally employed, but some testing equipment provides reesonably co ntrolled rates,

upwards of 10,003 inches per minute. Extremely low rate test& are vLc.ry time consum-

Ing, of course, but some specialized equipment has been designed to produce straini

rates down to 8 X 10O7 inches per minute* (4)

Constant strain for stress- relaxationl tests,, and constant load 'creep tests,

may be conducted in simple devices. In these tests control of temperature is quite

critical since the results are usually applied as a spectral representation for

structural analysisa or research purposes. Figuie 8 illustrates a multistation
(Figure not available.)

cret-p tester.with automated data recorders./ -Strain and load endurance tests are con-

ducted in similar devices, but the conditions existing at failure and time-to failure

are normally.,the only data required. The endurance tests are used fequently -to

supplement the constant displacement rate tests for routine evaluation .purposes.

Other test modes such as constant loading rate and variable strain rate have

t.cE-n employed on a limited basis as research techniques to investigate such phenom-

ena as the path dependence of failure, but no g .eneral description of these tests

can be- Provided. Of course the~ entire area of-dynamic testing and fatigue employs

a vari,:ty of speAaiized test conditions, but these will be discussed in a later

[ section devotedl to that topic.

PROPELLANT PROPERTIES

some of. the more unusual properties of solid propellants result7' from their basic

composition. The two general categories of double-base and composit4-rubb'ir-binder
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propellants have rmny sub-categories, but no exhaustive compilation will be attempted

here. It should be sufficient to recognize that most modern propellants consist of

a deformable binder phase and a crystalline salt filler such as ammonium perchlorate

and usually a powdered metallic fuel such as aluminum. Table I gives some typical

compositions for both composite rubber-based and composite double-base systems.

A very brief outline of the methods of production' of the two general propellant

categories is in order at this point to provide a minimal backgrotmd for following

discussions. Much more detailed information may be found in the accompanying articles
I.

in this series.

V Composite rubber-based propellant ingredients are usually mixed together at

somewhat elevated temperatures (ca. 100-160°F) so that a- reasonabiy fluid and uni-

form mixture results. The filler materials are dispersed in the low-molecular-weight

polyrner (M 2000-5000) and other liquid ingredients, and the resultant mixture is

poured through de-aerating devices into an evacuated mold. In many instances the

molJ is the motor case which is suitably fitted with a casting mazidrel and lined

- with an Insulating adhesive. The motor is then cured at elevated& 4emperature

(ca. 140-160 F) for several hours. The propellant grain retains ,he geometry of the

mold after cure and, therefore, many predetermined ballistic characteristics are

built-in. The grain is somewhat rubbery over a wide temperaturerange and is

dimensionally stable within certain physical limits. The ability ;to deform without

rupture, and to recover, is quite important since any cracks or unbonds which

develop would result in additional burning surface and an unpredif°table chamber

pressure during motor operation.

7
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TABLE I

TYPICAL SOLID PROPELIANT FOMMUlATIONS

IYDROCARBON BINDER COMPOSITE

INGREDT~mWEIGHT 7.

Armmoniumi Perchlora te 70.00

AlimIinum Powder 16.00

Poly (butadiene-acrylic acicl-acrylonitrile)1.7

Epoxy Curstive- 2,*22

POLYURETRANE BIINDER COMSITE

* INGUEN~iT WEIGHT %

Amwniim Per chlora te 6.5.00

A lutinu= Powder -17.00

Polyalkylene Glycols 12. 73

Diisc'cyanate 2.*24

Tr ic]. 0.43

Addlftive: and Pla s ticizer 2.60

*COMPO9-"E1 DOUBLE BA SE

*I MN-Ml WK WE IGHT 7

Ammo I n Pr .b,--a r 1.20.4

A It=inum- ow~der 2.

4 Ntr~ ::11ua- 1.9

1 i troglyc -r iifte 29.*0

rtr i.-.t in5.

stabilizers /2.5

S~- - - - - - - - - - - - - . .



fl~ m~snai ;tabIity of the propellant grain is the result of thech a:.

rC.,i-linkAd polymeric 'binder. It is to be expected that many the mechanical

propert.,es of-the fina-l cured propellant will be dictated by binder characteristics.

*.iic~ther imrportant co-nmideration is the affect of filler, due to its'physical. presenc.

.:s vi;ll as the degree of interaction with the binder.

Compo.dita double-base propellants are produced by'allowing an 'energetic plasti-

izer, such as nitroglycerine, to swell and coalesce particles of a, high-molecular.

W, ight f-olymer such as nitrocellulose. The ingredients ar'e dispersed by one of two

processes in general use. The first is.a castin tehiue inwhch the basic in-

:,redients'are extruded and chopped into small granules, and these aire poured into

the m~otor case or =old. The plasticizer (solvent) ir ivtroduced into the evacuated

granule-containing mold under pressure with some vibration to aid in the eliminaatio'n

of bubbles. The second technique utilizes a slurry of small premixed granules and

plasticizer which is then poured into the g-ain mold. In each case curing is

accomplishEd at elevated temperature which aids in -the diffusion of plasticizer and

subsequsent swelling oi the polymer. The molecular forces which develop. are sufficient

to provide rigidity to the final propellant grain, but are secondary' in nature and

do not prorvide a continuous covalently bonded net~iork such as that 1ownd in ct:b*er-

based systems. The individual granules in double-base peopellants ire identifiable

teven after swelling and curing, although their b.: vidaries are someht diffuse. The

precise curing mechanism is not completely understood for:these proiltants, but the

iim.iterial properties ra-y be crintrolled by variations in the. time -tempera ture cur ing

* cycles. -

It can be readily seen thttpcal compositepoelxt r ihyfle

polymners, a-ad, especially in the case of the rubber- based 'Systems, are mnoreery



granular niudia than merely filled rubbers;. Certain specific differences between the

doubl,.-base binder and the elastomeric binder lead to *ciue differences in behavior.

but many of the resulting properties show similarities* The relatiboships betwen

bulk properties and microstructure in the rubber-based s ys tems are much better under-

sto, d tha.n those of the double-base propellants and, therefore, t,,he following dis-

cussions will focus primarily on the formeir category.

Figure 9 is a schematic representation of a uniaxial stress-;strain cinrve with

certain common trechanical prprydefinitons indicated. 'The Oia d ualIly decreasing

s lp _ and plateaiu region followed by diminishing stress just before rupture are

typical features of the composite propellant stress-astrain curve. This behavior Is

readily understood wher. one considers the microstructtwal proce~ies which oceur when
*(Figuire not available.)

the mat.;:rial. is deformed. Figure 10/illustrates the io-called "deettinpr phenomenon

which occurs in all composite solid propellants to some extent when a load is applied.

The motion of particles imbedded In the matrix produces sufficiiftly high stresses

iq the victnLiy of the bind--r-filler interface that rupture ocur' ad the binder-

fillar bornds tioy be pulled loose. The initial point of rupture ,1ay be in the

bind phase D but in many cape h tearpoate to 'the filler surface

aid th-. 1nt.trface I.9 separated.--

As diew tting takes place the reinforcing effects of the'filler are reduced and

a d-oreasing modulus results. When this process has proceeded ii fix as possible

ayoninued deformation is sustained by'the binder uintil the 6aale breaks.
vany con-

Propellant behavior is widely varied with respect-to this process, however.

Differences in formulation or even differences in te' odioswypduevr

locaiized devietting and yielding; or the process ry occur un. ormily throughu

the specimen. obviously a local yielding:cdndition confuses- the interpretation
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of test results batscd on force and jaw displacemen-' curves.

When microscopic destruction occurs Ueithin propellant samples, whether by de-

wetting or by the formation of small cracks in the binddr, an overall volume in-

crease -may be observ:ed. This phenomenon is shown in Figure 11 by means of a plot

of volume change agaiinst strain.

The dejetting process may be observed with a microscope if some means is pro-

vided to sitrain the sample during the observation. Hllinger A11has produced

* mnyexellntp&omicro~raphs using this technique. Various techniques have been

employed to wonitor the volume c6hange as a-function of strain in propellant samples.

Rainbird and Vernon Sih and Stedry and Landel and Shelton 9 7  have shown th(

general dependence of volume change on strain using simple dilatometers. Kruse(4

einmined -the rcte ni~ te:mparature effects on.Poisson's ratio obtained from uniaxial

tests conducted in a dilatometer, and Fishmani and Rinde(2 extended thia to in-

clude sevexal poj~llant variations as well as humidity affects. Extensive ives-

tiga tions of deuetting have been conducted by Farris(2 ..who, has provided many re-

finements of the strain-dilatometer.' Some-of the-basic design features are shown
(Figure niot available.)

in FigureQ 12./.Various me dia have been employ Ied as.-confining fluids1' including

silicone oils, air and nitrogen. Some of the earlier' work in this,%area performed by

Svob et.' al.(11 made use of simple static buoyancy measurements -at various strain

levels.

one Approach which does not utilize a confining fluid has been developed by

-A £.(70~~Saylak"'' This technique involves an optical system which continuously monitors

the lateral strain in a uniaxial specimen. The specimen must necessarily be of

circular cross section and, obviously, the volume change comaputafton requires

uniform dewetting throughout the sample.. This method is%,not ra te-a&tmrtu-

n --4A.f~t.mpera...



I' t sin. r ~ec~n~ a atachments or fluids are in contact wiith te &ample. A

l...maniic di_,gr.un of thc! lsteral utralr. device is sho,=n in: Figuzre 13. Surlend arid

L 11' -d.scribe an 2-lectro-optic dev'ice which focuse~on a. rectAnguliir patch on

:Ah ltett surSace. A .rntor- driven slit is. interpobed between the tatget -ckd a f ine

pi~ca sratingl, -AL. the instrument.. T1he precision of this 'instrusient is reported to

:AL!o~nd privarily on the: quality of the optical.-sys ten and grating.

Some efforts have been undertaken to study propellant dilatation -in multiazial

:tesfield!; and evert in small taotor configurations. Farris (4)hsconducted

Ii~nite~d inve2.tigations along this line and has made approximate corr'elatosbewe

-n Iax ial end multiaxini1 tests.

Generally applicable mathemctical representations of thie dilational behavior

Of propell~ants have not been developed, as might-be expected; however Fishman and

:Iintde have derived empirical expressions for he formulations -whchte ie

:'hise celation.-hips give reasonable description of uniaxial behavior over v.~de ranges

of strain, time and tem~perature for a number of testing modes. Equ~ation (1) is

i r %.s enlatiqe of cne of the generalized expressions for the polyturkthane and poly-

b utad teke fcormuiationr~ studied.,

log ','\ AOg U + B log t/bT Clg 2 :

41'in r~ ~ ial sa.mple volume

V =sarnp1c volume after time t

W st~rL encrgy (area under stress-strain curve)

b. time-tempcrature shift factor.

.,nd A, B, and C ae constants for each formulation.

F-igure 14 illustr.:'tea the relationships betweexi l-ume change . nd'test condi-

Ot,-n for tlhie formultion.
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Although dewettiAng has been# end Is cuirently, the subject of much discussion,

its imaPlicatior, with respect to motor performsnear-o cer In somie cases the

propellent burn rate appears to be a regular fuictiop fvlm hng ssonb

35yj5sk ~ In othar cases the onset of extensive devtting has .been considered

t an operatiohal failira'condition. It is quite likely biat repetitive *nvironmentai

cycling my involve dewetting to the extent that the amounit of devetting per loading

cycle ay be ai reasonable measure of damage to structural capebility and may be

applied to Cwuulative damag concepts. Colod3ny~1  has shown that low-frequency

streis-strain cycling below the-failure limts of the material produces a general

softening until sme llequillbriW~ condition exists. At somewhat':elevated temper-

a tuesa. there appears to be."rehealiut' of the relaxed cycled material and the orig-

inal stress-strain curve may be regenerated-, The inplications of-this to strength

capability of the cycled material is not'defined at this times, but a general dis-

(103)
cussion and" tentative approach are presentAd by Tormay and Britton ,based on

first-order rate process assumtion for the rekealing process..

MULTIAXIA Mh2IMI

Although the uriaxial test has traditionally received the most attention, it

is gen~erally recognized that such tests alone may be insufficient to characterize

adequately ,the mechanical capailiyo oi rplat.Ti ~epcal

true ~ ~ ~ i ithcaeouliaepperty determinations where a change in load ap!,%ti

cation from one axis to several at once my .have a strong effect, on the relative

ranking of propellants according to their breaking strains. Sic th00diin

usually encountered in solid rocket motors lead to the develoimi of multiaxial

stresfields, tests which Attempt to stimulate these stress ftel ity be ex-
pected.1to reprcatnt wore closely the true. capability ofit'he: mitri ali
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Muitia-;ial test gcoretries and test conditions may be analyzei with reference

to three orthogonal. prIncipal stresses as showni in Figure.15.

h-rtous octants in principal stress space are &I~scribed by, considering.

c-oditions of tension ()and ~compression ()and their combination. Convention

usuallty takes th- uppL-r right hand octant extending out from the page in Figure 1

to he the tonsion-tension-tensiol k'+++) octant, and, similarly, going diagonally

downward and backward through the origin the (-)octant is reached.

Figvri 1 6 i'llustrates several test specimens which have been ue

in the multiaxial characterization of solid propellants. The arro'ws in the figure

indicate the dir- ction of load application. The strip'tension or strip biaxial

Lestr has bEen employed rather extenaively in failure studies.. It can be readily

,3;-._n that the. pr.opellant is constrained, by the-long bonded edge so':that lateral*

contraction is prevented and tension is produced in two axes simult. aneously. The

3aoie is free to ccntract normal to these axes. The ratio of-theto principal

er.sxie str- !sse: may be varied from 0 to 0.5 by varying the bonded,...length.

Ihr, stressvs and Etrains which develop in the center' of very -lonig strips are

r. !,atad As fol.Jows:

27  2', T,

1 3
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wh1ere and~1 are the principal shear etres.ses, and-Poisson's ratio is 112.

The diarietral compreeuion test is performed by compressing a thick disc along

a, diameter of the specimen* A diameter-to-thickness rationof approximately 3 is
(Figure not available.)

I.-referrd-.- Figure li,'Ehows this test, including grid Wks and gauiges for measuiring

the strains developed as 1the sample is compressed between the tester platens.

The stress field w~hich is developed at the center of',this test,-specimen is

compression-tension, and taking the y axis to be the compression axis the compressivte

stress, (3' is given by , 3
y

-6 F

td (2)

where d -sample diameter

t =thickness

P -Compressive force
y

a-id the tensi le stress normal to the axis of compression, ~fis gven by

2F
x ~td(3)

The corresponding strains are

-2P F(3±9

tdE (4)

2F (I1+3V)/
a'nd 6 -(5)

x lr WE

where 9is:Poisson's ratio and is the moduius.

The to tal1 de forma tion U along the diameter in the x! directionWIS given~ by

F
(cl V) )(2.- fr)+2(+)'j 6



The simple shetar test, also shown in Figure 16, was .desA.gned .n A-the "chevron"

ctrafi-uration to eliminate premature tensile failure at the',corner between the lead-

in~g edg~e. and the central plate. It is apparent that the propellant At these corners

wiLl be in compression during most of the test.

Ano~ther biaxtial test which is not shown here utilizes &,thin diad 6f- material

wh tch Is clamnped around the edge and inflated by...air. The press .ure. p' and thie radius

r are mcnitored, and if the disc is circular 'the' sOtress fiel is

0 x cr- 2t(7

complete description of this test an eti aitosi ie Sagler, (9,94)

and L.~ng, Rainbird and Vernon(5

1riaxial tests usually involve much more elaborate testing equio~int and more /

prtc.se measuring techniques than those normally, employed for uiiaxia 1and biaxial

m,,easurements. One of the more widely employed tests is'the so-called "pokek chip"

test"' 32 .In this test the faces of a thin circular' 'disc are ,,'bdhded to
(Figure not aVailable.),"9

rigid plates as shown in Figure 18./ The specimen is loaded~by axiil,,dibp aement

, .f the plates. rncrmal1 to the face, and the literal constraeint inducefl a :tr ia xi

-tress in the saonple. The triaxial stress field, approximiit's hiydrostatifc (equalI

triaxial.) conditions near-the center when (1) the gri are, ve &rigd

(2.' the disc diameter to thickness is large (>16),. and (3),lthe rair*,of sarto

built m',du'us is .reery small compared to unityr* (Poisson's' ratio near /h The

poketr chip configuration has been 'Fnalyzed by, Lindsey, wilt ams, SchIar eriy, Zak and

pv~~n (64) $(6
Brsa e ~and by Mssner and the stresand displacement exprissione voilinol. '

R;.f i in:,nt cf the poker chip test to include a center Aoad c e f, ;Iii .'one. o f

, y

16~ 9



(39)
L>~bonded plates is reported by Harbert Figure 19 shows the stress-strain

curves seaerat-d by external measurement, as well as the fakilure point determined

by the center load cell.

A unique and contidcirably wore elaborate multiaxial test employs a thick-walledi

hollow sphere test specimen which may be pressurized internally or externally with

a nearly incomoressible jiquid. Figure 20 illustrateq the iesentialfeatures of the~

test device as-described by Bennet and Anderson .The specimen is prepared by

casting propellant in a mold fitted with a sanid-polyvinyl alcohol mandrel inside

the sphere vhi~h may be esily removed after curing, A coristant-displmicement-rate

inutrument drives the pistor. to pressurize the chamber and.-apply lar'ge aeformations.

The piston'sL total displacement volume is transferred to thie specimen. -It can be

seen that simultaneous internal and external pressures mayb'Je applid and so ad-

justed to provide a variety of stress fields. The stress aind strain',are measured

in the hoop and radial directions at the internal boundary,.of the sphere.

Fran externally applied pressure, a compression-compresoion-compression stress

field is obtained wiith a thick-walled sphere. -If the sphere wall isL!thin a biaxial

compression-comnpression field is-produced. LI f, the pressure is applied internally

a triaxial tension-tension-compression state is 'generated, and similarly, if the

wall is thin, a biaxial tension-tension fi*31d is obtained,.' A nearly uniform stress

field is produced over the entire specimen. The supporting tube is surrounded with

alow modulus material to avoid stress concentration and premature rupture in this

vicinity. The. relative~ magnitudes of the stresses are varied by changing the

thickness of the sphere. One additional feature of this test is ability to excamine

the effects of pressure on the mechanical r~opte of proellant. i,."bviously the

v irious test raodes such as constant strain and constant stress may be determined

1hy regulating the pressurizing system.



An~ hama(8 p~ausde~cibd yutilizes a tubular s pecImen which may be

sirairntd !.)gitudinally with internal pressurization. Ldigat'cnbe varied

a-.d strainqs are measured by clip gages. This'device permits chargc terftation of

pr .).llIsnt-like materials in various biaxial tension-tension and tiliaial tension

ct:ressBI:, stre-ss fihdds. A schematic diagram of the apparatus isshown in Figurc, 24.

'nlaxial tt'nsior. testing with superposed hydrostatici: pres 1;ur hA s been describe-d

('107) (99) " .,-1 Il
by V-trncn, and Surland, Boyden and Givan *Such~tests pr~ride response and

failure me~.asurements in the triaxial compression or tins',ion -wompr 'sion-conpressior.

DYNAMIC TEiNG . - - 1:

A widt, varie:-ty of dynamic tests, testers -and specimen-configurat ions have been

k-.rnoLc9fd in~ the measurement of solid propellant responise! tocycliiz l:oaidinig. -Table

11I summ~arizes many of the techniques and chiracteristics,.with apprtopriate teferences.

Tn most jflstaflceg the loading is applied in 'a 'regular'sinusoidal iier ,:, athough

other nonsiiusoidal time functions may be 'considered in some tests..

14.
As p-ciinted out by Brito the measurements are us eful i d~gn and

r.:9z.atch studies pertaining to:

;-Vibration analysis of structure,

2- Propellant viscoelastic behavior~

3- OscillatIng combustion

4- Internal attenuation of s1hock waves

5- Fatigue~ life

T t Mthods can be arranged according' ,to, two mao ilii-,,categoities:.,."

(a) Relatively iowamplitude tests '(lstd)for. relativel y shot

times, with i.sponse meas4red in terms of complext or dnmcmdla

lbg
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(b) Relatively high amplitude tests (strains approaching uniaxial rupture)

for a time sufficient to cause deterioratioh and ultimate failure. Time to failure

at a given applied stress or strain amplitude is determined.

A general descriptiun of the furdamental! relationships.[.governing. the dynamic

(36,27,89)
response of linear viscoelastic materials may be found in several sources

and will not be.repeated in detail here. It should be sufficient to note that, in

general, sinusoidally applied strains (stresses) result in sinusoidal stresses

(strains) that are out of phase. Measurements may be made under uniaxial,

shear or dilational loading conditions and the resultant complex moduli or com-

pliance and loss phase angle are computed. Rotating radiis vectors are usually

taken to represent the stress and strain behavior.for graplical analysis on a

complex plane. Complex stresses (&r*) and strains (e *) may be written as:

* €a hcos-,t + i sinwt , (8)

CEacos (4it-6) 4 i sin (CJt-$) (9)

Where:

= stress amplitude

,a strain amplitude

loss phase angle

-) •.- circular frequency

t time

The complex modulus may therefore be defined as: ix

E* (1) (10)

and in terms of its components

E: (W) E' (W.) + iE"1 (4))(11

90



where E (cA>) is called the storage modulus and E"(cO) js the loss modulus. The

ratio E"/E' is equal to the tangent of the loss angle. The dynamic compliance D*

C*I*and storage and loss compliance, D'(4j) and D" (4) may be defined in a

similar manner. These symbols are usually applied to uniaxial loading* The designa-

tions G*(ZaJ) and J*(w) are normally employed for complex shear modulus and comn-

pliance, respectively.

Dynamic measurements can be made using either free or forced vibrationo, and at

resonance or outside of resonance contditions.* Since the material is tieand tem-

perature dependent, characterization over wide frequency ranges may be greatly

simplified by applying the VLP (114) equation for time-temperatur'e equiivalence.

This relationship haa been found to' be generally useful in'uy propellant. studies

wAen used with caution under conditions which have establiished valiAtty.oI

Sample shape and size are of considerable- importance when selecting- dynamic

test methods for solid propellants. Preparation must take Account of -surface

conditions and precise dimensions. Usually'!ca' specimens ,retain 'a plmrrich

surface layer and should be avoided. Additionally the iiinile dimenslbonsshiould

be large compare.3 to the size of the largest solid particli inclu'si6' in. the,

propellant.

Forced vibrations at large amplitudes may result. in 'propell1ant dMeterioratiLon

by several mechanisms. Tormey and;Britton.lUJ)examined -this proble ro h

viewpoint of microstructural change as well as n g JL4iner Ln g imchanics. Whe a

force is applied.-to the material anid deforiwifion", results1 themehnclfsry'

may be distributed in several viys -such. as:- _(1). :energy stored in 'recoverable

elastic deformation; (2) interphase devetting; "(3) bond breaage (4 icou

f low: (5) heat generation, etc*. New surfa-Ce ire formed 1nitethAllf~~ to



mllcrofracttes i~n the bird~r.as-well as binder-fi11iur dewetting. The generation of

heat r~y b,_ q~te~similar tco thdtl experien.ed :.jn this repuated -flexing of rubber tires.

D,-r i g the application of cycli. 4 loading, a-bertain portion of-the'mechanical energy

ef eaich cycle .iv& lost as heat. -1f the Ileat .cannot. -be transferred V).- the surroundings

aa sufficbzf rate, the temperature of the material viii rise.

uh~g hich is lost iineach cyci;-when-.an alterniating -stress is applied to

a vlscaelastic- zatetial may. be-'expressed as.fbllows:

a

ur

Va~(" 2 -(13)

a *

Where 1" i s the loss compliance or the. out-or-;phase: component- of the dynamic

comapliAiice... The ra te is given by

W.--.12 COD"~ 2 (14)
a

which in; N cycles gives

W . (15)

A vivad &bxample of the resultant detetioration of A.sclid propellant grain Is

~!f~vi n he *epor t -by Tormay avd arto~O? "he , gr ain wai'asubjected to a

59 inpuztta yrQs anent frequtncy.r about 6x'lO 6 cce 3  The prolnt degraded

s*, badly.,that -it tist diinensiona3. stability andi:flowed. u-nt xmple illustrated'

LM id f 'vibrtation. to propagate frcie-ii'vertifn hi 1ly4s tressed: regio

-,b a: Sta ii. t:Al though the eneigy I os 6 per cycle may, appea A a buildup of heat

inthenatiriilg this ;proc~s -ft related;tO'ueversl g64irniitg"factor. Afit

cr,-auinrgt teprature in a viscoilastic mtirial...gwnerally r"u it9' in,,a decreaiIng

!n-dul.us. Thl.s may lead to larger deformations' at a given input vibrational fcorce

S77



if the mass iz not amplitude restricted. Since th.! heat generation in a linear

viscoelas.tir mterial increases in proportion tc the second powerlof the strain,

the process may tend to run away, unless there is a correspondingily large decrease

in the--loss modulus. " "

Schapery ( 8 2 ) has examined steady-state and transient temperature distributions

resulting from energy dissipation in viscoelastic slabs' and cylinders subjected to

cyclic shear loading. The temperature dependence of the dissipation was introduced

through the assumption of thermorheologically simple behavior. Anon-linear heat

conduction equatiorL resulted, and coupled processes for heat conduction and machan-

(83)
ical deformation were treated by two variational principles.:Sapery and3Cantey

studied thermomechanical phenomena, placing particular. iemphasis on.'the'nature of

thermal instabilities. An experimental examination of'-solid:propellant subjected.

to steady-state sinusoidal shearing was conducted using. specimenps insulated so

that heat transfer vas one-dimensional..-Loading was accomplished in constant

applied strain experiments and-in forcedvibration with" iiiertia vhere the attached

mass was free to move. Shapery's predictions of dynamik: jump instabilities

under certain critical conditions were qualitatively verified. Figure,21 shows

a schematic drawing of the large deformation sinusoida. test ap~atusand specimen

configuration which were used.. .-

There is an important aspect involved in large deformation yclic tests -which

is related to the amount of damage done'n each cycle which may accmun lat e in a

predictable fashion, but which~is also dependent onconditions ulicis.y allow

recovery.' These items will be discussed in a latter' section ,deaing -specific-ally

with the problem of failure in.solid propellants and some ili4ationsfor cumu-.

lative damage.

... .'. ,..4.
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PHlSCO-CIC~CU ACERIZATION

Whili: 'z-.tanicai'testing'of all types prevides a gpheral das~iption of the

b~ulk properties of solid propellants, it is difficult to make generalizations or

even extrapolationls which may be'used in a Predictibve fashion. When the content or

typ fsod lerscagedo curative ratios are'altered' there is no simple

-:)rrespoftding' material property 'change which'can be defined based-on mechanical

Lesti'lg experience. If filter content and type are held constant it may be expected

that many mLchanical properties are governed by binder cross-likig. oubeb

formu1~t'ons are particularly confounding with respect to variations-in degree of

Icure"? bieciuse'a continuous cheinically cross"-linked network is not formed. Pseudo-

eqi~rim~moulsmeasuremeints ay'be emlyed to characterize' the extent of

gtdaton in these materials, but only an "equivalent" ross-link density may be

conyputed. It is not at all clear what benefit, in a predictive sense, 'is provided

by uc esurementse

Considerably more satisfactory results have been obtained with compo s ite

rubber-based propellants. The binder cross-link density and soi. fraction may be

det trmitcd by employing modiftid swelling anid ex ractidn techniques 'coimnon to the

fil fp15e cint h opiaiositoue yte esrmn fsc
Lil fp ynrsine h/opiain nrde yte esrmn fsc

param-ters in the. pregence 6~f very, high 'filiervolu'ie fractions -are significant,

but nvieriklaes useful techniiques have-beedn-worked "out. The determin'ation of

4cros-ini density izi composite solid'piopelilafit has been described: (47, 3,62)
xvher bcssolntnin~dopesioi methods were employe& Previous ef forte,i~1ut ii:L~nS1equilibrimdt modulus 'esrmnsor voluime. swellingi;- teehni4ues -encount-

ered some :cbvious difficulties. 2quilibriam.measurements are practically impossible



to obtain. since the gradual dewetting of the binder-filler composite structure-

contributes a relaxnticn mechanism with very stubborn. and- non-reprdcible :harac-

cerist-ts, When high temperatures and Very -long times ati employ6eA,. some. chemical

charges are possible, but 8 aignificant factor-is the change in misture *conten c,

IThemoisture effects on solid propellant properties can be caonsidertable and-*vill be,

discussed in the -section, on "Aging!'.

Vdluzje swelling measurements have produced erratic -results. even. ,under, the, mott

care fully controlled conditionis. One importatit conitributi;Di in this reagfrd, Is the

wcrk of Bills and Salcedo 8) Teeinvestitions soved tht'coete rele*n'e

of the' binder-f-iller bond: could be obtained- vitb certain solvent.s.asjems, an d tha t

the volime swelling ra tio- is* idependent of : the. filler content -wheni complete re-

lease is achieved. Some thermodynamid prob lems- 'exis t, howeverivl hen uCh te ch-

niques are emp oe1 to provide aquantitative- measure of 'cross-ii1iy '. aensity. .First,

equilibrium 'sweifling- is very difficult to- achieve since-,h ftg~b-soln gel-

etd todtriorate with time even under'te best of codtoS. 'Secorid,th
tends~~~~-. to 'd- .co tb h

solubility of the filler .(au'nonium perehlorit4)" and other additiv"s tends to

alter the'solution the"modyna~ics of the systwm in an nonitrollA .-anner. Non-

reproductbli polymer-solvent i-nteraction- 'regulcs-,aad. criat.. 'I os s-link

density are. not obtained.-

Swollen, tensile and compressiLon techniqi/es avoid4Ao'h, of :tfies problems 91hiee

equilibrium swelling is not. required and the miethod is-bsdo itrai1 bd--

release and "plasticization" ra thex tliarr solutiot thermowynamicsO'.- eh techniqi

relies 4pon- the approach to ideal, rubbfri-iii-e hhvior,:;. wh eul h ihl

cross-linked- polymers are awvellhd..- At ami o oderatef e1ongitidns, the srs

strain properties of rubbers have been- descie by a t tit&aVfther, of



rubberlike elasticityV15 resulting in the following eixpress ion:",

c 9 kT(;\-l/A2 ) (6

u~here ~)is the numnber of effective network *chains per unit volume, k is Boltz~mann'se

constant, Tthe absolute tempera'ture and >. is the-extension ratio. Mooney~ 8 an~d

Riv'Atin (7,have- developed exp'ressions which result in a. -wa-coristant description

which more enearly approximates real'behavior. For simple tension, this is:

(2C I + 2C 2/~('-/ (17)

where.C +C are empirical constants. The. first constant, C.,, his ,been relatedi

tc~ Tof the statisical theory expressions ad tvrious deviations from

the node~l behavior such as chain~ entanglemit and-molecular interactions.

plotagao na l/A us Aly results in a straight -line.,- at

small strzins, with 2C1 as the interceptand 2C2 as the slope.. Thistreatment is.

co-rcl r'ferred to -as a.Mooney-Rivlin plot'. Obviously, if the slope. of the line

is zerohle material may be represented -by the 'enpression foi "ideal"' rubbery'be-

havor G~mir~-,Mullins and' Ri 37r hav xmnd the tensile 'properties
4 l.

of v~aious 'rubbers in the swollen conditioni.1. They showed that a-zero slope could

be obtaivttd In a lMooney-Rivllra plot, after onlly moderate swellingiindependent of

thk s-or-Iling stolvent.

Th ppiaio f uhtechnqs toslid propellants' has,' been attempted.

6d' rerd tb'e. results depend. on 'the attainnit -of -ComrYlete bidder filler re-'

4Lease 'and in adequate measure -of the binder Sol frci thlmnays eln

s o 'd etermine a solvent System and conditions which..do inot-'dg* 6te

prop -lantcre required. Coiamion 'extraction techniq ues- are. employed*-to determine

the sol fracttionn This determination- is then applied' -as a correct ion in the



computation of cross-link 6ensity. T62~ force -de forma tion r&*,tionship for swollen

rubbers is

2 (18)

where F is the force, A is t!,e unitrairied unswollen cross-sectionhal irea anid 2'

the-olumne fraction of rubber in the swollen gel.- A 'iorrection for V2 . is required

for large soi fractiono as giveny by Bills and Salcedo

- V -'1st Va
V2 V /Ve 1p e r

where V is the volume of sample; Vat, the volume of solvent in:.the swollen sample;
p

Ve the volume of extractable polymer (6ol); and Vr the volume ,fraction of ruuber

in the sample.

The average cross-sectional area of rubber in filled samples has been the sub-
ject of much discussion In a filled sys tam which swelstafo-

like material, the average cross-section of effective rubber. is. g'iven by the.

initial sample area multiplied.-by the volume fraction of rubber 11 the sample and

by the area fraction of gel. The volume fraction and area frattion :are identical

in multi-phase solids.*17

Swollen-tension methods using various sample-gripping tachiiiques have been

attempted, but-none have been completely, satis factory. Compress±nOmethod.,on

the other hand, avoid the gripping problems, although * he attaiiki ett of parallel

swollen-sample faces is a difficuilt exprmental probm whicth .liad'i to errors

in the determination of strain. Cluff, dlAddinit Pa..Vriser hav 'descibed-

compress ion techniques for swollen vulcanizates and these, meh~siv een
A

applied in the characterization of propellant coss-lijik densit 7
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fl'~~g epr..~ i~n s:s employed

0 &$R (20)

tohLe h is ti.e hei.;ht and A 0the cross-sectional area of the undefortmed, Wunswollen

sae:-ple, znd S is tho. slope of the force defection curve. Seeley and Dyckes(8 5

hea'!e pjerformed2 comptiession tests on swollen cellular e1.sstomers based on similar

techniiquc~.

MUM-?~ CRITErIIA

Structurzil aralysis of the solid rocket case-grain system using experimentally

tktermiaEd prcpel&nt response properties may permit a'complete description of the

cc .bined strevses aaid resultant deformations, but a statement expressing the ability

of the pr-opel.ient to withstand these stresses is also required. Such a statement,

whi1ch re3.atps the p!LIysical state at which failure occurs to some material parameters,

is callee a failure criterion. The criterion for failure permits a prediction of

the uia-rgias ofr aafe-_-y to be expected under motor operation and handling c6nditi3rs,

and defiras the loading regimes where abnormal operation will occur with int .ierable

frequency.

The conditioi Lermted "ifailure"i may be defined in severalvays. An operational

definition mig~ht 'Intolve any deviation from *the required m~otor ballistic performance

su-I ch eL or press-are, total burn time, burning rate, etc. Several of these ab-

norralitles may be relatled directly to grain structural integrity. Obviously, a

crack or umbornd of cufficient size, which. is exposed td the hot combustion gases,

mray res3.t in a cata~strophic pressure increase or premature burni-through to the

ce-ne wall* However, it is quite possible for small chqanges in'lirn rate or miinor

pressure fluctuations to cause mission failure. Since mos t solid rocket uses

30



rely upon a pre -prorrat*r*nd thrust-time operation governed 'by the total burning

surface, mid-course thrust corrections may be iiMP039iblle. Other dfiitions of

failure might incl'ude:. the first visual crack which-for~(, as~pe upture into

t,;o or more pieces, the maximuw2 stress point on a stress-strain cure, a i mximumn

acceptable voluuite ainrea&;e, or perhaps a large modulus change resultin in. grain

slump or bond release.

An important cons ideration in all failurt. studies is th.e inf luencel of mate-

rial variability. Statistical distributions ,of failure incidence must'be know.n

and properly accounted for if reliability limits are to be set.

Wiegand and co-workers" 109,13) have discus~sed propellant samplie and batch

variability, and its effect on failure behavior, in niznerous reports. .':These

studies point out the statistical natt~re of failure and'tle fact that. knowledge of

the distributions is required in order to set conservative designi Values 'for motor

stress and strain capability. Statistical distributions periait thd,'.prediction of

the probability of failure, but mission considerations di tate' the,i alowabe falurme

frequencies.

(52)
Landel and Fedora have recently explored the Use fulness, of;,4?ixireme valuie. sta-

tistics applied to the statistical distribUition'. of rupture? in vikriotis imUfilled polymer

specimens. Both breaking stress and breaking st rain of M'A~tulr ttrber'

and styrene butediene elastomers 2 may be described by tbdubli ezx-.

ponential distribution3'

1 expl -oxp A'(X (

where 4 is the cumulative distribution of failures, A:I is the biiid~ ',othe di,-.'

tribution and, I and 1* are the value of, and the ost va~ile of stress
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stran)~r CtV~.iy~It shoul!d be clear, therefore, that although the follov-

U., dicusionos r y b, 7. concerned 't~.h rup-cure stress or rupture strain, the inherent

i~b~ityin ri-,pture -procesees zq well as that of zmatet~fals in 1jenera1, requires

..t 1ll dincrete viluus be viewed as mean values of a distributed population.

'I.he varioiss approzches to the establishment of failure c'riteria for solid pro-

, celats may be divided! roughly into two categories. First, si.mple relationships

.ray be deve.oped which relate actual motor failures to laboratory tests. This pro-

6csa pragmatic criterion vhich my be quite useful when the application is limited

Lo the specific material, motor design, failur'e mode, andl'.oading conditions which

p~-evai..d during the irnitial correlation testing. Secondly, an analytical criterion

nay be generated wuich may be represented in the geometrical form of a "failure

scr face'. The siurface represents a boundary, in some. specif ically',def ined space

coc'rdl.nate syst .em, betwteen safe mechanical states and unsafe states.

The first category has been traditional in the solid rocket industry and ,.aria-

ticons on th.1s approach have been many and diverse. The second category is appeal-

ing in the sense of 4-'.s generality and possible mathematical rigor,, but has been

hampered In its development by the experimental difficulties invclved. Until

'frrcy recently, however, most failure relationships have been based on a single

Ilc rding history or "first stretch" conditions.

one of Cie. simplest criteria specific to the internal port cracking failure

me~de is based ci t~he uniiaxial. strain capability in simple *tension. , .Since the

nwater'bel properties are known to be strain-rate and temperature dependert, tests

a r e c on d uc te. Id tnvler avariety of conditi ons and a, so-c all ed faiiure envelope is

(Pricratid. Strain at rupture is plotted againit a variable such as ;:reduced time

ar-Ad any strain .requircinent which falls outside of the enve'iope -A I lead. to



rupture, and any condition inside will be considered safe. Ad hoc criteria have been

proposed vch as that of Landel (53 ) in which the failure strain E is defined as

the ratio of the maximum true stress to the initial modulus where the true s'tress

Is defined as the Product of the extension ratio and the engineering stress, i.e.,

q.IE -~ X cY/E 6.* This relationship has been shown to breeak down at strainin m m

rateb and tem~peratures below that at which the strain-reaches a 'maximum. Milloway

and Wiegand( 66 ) suggested the criterion that motor strain should be less than half

of the uniaxial tensile strain at failure at 0.74 min, This wcriteria was based

on forty-one small motor tests.

(91)The uniaxial failure envelope developed by Smith, has proved tn be one

of the most useful devices for the simple. -failure ch&aracterization of many v~sco-

elastic materials. This envelope normally consists of, a log-log plot of temzpera-

ture-reduced failure stress versus the strain at break. Figure Z22 is a schematic

representation of the Smith failure envelope. Such curves may -be genera ted by

plotting the rupture stress and strain vilueg from tests conducted oerarag

of temperatures and strain rates. The rupture locus UMves counter-:lockcwise

arour.-I the envecz Ps the temperature is- lowered or the strain ,1 ratie is increased.

Constant strain, constant strain rate, and constant load test 'namnorphous tmn-
92.

filled potyiners 2) have shown, the general pa th. independnce: of the failure

envelope. Studies by Smith, adrsmn have -,shown. e j,'Path 'dependence of

the rupture envelope, however, for solid prope I Unts.~

Some investigators have shown a preference for lplotting stia in. at miximm

stress rather than rupture strain on solid propellant: failure. envelope.Ti

is based upon txio considerations; fisteosto rakrgc oaie
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~. ~ t.~ L~~ ~ near t0i =z:inu.- stress poetr and second, this va±lu.:

0, a o - ,:-cz~ative de-,i-In limit Strain at rneximum stress data

i l~ ,c.attez: in the tininity of the maximum strain. portion of the

1'. nmlu. :.:1_,ited evuidence is also available vhich indicates the path

~~r~ere o th 7vlope. Senatated in this mannrer may be somewhat less than tha t

"t ~;cjiI~rctdd~ n:iltensile criteria can lead to gross inncctrcFs

:n Lppiiei .o si!'ztioas Tihere combined stresses lead to failure in naultiaxial

u~c~~ t~e~is. .:nthe asmuaption is made that combined stresses have no influ-

en~ce and th,-tt'_ Principil stress governs the failure behavior. A s-orie-

vat imnproved appzo .ch applied to biaxial tension conditions relies upon a rg

= zic "b-ax~alcrxt factor" uThich is applied to uralaxial data, mocifyinpg

th.! straL~n valdez; t, accornt for the influence of cabf~fed stresses. Such factors

ere baaeU' upor, enctz-.sive testing and comparisons for a single material using tmi-

axial, e-ri-ptiaxial or, perhaps, analogue mcotzor tests.

X2 jr u i 11- avspproached the failure behavior of highly filled polymers

byi the-timodyn-imic i-re:atxent in ;A-0.ch the ability to resist rupture is related

to the p~plst3abilityr to absorb and dissipate energy at a certain rate.

Ar, energy 'crilt..rion -Ahich requires izil~re'to be a function of both stress and

SLrsin U-3 originall1y stated by Criffith~3  for brittle materials and later

ae,.pted to po'ymr3 ~yRi,;lin and Thoa (76 ~ ilaa 1)hsapida

energy crittirlon to, visccelensti materials such as' aolid propellents where appro-

p ~at L t cm a,-^e iriclud-ed for ',iacous-energy dissiprtion.

A combrInation t >f an enc-rgy-criterioii and the failure envelope h~as been pro-

p~dby Darwell, ~krand Leemin%(2l for variou~s doujble-base propellants.



Th.)to l wrork co failur-e was taken from the area beneath the stress-stirain curve,

1but the biaxl fi lure envelope was seen to deviate from, uniaxial bhvo e
*(5

pu2ndiings on th,- poricu .lar propellant formulation. Jones and Knauss (5)have

s3!milerly show;n the dependence of failure properties on the stress state of comn-

posite rubber-based propellan~ts.

* In order to vijualize the stress states at which failure occurs, a failure surface

utay be constructpd. The six stress components may be resolved into three orthogonal

* principal stresses; any stress state which exists in the space-containing origin

will not cause failure, and conversely, any state outside of this space will lead

to failure. L mathematical description df the surface would greatly simplify

raatte-s, sinc the T .ost convenient stress field could be chosen for laboratory

testing, and the en,:ire surface could be described from a single fa -ilure locus.

Such surfaces have been discussed at length by Blatz 1)and Williams 'et al (10,and

the failure surfacces associated with various failure criteria by several authors

( 38,108,63,100). Nadai h las reviewed eight failure theories which have been

* -proposed for n-aterials (mainly metals) and Karin~~~ discusses six .of 'these in

a moe smplfiedmaner.Simply listed, these are: (1) maximlprnia

stress or Rankine theory, (2) maximum shear or Coulomb-Tresca criterion', (3) max-

Inum strain or St. Variant's theory, (4) maximum strain energy theory, (5) dis-

tortion energy or Von llises-Hencky theory, and (6) the initernal fric"tion theory

-;hich is a sopecial case of M!ohr's theory.

(63)
Meidahil depicts several failure surfaces by photographs' of various

three-dimensional models. Figure 25 is an illustration of three such surfaces

10l6
taken from referen.c(o which shows geometries which are symietricpl.
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ICJr colitsinino, the assumpt.cn, tat ti..

C' 3-

~~ ~ ai & Liilurc su-'fEtce in. princ".a sti.ss~c ,

.~( dc.*.'-H niti.G of the ultim-s,:e capability of muterialL ir! c,;-y

~, s~t.~j~ l~lci~ rce'~-~edthat: in rezA~ty thiere =ay not b ! CflC ul1qu..

~Ur a'e '0-r- e-1 C" 'I-ia I Fa i uir in so Lid propa 1lants is not only in iu.Viced v

the s~;re :s art-, but also by t deformation history. Since a given stres stae

can r.rzt L- zy nun--bev ocii staress-strain paths, a given failure surfce mz-

exist fc:: ach --acific loading~ history Shrn~8)ad Jones and nui

fhve-rcduinzd tr~e.of failure surfaces by maintaining the principal stra In rsce

at~ aoivailat vl--ucz for thc vzricus tests conducted. Little. has been Zsaid or c':'"

sbczut thoe pr~~1;obke.a of multiaxial strain rate- a-,-d associated Multia -:Ia

tr;e.Ath;- ,ry h--s been preposed by Zak~6 Ifo polymeric materials in w~hch

both .:at-- .nd trs tL.ial effec-cra are included, but no exnerimental verification

liarb..-en, atltvmpto.d. Iigure 2,5 -s a representation of paxaoi alr ufciI

principzl cr~sace, coaxi with the space diagonal.. Th e two surfaces are

shown to iilustz& te the -possibility of several surfaces which might result frorii

zhanL,'s in thei n-terial or the test conditions. Such surfaces need not be

conictric as in;~f fact, it would 'seem possible that significant

deterioration ccuL change the basic failure node of the materiAl, and therefore,

the r.ize :. d h:eof the failtwe surface.

a)tl-r coorc--nzte systems may be used for failr urae reprnsentatians in

a&ltio. to strrC':S apaice. Blatz and Ko~1  indicate that either stress(

L~ r-.2tcl ) space, or invariant (I) space may be appropriate. Stress

spacu ~ r..,st c.c.orily employad because the failure surface concept was origInally

.,l!ad tv nta for ,,hich atreas and strain are more simply related. Viscoelastic

rzi als on th- orher hind ma-y show a multitude of strain values at a given stress

h've d~pdin~on test conditions.



Ylt I.AQo Oc.. -Al for soma materials to produce a unique failure svrcc.

p~(~ic~r ~~rrc.. Ccul _ be codced under "first stretch" conditioas in

~:~a e~iti:iT~choegi ', at the time of thlb writing, is attr. -ting

U p~ciu>e rh~:~aIsur-aces by s.ubjecting swollean rubbers to variouis m~ulti-

Lial nte.2 T 'he swoollen cvndition permits failure mneasurements at much

r( ccl :tr-:s- !,..v z; nd the time dependence of thc material is essentially

Ii m.ina t .. E z t: E th 14 t ype will be extremely useful in establishing the~

rcoundat~ons fo: c t fdadfforts into failure of comp~osite Matericls.

The geenerail ii'.plicability of the various classic failure theorie; to~ solid

(-45)~oelnshLn' be-i nioted by ntrnierous investigators. Jones and Knauss have

i',ovw. apnro:tiY.te arcraiEnt with the maximum tensile stress theory in the triaxial

ti~ns ion .te octL.,t, whiLe data in other regions indicated an internal friction

type of criteria. ",igurc 23 shous the surface constructed by thcsi authors for a

cci~ rub'e -er-. -d propellant, Experimental meappinig of failure surfaces for

C; C.I d pr :ie]..l.nto :: bee-n attenypted to a limited extent, but difficulties hav

b:en enc;-.unzei-ae, -z:!ecia fly inz thLe seven compressive octants. When various

analyticXlcrceiA are corr-pared to laboratory data it becomes extremely diffi-

cult to diszcigul~.h tlhe most appropriate criterion in the ++ ctant. Scatter

ia the fLilurve cL.rz .iy be great enough to include several criteria at once since

,ha dLH,-reacus in -:,Us octant are not large. In the other octantis, however

th ere caa ba ucat~ divergences of the analytical failure boundaries and

the dl.st"Lncti,.a shoild be much easier. A few investigators have conducted ui

a;:ial ar.J bla:Aal c ii-auder euperposed hydrostatic pressure. Veirnonel

Yuse 8?.d and co-worlkers 'have discovered that dertain



c~:;~ C. ~ ~t! t~hb -h(hr strain caqabtity and tensile stren2:-th ,jhe(,

si.c&: t;cn:_.n'Ln- gzcs prescure. Hazelton anJ Planick conducted! uaiaxiel

znnd bcal rAr tect, sad 2t:rple shear tests on propellants and prop'ellant

linar '.3oi-I wi' preosures *up to 800 psig. They also f o'.,-1d increasad tensil

~roe~7t~g~dr ~essrcand interpreted the behavior as due todelayed (ilation

Enar'mra examined the fracture behavior of aluminum-filled elastomers

usiri the bai3hollow-cylinder test mentioned earlier. Biaxial tension a nd

tenc~-o r~c~>utestu showed considerable L.,tress -induced anisotropy, and comn-

xar .:rcncc,.f datza vith varioubg failure theories' showed no generally appli-

cable _-rite-,-on i:Ihe strain rates and stress ra-.:ios studied. Sharma and Lim~ 87)

conductee £ -cttuxd studien of an unfilled binder naterial for five uniaxial and

Lbian:i.1 sr...sr fl.16,o at four values of stress race. Fracture behavior was char-

act;.rtzei b- a fi-.'lure erivelope obtained by plotting the octahedral sheat stress

aglnct .cct. -dr4-.zthenr strain at fracture. This material exhibited neo-hookean

~ehi0 tLiv~Iv-sl ten.Ajon, but it is highly unlikely that such behavior would

carry ovc r :o Clied s' stenma.

lia r rocent .ittempt to bring an engineering approach to multiaxial failure

in solid propol~ai-its Siron and Duerr' a tested ti cumposite double-base

formuulitio.:; un& .: nine distinct vtates of,.stress. The tests employed included

triaxi.Ai pol-er chW.p, biazial strip, uniaicial extension, shear, diametral compres-

sion, uniaxial co:.-pression, and pressurized uniaxial extension at. several tern-

nperntvt:es an:d str.Att rates. The data was reduced in terms of anlempirically

d f ined cor.strainc_ paramoter which ranged from -1.0 (hydrostatic, compression)

to +1.0) (hy -rostay-.c tension). The parameter ()is defined in terms o f



principal trsc~and indicate, the tensile oz, compressive nature of thje stres i

field at an-y poirt in a stru~cture, i.e.,

(22)

where z-,n d are the nts.ner:cally meximum, intermediate, and rzii~Lt

Principal stresses respectively. Tensil.e failure stress and tensile failure stratin

..,re vplottid agairnst the constraint parameter and reasonable correlation was shown

for one ter.parature and strain rate. A preliminary comparison of the failure data

with i:he maximm princip-i tensile stress, msaximum principal tensile strain, mxi-

mum.T shear Ltressi, and mzzximum distortional-stra.n energy-failure criteria showed

n o co-_relations for these propellants.

CUULAMIM MAMC~

T1he c,;qiitirna leading to dainage accumulation are particularly relevant to

the p~oblenms of ,:olid rocket structural integrity. It is quite posOVbde for a

grain to "wear out" after repeated thermal cycling or vibration: -through1 the

gradual. development and propagation ol microscopic tearing or molecular break-

dowjn. If this process could be described analytically and formulated for cow-

plex motor geoirfEtries, a useful life prediction could be made based 'on the motor

Oistory.

Wietal fatigue has been studied extensively for many years,- adq

more recently ~corsiderable attention has been given to fatigue inplastics and

rubbers (3353)Williams has~ suggested that solid propellants miight

be examinee on tle basic of Hirers Lswc~wa dee"dfo e

fatigoe. 'Ibis =zay be represented by the expression

1l.0 (23)
.fL
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C-", 'RL -'~resN i t~. ux*,r ox- cycles at th ! it'l Io.-

Lx.3 iC i~..~n,,7%-- r of cycles to failur;: ,it the ith load level. 1141 e-

-n,,:nlt n ca:, b. d. tevminud by experimant, but iss utually taken to be 1.0;; uji c h

been used to predict failuve for sequential loading of o2A.i2

p~o~L.a~ . ,cn ,;Ir&4n ra'CzS. Te narform used here is:

~, -- 1.3(24)

~h~e is th- aj: tti t strain ra te a nd t~ is the time to failure at the

-ii

ith st~vin i:ae. Variouz vn~ea- torg have- excamined this relationship forapi

C t~o to- :'d& a 1 -s tith only limited nuccess. This is t eepoe

~- hoc:.rondig is not taken izi~v accournt in Hiner's law.

.h applied, fin adaptation of this law to solid propellants and

pro&Ape!_ t-Aintr -ionds for disc,-,te, constantly imiposed stress levels; considaring,

ttoethl.. ttr~ cnt the ith stress level and t the mean time to failure at th,,:

ith st-et- J_ A probability distribution fmctionPwsilue tocont

for tlsta!_L- dirstri-butior. of failures. For cycfic stress tests the time

La -ac: nunbx of --ycler, dirided Zy the frequeenzy, and the ith loading is the

1~~ tc. L;v A e1h res~ationphip

\t
k~/ Lf

wa:s ez. loye, to r ive the~ integral expression
t B

- .~ t[(~ (26)

0 0

jog~ ~



where D, increnrtal dairzage

tf mean tirn to failure

t '~unit timea to failure
0

a tress raquired to cause failure at t
0) 0

B an empiricfil constant

vincoelastic time-temperature shift relation with

temperature einpresued as a functioz, of titae. The various.,:constantsw:ere obtaine~d

from conotant load tests at several temperatures, and specific temperature-stress-

time cycles. Integration yields the mean damage per cycle or the number of cycles

to failure, N. Figu~re 27 illustrates the correlation obtained for cyclic tests

onpopellant-liner bond specimens at temperatures of4077an 1Fad

sequential stress levels from 40 to 80 psi. The degree of correlatio~n is not comn-

pletely satisfactory, but at least an estimate can be made of the miium number

of cycleEs which will cause failure.

An approach u~etdb ilase J l3 uses an-energy balincei equation. for

the inAstiation of flaw growth in a linearly viscoelastic material.'A spherical

flaw geometry was selected for simplicity since it was shown that the expressions

for the critical vnnlues of applied stress to cause fracture were s imilar for

several flaw geometries. The critical conditions are based on a power (energy

rate) balance

F- + 2D + SE .(27)

whr Ii tepoe iptFis the rate of increase of strain ener y, 2D is

the encr~y dissipated as heat and SE is the'rate of increase of rfceer.



,~-:~ z'e ~ '~"'t~differentiation with resnect to tim-a.

Th~t>±~ ~P2<c 2:L~tinafor sperical f1au growth vere derived in Pef.(ll3)

j Z- "auIy displaced botndary. 11he final eapression for thie

I~s t or, d_,' c e t: sin4) t is given as:

22 r 4 cosGwt

II (28)

*0. -~ccos

b .Ae~d~~~ tba cpherical body

t,' -:oc energy par unit surface area

nd a surLls ex-esc vas introduced for the relaxation modulus of an arbitrary

I.aterial al? E~ve by !".Chb-nry *Fig.,ure 28 is a plot of flaw growth as a

~urtic tior oC time- accorjin3 to Eq 28 *Limited experimental results on a well

netr.:dpcl~~~t alastomer showed a qu'alitative similarity to the pre-

,t.T ~o.,?th-rc,-t c-y il of crack~ propcgzation. This approach remains to be

-;ppiied to fil. mt:iais suc~h as solid propellanits.

//



AGING

~ol t~.~11atsare com-_pe of a Large p-ercpntage of energetic L -

grvtdic'n-s -O 4 s-hould be expected that prolonged storage mighit result in

decerioi-ati Various ingredients may interact with each, other or with the

~tmoo~.reto produce irreversible changes which can seriously affect both

th,, ballistic anid rnechanicdl properties. Some ingredients may simply de-

crnposc whilo others may react tc proav~ce chemical products which, by

themseilves, may be degrading tc: other materials in the system., Auto-

catalytic reac Itions are common and frequently an ingredient -which is a

ballistic modiier may produce intolerable changes'in the propellant during

storage. P~;iieemay migrate and evaporatei gases may be generated.

cross-linking and chain cleavage may occur 3ixnultareously.Deopitn

of prim.r igredients to form producta which increase the zsensitivity of the

propellant is a common problem in double-base systems. -Teereactions

and mnany rnor-e 'have been examined in numerous studies. Solid, propellants

are complex mixtures of many possible ingredients so any examinationt of

ag-Ing phenomena should consider detailed formulations, expe cted operational

environments, and failure modes. Since detailed frmulations are generally

revealed only in the classified literature, the folod'ing discuisslins will be

restricted to gereralizations about typical aging rtechanismis ..and useful test

mnethods for fofllowing the aging behavior of solid ~rpeltu Taeil Z

lists various interactions and resultant deteriorati'on which must be considered.

This section will deal with the chemcal aging ,problemn id related physical

phenomena zi-ch as diffusion and embrittlernent.' Apart. from fthe chernical problem

there it; mec:__Inical deterioration which is altso related-to Ion-term environ-

mental effecc3, but this was covered briefly i the preceding' cumu.uative&damage

discussion.
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APre!(ictioi of Jcul life for solid propellant rockets -is quite important.,

Yt cnly fro~m t?., .ta.dpoint of operational reac .ne ss, but also from econonic

.. ~ndeaton Y h,: orternature removal and replacement of deployed syste->r.;

W ~cl ~ ~.acuate org life estimates, can be extreycsl.Arinr

eifficulty here iz; the impossibility of gathering aging data over periods of sever.-i

% ..aars befozc th.:. syrst-_ms are: committed to production and operatlOn. It is qutitv

p[osu ible that obsolesc-ence could overtake a specific mi~ssile system and pro-

T;-.llunt combination w.hile long-term storage data are being compiled. Accel.-

e-rated aging te-Us ar.c normally employed to give qualitative indications of

sctorability, but the- d~iciencies of these tests are rather obvious, and will b -

discussed later.

Chemical aging may be the result of thermal, oxidative or hydrolytic re-

.actious. The changz s observed may be: softening, hardening, swelling, dis-

coloration, and gas evolution.. These changes may not constitute failure, as

suclh, but should be fexamined in relation to possible failure modes. Ha-dening,

%.,hich is ursually accompanied by a decreas ed strain capability, mnay result from

several conditions. Oxidation may produce discolored and hardened surfaces;

continued cure reactions produce overall modulus increases; and loss of volatiI,

plasticizers also leads to higher modulus. Long-term storage at.:low tempera-

lures may cause embrittlement, whether by binder crystallization or b- other

mechanisms. Softeniing i3 usually the result of binder chair, scission or cross-

link degradation, and i-nay be produced by hydrolytic reactions or thermal de-

COmTIposition. Moisture effects are particularly pronounced since they not only

relate tc hydrolysis, but may interrupt the binder -fille*r interface. In some

ca ses the solubility of ingredients in the binder may chanje withmroisture con-

teint; and phase chang~es, solution, and precipitation may occur..:



W4ithin this~ rorz~ss of complex chemical and physical phenomena, there is little

chat has not bean e.'.minee. i~n some detail, but there is also much la-ss which is

Lufficieantly ur erstood to permit predictive estimates af imeful propellant life.

The aging characteristics of double-base and compouite-rubbe:'_-binder propei-

!ants are 9s~tantially different. The primary changes which occur in double-base

propellants relate to stability and are variously concerned v.ith "Ssafe storage life",,
g98o

"safe use life" and "use ful life.h 1ihe first two categories attempt to define the

time beyond which storage or use would constitute a hazard, while ,.the useful life

represents the period in which the rocket can be expected to perform reliably.

Safe-life tests usually consider' such factors as the time to auto-ipition at. a

giventemteratu~re, or the tinwe co the production of fumes of-oxides of nitrogen.

In some cases the rates of stabilizer depletion at high temperatures are measured

Pnd extvapolated to lower temperatures. The'time to zero stabilizer concentruation

is then determined for normal storage temperatures. lDepletion rates may be plotted

for various temnperatures in the form of an Arrhenius plot and the-.energy of activa-

tion determined for a particular stabilizing agent.

So much concentrated effort has been expended on the stabilization of double-

base formulations that stability is no longer a limitin8 factor in the determina-

08
tior. of useful life. Some studies' 8 have shown the safeistorage life

to 1.)r in excess of 30 years under ordinary conditions.

Useful-life determinations are similar for both general protillant types

since. they are primarily concerned with structural integrity.,. Th decomposition

or formation of relatively few chemical bondo will normally be. undetectable from

the -viewpoint oi ballistic characteristics..',-On the other hand" ihe formation of



~s'os-l.nr t hz cleava[ P of polymer chains can strongly affect thP. mechanlcd1l

~ oprti ofpoly-mric umterials. Changes in-'strensth oa-Modulus may cause pro-

pcl_ ca; Auili~y to fall below the structural requiremnts of particular motor

t~~It- l"§sl1o.LAd be noted, however, that some chang~es my not be.-deleteriouzi,

b~ut can be, in fact, baneficiAl.

M4any ot' the tests described in earlier se~ctions have,:been applied in surveil-

lance studi'is of solid propellants. Both response and failure characteristics may

be followed as a function of time during storage at variou's conditions. Physico-

chemical analysis of speciwans before and after 'exposure to determine aol content

and cross-link density changeo is particularly',useful. in correlatinig gross Physi-

cal propertyv'ariationas. In conjunction with theise tests, various non-destructive

techniques may provide- additional information.. Tha'summaiy in Table IV was taken

from a compilation by Der-ries and, Johnas22 whicht shows the large ni.mber of

techniques ane devices applied to solid propellant surveillance. Even this ex-

tensive list is not com~plete and many variations and alternate methods have been

proposed through the years. It is especially-important to note that non-destruc-

tive tests only indicate that a chng has taken place in the propellant. They

do not provide the decision regarding the acceptibility of the material for its

intended application. Such decisions require a knowledge, ;of material character-

istics and a-practical failure criterion. It has been suggested ( 9~ that

preopellant aging which results in mechanical property changes may be examined in

re~ference to .a changing failure surface. The-aging mraterial may hAve an. associated

failure surface which collapses around the origin similar- to, a deflating balloon.

With the passage of time it is then required that the structural req4uirements be

rc-Viewed with respect to the new failure surface, and the.,tolerable, limits established.-

/11,



V) -

u~ 4W

0.w li ( 4
U) 0

uO44

00 0 0 G)

4

tJ* 4 to U U G

> .41 C)

U -, $
34 ~ r.gM

co ~0 rI.0L

03 o to cc2 g
u w 0 4D $

0 I4 "4:4
r: tu C ) OA 41 '

z : O 4 -444H

Ol 4 10 W 0 01 -1 C:4)' I
1. . 4 0$ . o s . v t



144

"4 0 Aj

0 I i

uI ca 00 0@ M

~ 34 0 @3>443
S 0 r"t

0~'4 0 mv.uv.F
41 w a

414, c 00 u 00 4

>~c .-0~ 3
0.

0 44 0 44 . cc- V -

-d 4-k C) C3.. 2w "4wI V3 U 44 0W0 a1 I.

U4J 4r-4. ua4 " . 1 "40P-.4

%.o~~ 4j 0 ) 41P Wto cc 41

"4.0 0 V1 1U & *04 v

8A

0-



4J 464

cz 4 j.. tw 4 r

0 CJ C : ;) 0

-u @

> CJ 14 IW

0 4
'.4

r- 10 0
tp w 00 0 4

C) 04 Ai u 0

H 0

0 0A0

C5~~4 W0.4ja ( i

r' 4 4-4.. :,- 0 ,.

P4 >u0 u 0 A .

re a
o~~ U3~ I

C3 t * .j 4.
to 0 0 0 4 4- x

0- * A CO .-1-,

E~* C) ~-10 00 ~4 '-1

I- C., %64 01. w .5
0Ctf 4j C)J

,

Cll



4-4

La

cc b
.04

f-4

V'4

to) e41 0

u0
to

44

*0 0 1 4

IC



Laboratory ie.. urements on stored samples are common, buit there are many pre-

c-utions to,~ ob ,rved. It is important to establish confiden ce that samples

are reprcesentttive of the propellant grain, enclosed in its case-l4iner-insulatior,

erve-lope.- SL~ce diffusion paths and exposed surfAce afi~ may be-germane to the

aging prc4ess, thesie charac ter is tics req~uire duplication in aging samples. There

is considerable evidence also that samples stored in sealed containers deteriorate

much more rapidly and by different mechanizms; tnthse exposed-to the atmosphere.

The aging stability off solid ;,,ropellants my be evaluated in a gross sensli by

measuring the change in some prominent prperty such ii ,modulus .6.r tensile strength

at various temperatures. The temperature -sensitivity of these chianges may then

be charted on an Arrhenius plot a-ad extrapolations made to normal storage temn-

peratures.: Such accelerated aging tests are useful inl,,establishing .degradation

patterns and in guiding formulation chemists in the production of propellants with

superior aging characteristics. The temptation should.,.be avoided,. houever, to,

use these tests in a quantitative, predictive fashion .or determtining the useful

life of propellant systems. In complex.ia teria Is suchas these, it is quite pos-

sible that some thermally activated mechan~isms may pr e il at hi ,gh: temperatures,

which are relatively unimportant at lower"temperaturesi'- Used'vith' caution,

accelerated aging tce'ts should be, therefore, an inte Igral part of all propellant

development efforts. Figure 29 is an eximple of the' extrapolatioans which

can be made from high- tempera tvre datao. The critical sAtorage tiueji defined

in this case as the time to produce an associated change, by. a factor of 2, in

the initial wrmximu-- stress or in the initial strain at,. iaximum st-fress.

Other conditions may be imposed upon ,stbred propeilant to" 11creas e the

severity of the env'ronment. In some cases' 'the ef fects of amabienht moisture may

I ;Lit,



*~Kk~-*~.".:t5;.3: 2 ..,ce to higb relativn humiditias; Pend, lo terperature

if-11-- u -y ae ccz3lerated by, tha appropriate cornditioning temperztture.

diff~ulttointrpet Wto hevariety o

ifl tc Actl: w s ynaeistic a f66c ta. Bigh htmidity has been shown to

t he P ~ropert5 of Jrpe~gt ir. UU taios ays,. oy~ehn

.:~~~ut Ixvo e~~eveze rmdulu= ine.reaves and ruptue strain decrezasea

4(~ater azove".&1 days ezposure to 90% relative humiidity at 7

I a~ beer. inte1rzee'iAd 72 )as due to the ion-dipole effect 'of dicaolved

pzii prclkrate, _n relate~d to the solubility of water in the binder ph~iee.

-. t ~~'c~;h- .po heoze t"rehealing of broken binder-oxidizer

~ r xiier discolution and precipitat&on of a 11ll, ih-3ufae-re

.ytas * .x specialized techniques have beea applied to determine

Snmtufe o t spacific ~~a~inreac tions, and these have produced very us~eful

:I"3gh t into theo ging tzrocess. Chemorheological methods descvibed b ,y ealod-ny et &I 20

bra no~ble i~n e-:.sbliching the relative amount of chain cleavage and croon-

:n-~dwrin. en-;:mre to various envirotimentu. In some cases the site of de-

a at ion m~ay be rdtermned, such as randott chain or cross-link scisiton. These

io~are Lased upoa te procadvres described by Tobejlsky,12 in which both

*azrm;tttent -ind continuouz; stress Velaration weasukcments 'Are employed. Teets

Oultucted with. unfilled binder materials are q'ite revealing, but vwen highly

2.1ad samiplcal are entamz) ed tho relaxation process is confused by dae.vetting and

M~any chiical'end .1ycical analysis techniques have been applied to the

tt.yof solid' prcpeU~nt aging. Ve ltmble contr~butions hive. been uade'in tin-

I ormJ.AtionP an ! In establishins. confidence in the. tabiity "of



pjop,4lPnt:s for a Twid, variety of applications. Fortunately, many formulations

iz,:v,; been evzalcxed vn;.th exceptional a ing stability and predictions of useful

life have 1,3en exc(edc:.d in actual operations. As new, high-energy' propellants

s a.-e 6eftoped and enter the' inventory, it can be expectaithat degradation will

bc a wiore~ sev. re problem. and that improved predictive techniques will be required.

Prog-Keas izi th~e areas of structural Integrit Iy analysis, Mterial characterization

and failure criteria for solid propellants Is continuing'and holds the promise

that such techniques will be available.

S UAflY

The p.-cedizag discussions heve sur-,eypd current approaches and .techniques for

solid prop,24ant =-chanical properties characterization.:, However i;;a number o f

related areas &ive not been mentioned. The-various methods for deteruining pro-

pellant-liner bond strength, and evaluation cft bond deteioration. with environmental

exposure have not been covered, although bond .integrity:is a critial-requirement

of solid rocket motors. Another omission is analogue mootor tes tin-g, -a very :im-

portant araa because it partially fills the.large gap between laboratory and full-

scale motor tests. ThMe detertainations of bulk compressibility, thermal conductivity

and glass trznsition temperatura are also not dsribd Crtainl the topics in-

cluded in tbis paper are extenoive in scope aed the approaches' vairy according tc a

variety of disciplines and viewpoints. Comprehensive. treatments at-raost testing

methods and-data reduction zerkhniques may be 6 ~d in' refrence 4!C eIcP

leechanical Behavior Manual. Reriew article 9 In the "Solid Rocket atiuctutal.

:ntegrlty Abstracts", currently ptubl..had.: by the University of "t , - provide. up-

to-date survey$ of =A.-ny related topics. 16ese d4ocwients. are. lmited 'in istriu-

t ion, however, and are generally' not avgilable :to the,: piblie.

A TA
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YURETHNEPRO1'ELtANTAE53AI15,0%RH
C0:-!STAN-T STRAIN' RATE DATA

!1
16t

109

1~78

99

CALCULATED
0*0 EXPERIMENTAL

Yd"a

1.2 TEST A TEMP., j- STRAIN
No. -F JATE,min-I

85~ ~i / 160 &~00

9 160 4.0
IL- 5 81 P) 18 100 0.009

16 71 0100 118 0.2 019

10 1.4 1.1.8 2.0 .22 ?l ?74

Figure 14. Comparison of calculated Versus experimental diltt6etric
data for a polyurm-thane composite propellant. Curves have. bien'dis-
placed by a const.-nt A for convenience. 'The quai'.tity V/Vo ikthe
ratic of samnplc v-olumc to initial volume. Data from Referenaie -28
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Figuzre 20. S: herica. test asseinbly.. Propellant sphr ay be pres -
su rized e-ternally or internally and wall thickness may be varied.Drai~;~courtesy of Thiokol Chemical Corporation, WsathDiBon
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SCOPE
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IC R1O S SECTO! ! O E!f ~ RAREA = A DRIVER/ ,PROPZLLAN, SHF

I * Lii

(Al. DYNAMIC TLNSION-

TEST ARRANGEMENT
F DISPLACEMENT
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- ARIPLfFIEHTR C
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TRAN&)UCZ.- AREA = A

W)DYNAMIC SHFAR
IlXPERIMENT

L.~CL~nE DFORvtAIONS~rUOIDA1, TEST APPARATUS

ZIA.-r.:2. Sciiern-tic of large deforrnatioza dyniamic tension andi
C~:r Drs: ~ Irawing'courtesy of ljockheed Propuliion Company.
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EYFECT OF DESIGN ON BOOSTER CHARACTERISTICS
(4 April 1967)

by

Artui iiager

Dr. Mager irs general manager of the Applie' Mechanics Division of Aerospiace Corpor-
a tion'Is El Segun. do Technical Operations. Before receiving this appointment in February
1964, Dr. Mvag-er was director of spacecraft sciences in the formerSystaims Resedrch
and Planiiing Division znd has also been director of sciences ait the Natioba1 Engineering
ScienceCompany and on the staffsa of Marquardt Corporation and NASAIs. Lewis Laboratories.

Dr. V'ager received hi B.S. degree from the University of Michigan, hiis M.S. frorr the Case
institute of Technolo:,y and his Ph.D. from Cil Tech and is the author o6f -nurerous articles,
books and U.S. goverxn:.ent pulblicatiorns.

INWA"AODUCTION

A simple and rapid method for assessing the 'effect of booster'd Isigh variables on

over-all booster characteristics is presented. This method-is applicable to all boosters,

regardlesr. of x L'ether they are expendable, rspusable, rocket-powered, .or airbreathing.

The comnpu tations involved are mini-al and many resuzlts are obtainabl~i in' a ,purely anm-

lytical manner. Furthermore, an all-inclusive graphical representation of' booster

characteristics is another by-product of this method.

Booster dsgn procedures are given which minimize, per unit of pa9oa weight,- one

of the following: gross weight, hardware weight 'and/or hardware post uIe.in these

procedures the struchural factor6; and the spl~iffic irtiulses~are pmito6 VA-j with

stage size and booster velocity, respectively. .Al of these 4~t rnizatiou'tenid to-

produce larger velocity increasts. 9nteesae whiich have'3owe h2.fae Idost

per unit of weight, per use, and which have desin with lower limiting~values f the

9 troctuxal factor ani higher specific imnpulseuda -the iznstant, of'stagiQng..



B3OOSTER CHARA40T.ER1STics

Ir hi. ~nay~~.we- use as independent variables:

1Th._,. etiructural factors

Wh

k Vw-k g )

and

2. Th ., r-nass ratio -nk I

k k.~

Thie ma.:39 ratio satiafies the equation of motion in the direction of

Vie volocity

m exp K.(~v)+)

ai-d le valid~ for ay booster when the average specific im~pulse -is given by

'k k

It should "he noted that mkis the:-inverse of the conventional mass ratio
usualIly &,signatcd in rocket literature by symbol r.

/40



:~f::t rge tadi~Lo-acceleratj, force ratio is given by

Vw~ dV

,he indepen-dent variables m~ and s canhave any, aUe btween
k k

zero an' unity. In addition, the difference (rni-s )k cann -be on.aller than

:2ero. Conoequently, each booster stage is representedby-Apolnt in
the nis ptane bounde~by the intersection of the lines a 4O, rn~j. n

jzn-s =0. Theroe line'i form a tria ngle in whi ch the. rockt-prcpeiled

v elc.ee are in one Lorner and the airbreatherB are in the ovthe:" corner.

Lannation of design data indicates that 'reiach booe ag(eg.

firat, seco.-A, etc.) tends to haVe -its own, relutively'ixiariiant,. Orn - )~

,value. Thio means that each stage tends to remain on £4l1.ne paraflel.

to the lin~e Im-s) =k0 which forms* the base of 'the triangI _. Since the

*,nag nit ud. e f th e structural factor. for, PLgivezi jtage nu Mbe r'an4d tye is

also usuallyv known, therefore the values of the.' irdependient',,va'iable~s

appropriate for the analysis of the stage c haricteri ptic p-can be reasonably

Al/ell established.

Specifically, in suci an analy sis, these values pernt i. .the ,,deteiniina-

tiori of the three dependent variablei:

I. Cros s-to--payload weight'ratio Gk

Hk 4)

2. IHa'dware-to-payload weight ratio Hj (..k.
3. Prope'Llant-to-payload .4welght ratio, ,'

1,,

4 4 :~.

fi

"'BM



Gk

(G 1 =(G) 2
= k k ~kLJ k --

k k (+Hk)

Tha-lines of constant Gk and Hk may thus be corwvernently plotte in the

mez. plane (Figure i). Since such a-r presentation in all inclusivis, it

permits an easy comparison between the: various kinds of booster stages.

LI addition, the knowledge of the -independent variable' mk and m

enables. rapid evaluztion of the sensitivity of the hardware-tcp--payload

ane groos-to-payload weight ratios ,to the changs of the various design

aauunptions. This evaluation is icccrnplished by use of 'the influence
coafciantz %defined by

Cd,q diiaq

so t bat the variational equations becomne

dG doa, dY

et cetera.



The e~xpr.saions for these influencei coiefficieints 'are 6"nveniently

,,,iv- in Tabit I and tCheir magnitude may be plotted in the fli*' plane

B. Varving Stage Size

When the design oY a stage is chosen but its scale is uhdecided, one
needs to find that size which has just the right amount of pr*opellant

sufficient for the desired acceleration'*. Under these cond44is -the struc-

tural factor varies with stage uisze 0n~ Ats va iat bon mayvba"gIvn b y

k

,This relation simrplifies matters coiisiderably because' HKVaries. now
linearly with Gk and both Hand Gk a re expressible'in terms -of

alone though the ais varying

1--\
rn~a/k

Although one of the independent v .r blsi thus, eliminatd t'e deine'
choice is no0w reflected in the values 6f the constants a' a .Vbk.Of these

two, ak iB particularly significant because it represetsts Al~liiig value

of 5for. very large gross-to-payload weight ratios (e. g .Wry arg

stageo).

Obviously, these new s implified relations when differe,tiated may.

again be used to find the influence: cioe'fficients appropriatelfok: such a

atage of varying size (Table 11)..

4
4
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C. Mutistage 3oc~at,,;

The :%taginr' re-1ati-orn w permit computation of the
P, 3 gj+i eni

1.):-ytozd ex.:hanLg atio of the kth 3tage

~k w 41" k+1 k+1
k+l

Thic ratio is essential in the application ofthe previous relations:t

rrnutstage boosters. Specfically, if in the, previous definitions dhe

payload is always taken as that of the comnplete booster -and the weight

contributions of the individual stages are aU 'added together, theh the

eependent variables become

w

12, n

HHE
pon

n

and we stMf have'

P 0 - (I +H)



Pu: .~. iLMay b~shown that if tIhe irdenendentt rariables are

9:)i~i at to include the co)ntributions'fr'om eac!_.± sag

n n:

V ,n+ 1wh I + H.E. I MGI

tCie.-. the z'elations between these. new dependent and indepeindent variables

rer. :,a.n e.:actly the sarne as for the single stage. 'Thi -epresentaticn of

Fig,_irc i is thura valid for the -complete booster as, Welli

Fui-t1ermora, the differentiation shows. that

G5k

so .haL the gross-to-payload ratio of the whole hoocater varies exac U7y

ii.k(: the -ross -to-payload ratio of the individual stg.Or, in other

v.wo Ydsa, tie influence. coefficients.describing' the variation of Gk describe

also the -.-ariation of the compleie booster's GI.

Fox. he over-all hardware'-to-payload ratio .4th tory ib more

Cor,11plicated. We now have

dH dG
dC + C.

k kk j.

Ri



C-OSt-zlz -I-j Of Vje eta ,-z :

tt- :*, I ~tiware-to-payload m-tic of that atage affect tC~:IOn

c'! cvc:-,1 Al }. L:*,r2 rnrcs thsa newu, bcoa er -peculiar, lnfluenci coaffi-
cIz-~ .A aol. u tly on~ thr, values of a n n.o the k~t stiage (in which
tze Cha. ~ u~~to be n-sde) but aloo on tho values of the ln'3mpen-

-e~~170- :,-I! o~al the Ciee underneath ar icbve it

"k-

k-I

14- G~

ro:. thir reaz-n the graphical repr esaintation, of the influence coefficents

in Ohe mi r1wa:-- cannot be nAde althogh they can still be foirveftiently

lts-.ad iy tabul~ar form~ (Table MI),

To uvli:t qualtivy th manitude of the variou S chanes it to

aft~m mivarzitnt to convider a special booster in'Which all. taes hve

the sain~ t) tr factor amd Imass ratio ( ag. S~ an mj~ for
tall VRlU - f~ Frsc a ooej the over-all structural fator a is

the sam~a an that of the individual sti'ges (a o ) ~w the over-4ll difference

(rn-a) it Siva-- by -

(m-S) 1) (d. (bys)

th's7 Ar-wing that the over-all valuv of in tewis todecwras with the

nuz-zibar of stz1.Sc. F7urtbarrnorep. for- such a booster wt~in~rsae~
we may easily conrpute the multistg infucmnce. cefies dPlot

these frur any numb~er of Istzages as, fimction of 0 WrIguri3).'



LZOSR Cl IZATIO>15

-~ <. cc2fef t myL ed ,isd bao Jte' - i~

o'!! ,af ove -z. J rross-to--payI6Ld 0-
t~~~~7V- .r 'c. ~.j1;~a'~o. ?rtherrma e. thE, svh±to S bo! o

S b~ modifli to >'ic d rniniIn'um booatz.cr CoL:t e

U .- tcf 7 oa6 v'eigt. Ini all of these solutions the I'x-.

D(nr -c~rnditions which. pernnit iinding, fcz i.

r~ vakl: rC m k+'in Lition1 , 3ince the zi~z

0.1~~i Of21 ";Ulityi these co~nditions also deterrmiie t

5~.2~C .'~ 0 * at wihich the use of the f(k+Q:3taFZ3, c;e,

.f~ ,Jc~~ fO'in this valud touarda P_ -both

tak
L;~ ' ar ZI1,111=a it i&~ irilportar t to d ternine C

kk

Z L s three optimi ,ationq giv2

(ir. - = (inn- a)k rT(c/ k'

'VI, the C'eqt a'r Unit of hardwart- weight, per use, and it is
air 1k t(I be~ unity for the G ari'd HI optimnizations.

't i~ <Ku: cb: r that tha optimization process assigh'ihighar veloCity

L~~~ r r,.a . 3tages- which haVe high, r effective -specifc impuilse

azA 'avv c --t.-ucttura2 factors and which ha.ve lower costs; pier unit of

hiard t~n~ .gher use. Furthermore, it is also cle'dr that for such

vm i nc.:eases in each-stage., tie G and H. optinhizations wil~l

r c t t ia z- boosti:r design., This, however, istiiot tmue for

3~~ ec. ciaicreas~ when the opti-mization conditions for mriMru,-,j,,- 1-1,

'if :~t -,rc7a. thos'e for rni i~rnn G. This differe'nce eiszlppears wh~en

:& a'~:.~h~.ai.the stage bein~g cpt-mized zre stiructurally a;irnil. r
*a~ :r- uci-act. rz are consz;..nt (e. g., a b~

j j

147



.. EU~J' ;AND

r ~ ~ ~~;k'~~eled the wt utr idccLo.:

i< .:c :enLzc- of 0orrAc4 grross-to-plyl ad am.,h- c

G,, -V ~t-ui~Wctural and~ rr!cuIlvlve dlozign ~vxr'iab:OI (%f
Zi tnT lo6"ta.,p le to0( . r~~-3

~ c.~ Wc ;M-. -nntpoying rock~zk or airbreathing rmNlzc

2~.. t:,f~-~zi i~L-u-,nce coafficiarn-o is derived *hickt p itrm

a ~' :~~ e~ t~i~ ~ra equ~( vrtca1. ~ion'sa. Thie co.utle-n

c~ tAK ~ at L~tOne affect ol t'.e specii iniiiso chrz!j--f

i~ ',i t in: ee e of prepallia4 density is most bentficiai0
~ ,c ! Vrs,- ' ructural wgi!%ht L1-*ct harnfIt.-when ma~de Int

cc: afl-inC'2zuIva, grapSYcal repramaetat;pn of th 40c ,

~~~~-e -Inz, ~-O-~1Cc r:%tios iL iao SIf t; on c

t~~~~t:A .,nzI';. ..c ratio. 7,a. :prese n-mtion Is pr~ua~

~~~~~iI ~ ~ ~ ~ ~ ~ ~ S ii.i t~L~ti tnactI-&.gte many pos 1

~~~~~- Atv A':~ z d-ition, the n~asnltue Of tNe infnce~ COOMfiCont.3 I

:,n-ed rza-%rthu ; kngan indication of tie senutivity o"

4. t:4--ti:ly cacuble £aolUtibns foi- minimum gros-te-r-yoad,
- -:- ~wyla.1 ass ratio a-.- minimum lrdwar-%, ccmt p-

k! n y: t: C,' p -7-1c booeterd with veryng structuralfnctato and

.4T z~ s- A,~fia imm-.11es Are obtained. Either 4a tho's opdmi--

~ . *~~ ~ ~LK~1 tt, a-osgn gretir ,ralocity increases to 'H ,-

169



utzge-j w.io-h L-7- ia (-a instznt of etaglng highe? effcctlvo-'pScill

ino,-r e 3 -r whose design led olower Urnit~ (hin ram ng

vp-i) uv~ of Ki,: e atrtntural factor. The diffaregei b6 041i eae two

a-.-e rahowin to dirnappear. when all the 'Stages be"Oah O taS

being have equal. andz novo-varVIng ztructirz fact10 Fithr

m-ore, f:he:,e di.fferencs alto disappear when the itacar iss~i,6i3r

but &!sigr .d to deliver their limiting velocity incriMsee . 'he cost aptiml-

zioof couzre, also favorro those stages which *ve lwOt ha rdw~fra cos-t

The~ fallow''>, symbols are used in this report

a Corn~tant (minimumn) lirnitingwlii4e of -tI,,c stfuctural facior

b Conitant in expression for the yarying sti4urwl facsov'

lc IIttenc-z coofficien
dq

C Cost, per unit of hardware wih.per uzse (dolar4

D ZDrzg (1b)

d Dependcv-Z variable

£1! Payio,-3 exchange ratioA

G Cross-to-payload miss ratio

g Gravitalfional constant (ft/sec)

HHardwarc-to-payload mass raitio

I Specific Imnpulse (Dec)

mTermninal-to-grose mass ratio,:

n N'umr:b2 of stages

P Propelt-to-payload mace radd

q Va-yir'i -,uantity (independent variiable)

r .etarcLn'r,,-to-acceleratlang force ratio,

.4



a Structural factor

T Thrust (ib)

w Wpight
An~gle betwqen flight direction and local vertical (degrees)

Subscriptfs:

d permutation index denoating dependent variable
e effe ctive

f propellant

g gross
h hardware*

initial

j permu.tation irdbx for stage designation

k specific value ofj

p payload
q permutation index denoting the varying quantity

t termial

Superscripts:

-. Bar above the symbol indicates average (constant) value
*Star. indicates certain fixed. constant vlue'

o . * Crcl inicaes te vlueof -rw- at which the introduction of
optimimid (k+1) stage bocoms'easibe

176
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ADVANCED PROPELLANTS
III April 1967)

by
Ellis M. Landsbaumn

Manager, Components and Propellants Section, Propulsion Department, Aerospace
Corporation, El Segundo, California. Ph.D. in Chemical Engineing, -Northwestern
University, 1955. Formerly: Research Group Supervisor, jet Propulsion-Laboratory;
member oi tCRPG Static Test Panel and Solid Propellant Comnbaition Initability
Working Groups, 1956-61. Technical publications in the fields of combustion,
nozzles and instrumentation. Member of AIAA, ACS, Combustion Institute.

PERFORMANCE OF SOLID PROPELLANTS

Introduction

In order to understand what makes, asolid. propellanit.of high. prfonnaance,

let us fiirt review the perinont thermo6dy zx4.,d tnlinaha

attributes one should seek. The standards specific impulse is equal to

the exhaust velocity. For the ideal case one can write,

lop g=-1 MR 7 P(

-The exhaust velocity is also equal to the enthalpy difference between chamber

and nozzle exit,

V Zg (H HI)e c e

The enthalpy balance for the combustion process is,

2X, (H - H0 + AM.) = x( 1 -H 0 o 3
P -R

This can also be written in terms of thie heat of combustin,

4 c Hux fk 4()

For t.he ideal case the. chamber, temperature. shouldt be. ielatedt to the heat

of combustion,,':.:.,.

B ~ T , T,0 1N~r.\'7_7



This line of riasoning circumvents the usual arguments for h-igh -temper aturei

and low. molecular weights by placing the emphasis on high heats of

combustion per gram.

The heat of combustion is equal to the heat of formiation of the

reactants minus the heat of formation of the products. The heat of

foiimaltioil.of the, reactants can be at beat zero or slightly positive. If

they were sign1iliciintly positive they'would undoubtedly be unstable

Andg'. theref ore, not be suitable for use.. Therefore, there is an upper

limit to:.the heat of formation of the reactant. The heat of formation

Of ..the: PFoducts*,on -the other hand can be as negative as possible . It

is logical, the'refore, to. first examine products that give highly negative

heats 6f formation -and later to determine if there are suitable reactants

Con'iosed of constituents of the product.

The heat of combustion per gram of products has been calculated

f or the lower atomic weight elements with fluorine and oxygen anid la pe~

in.iue I and Za'nd Table I (Ref. I). The'same calculation for an

eve1.n larger numxber, of-elements has been done by Glassman (Ref . 2).

Itwil- be.note tat many of r~ae results. are given for. solid products. If

only gaseous products haid been used the numbers would have been much

lowe. Inee, BO(g) Ais theivendotherrnic .and would be on the negative

side of the A: ale. Howevtr,'if one reconsiders Equation 2, it will be

noted'1 .that . one is. interested ia the enthialpy'difference between chamber

and n6kile exit. Therefore, in ,c onside ring I- .ate of combustion one is

iteSWed in the heats of combuistion of the .oducts as they will exist

atth nzse exit nortuaey dhepro dctis. tat supply good beats

7$of liquid propellants over, solid. propellants is primarily the fact



that they supply a much. better working fluid one. of a lo wer mlcua

In practice only the metal oxide as products will be of interest.

The fluorines would be of interest, bt - is difficult to get fluorin e sin

a solid propellant. Thce are soffe fluorocatvbon:corp pounds, but they

do nct inrake good binders. If the metals woul .d preferentially combine

with chlorine this would be desirable as this might then free hydrogen

to provide more working fluid.' It is quite obvious that if one desires

a m~etal oxide as a product the metal can be added as an ingredient.

neaqas infgredients eare ecamined in T'able 7-1. The table C! C

other metals besides those given in the Figures. Scanninmg the list one

sees that there is not a great deal of choice. Hydrogen is a gas.

Lithium has. a low density and iqvery reactive. Beryllium doe6s hot

have too low a density but the products are toxic. The density of bororn

is good but it is slow. burning. and difficuit-to handle.' (Ref. 2). .Magnesiumn

has a low density compared to aluminum. Aluminum h'as. the-'best density

of the lower atomic weight elements.'and has no other piroblems. Silicon

has a lower density and' phosphoruus is poisonous. The heavier metals'

are primarily distinguished, by their high, density. but they have loweri

heats of combustion and are approximrately equivalent to',carbont. .. The

carbon, 'of course, is added as part oif the binder. It is, reasonabl

obvious why alumninum. was one of the first, propelIlant additives. Of the

other elements,. it is difficult :to tell whether'boron or beryllium would be

ef..o idd
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One can also add the metals to the propellant as hydrides. There

vd' point in consideringo otr inorganic compounds since these will

all 1-have large -negative heats of formation. One might also consider some

of the metal. organic compounds; however* these are usually rather

u notable A number of solid metal hydrides are listed in Table 11I

(11,cf. 1). It is not quite so simple to determine vvhich might be the

railic hl'dri de. Berllium hydride has z_ os~ibi!-Aty of aig

1tty puozitive hieat of forynation, therefore, it -,3'.1ud bz 'ike havinf

beryllium' with the-added adva ntage of the hydrogen. On the other hand,

Ihas. aav ry*'low den sity. At thisa time itmight be a good ide a to point

out that tisnot entirely clear whether the favorable properties should

be. .based'Ion 'per-.,gram-basis or on a unit volume basis, since with

propllat manufactures' density. plays such a significant role. Aluminum

.hydride~i ..'a" muich'bette r density, therefore,. it is not clear which of these

tw awuldbe besit, assuming that heats of formation are correct. There

_-As:anotheri groupo. material., with: slightly lower AH~f These are LiAlH4

and: .1 H2 !. -The Mq (AIH4 ) looks best because of its high

de-ansity andgrood hydrogen content-,..To make a, better evaluation, -detailed

* pcrforma~nce cal*culation.would'have to bes ..ado since the d%.A

btween any of te..above-ingredienits would be Small.

'he-current And eaier oxfdizers are well known. First Came

O\C1.d', 1oqedby C and.'thelhWnby NHC16, wih is in extensive use. today.

el ci 3 ~ Te, double-b ase pr opellant are primrarily
4 3''

oaellulose- 'Ira, ni
- ~oglcer~rz wit some. diinlhgher energy additives.

.Aluri-diifm b NHCO r lobig~a de dito dula~ 1 pplat.I-ao e7I



ape worthwhile to try to increase AH by reducing the AH1 of the

~eatatsprm iy~heoxidizer. Another -possibility would be 4'to havej

an oxidize _bilt iowh'~n ~t~

fluorl des have very f avorable &H Thi s, ho wev er, does n ot se eM to be

with good oxygen contents and possibly increased hydrogen contewt end

adeded energy.

A great number of nitrate and percliorate compounds are listed by

Urbanski (Ref. 3). Some of their properties are given in Table IV.

Unfortunately, there is a great deal of missing data. It does not appear

that there are any nitrates that are particularly better than NH 4 N0 3 .

Hydrazine nitrate has a better AH f but has a relatively low melting point

and even lower density. The lower density of aimoniumn nitrate as

opposed to NE CIO, is onie of the problems in using it. The hydrazine

nitrate is also sensitive. Thiourea nitrate has a better AHf but its

molecular constituents are riot-too favorable. A similar situation e=, sts

with the perchlorates. Hydrazizie Perhiluate has a good dens'ity and A

has been improved. However, it Isa probably more. sensitive, similar, to

hydrazine nitrate.'Nto a even a better deinsity but'

decomnposes at ratherj*- loweprtre.A . .irou prhiorae haI

positivOe heat' of foir'Ma11ton iada very god esiy It is, howeer, :very

hygroscopic., It does: have the6 disadvantage that ft is rem iglyrg,

although it is replacting itby oxyge n. EthYlenediazraine diperchlorate..

dos Io apea t hve a0!ry winiant. a,' 4an"tAges over .H.l4  I
Itdoes apper tAa did~ae~oiiest cou~rr

4 . ... .j- * 4ap01~if -- I1:ir
1tA 8, ,a -tst aiiai2 ef~A



Theoretical Impulse Calculations

Theoretical impulse cialculations have been made for a number of

the hydrides with NH 4 CI0 4 and NO C104 (Ref. 4). These are presented

in Figures 3-through 6. The specific impulses increase with increasing

exothermacity except that LiH appears to be out of place. This is probably

due to ita low 4., which with its low molecular weight when placed

on a gram basiv is more significantly different. It will be noted, Figure 4,

that AIH3 produces a higher chamber temperature than BeH2 and the higher

specific impulse of BeH2 is due to its lower molecular weight gases.

The results with NO2C1 4 are given in Figures 5 and 6. There appears

to be little change in specific impulse with the metal hydrides, although

'the maximum shifts to lower oxidizer requirements. It will be noted that

in general higher temperatures and higher molecular weights are obtained

with the metal hydr'ides plus NO2C104. Apparently, as discussed under

the eoxidizer section, the increase AH1 is balanced by the loss of hydrogen.

,There is an increase with CH2 . This is probably due to a more favorable

.. balance in the water gas reaction. The comparison between NHC10
4e 4

and NO, C14 also holds true at higher expansion ratios.Z4

The effect of y (specific heat ratio) has been of interest since lower y

give higher vacuum impulses. Fig. 7 is a plot of the ratio of: the, vacuum

thrust, coefficient to the thrust coefficient at standard conditions against

ex4pansion ratio. The specific impulse will have the same ratio. The

effect. of garmma is rather small.. However, if specific impulse measurements

are made at low t the estimation of high 4 value can be overly optimistic
if too low a garnma is assumed. This type of .etimation is rather crude

by todaysstiandards. The hermodynazic calculationsi should be uied to

estimate efficiencies and -coupled with two-phase flow losses for

extrapolation purposes.



Additional insight into the effects of 1^1.-' and added H2 may be

obtained by taking a composition and arbitrarily varying these quantities.

This has--been done with propellants consisting of 20 peirc-ent CH,

16 percent Al and 64 percent NHCIO4  The assumptions and the results

of the calculation are given in Table V and Figure 8. The AR~ of NH CIO4

was varied from 0 to -140 Kcal/mole. Averaging the results gives a

change in I of 30 sec for a change :of 38 Kc-al/ 100 gins of propellant.
sp

The effect of changing the hydrogen was surprisingly less. 'This indicates

that the effects, of changing to Al or Al 3 'or to Be to.Bell in a real'

propellant wvill be'much less than the effecPts indicated in Figures 3 and 5.

This can readily; be aeen-by examining, the 'reivlts of calculations

from Siegel and Schieler (Ref. 1) shown in Table V1. The cham-,ber and

exhaust products are shown in.Table'Vfl.. Unfortunately, -these calculations'

are for solids loading th'at 'wifl be difficult to obtain.. Neverthelessl one

can see that the differeonceis, between propellants are iconsidetably less

than that indicated inFiigure 3. Note' thatAthegains of adding'hmetals to

the polyethelene are primarily due to'increases in chamber temperature.

Th gis u t adngte hydrideisare, a result. of decreases in mole a lar

weight.. -

a. 3



RePolants

The frst binders were asphalt resins. The first polymeric -binders

were the polysuiphides. The initial polysuiphide binders were not too

'good due to the low hydrogen content and a high suipher content leading to

high molecular weight exhauist gases. P..rforrnance was gradually

Incre -',ed with a polysulphide propellant by increasing the hydrogen

cotatent anA eding the :sulpher content.- It was, also, difficult to

incbwportei metals because of th e water formed during, the curing reaction.

P-ilyurithane biinders",were the next ajrdevelopment. Polyurethanies

,a - formed by the codnainpolymers polymerization of an isocyanate

..and & diol, This eliminates' the secondary problem of water elimination.

'~Th poyu~thae poymeizaionis better characterized than that of the

polaulhid sothat-onie can much more .accurately construct the desirabl

phyica p~~eriesand control them.

- The polybjitadilene6 type binders Are the most'recent and currently

te-most..widely. !4sed. Te advantage fths type of binder over the

.po yretan _ypel: is -a lower density iiida better hydrogen content. An

additi on ,al discussion of the binders can be. found in Siegel and Schieler

(Re. ).Typical binder types are compared in propellant systems

containing 'aluminum and amnmonium perchlorate, in Figure 9 (Ref. 5).

As one moves fromn the pure fuel polybutadiene to: binders containing

inresngaoutofoygeA, peak I~ is reached at progressively lower

bolids. loadings; 100'ybutadiene is a betier fuel than polyurethaneIsh-owig.

a;pek; I~ approximnately -3 units higher;- howe'ver, the solids loading



When nitroplasticizers of high oxygen content are added to polyurethane

the magnitude of the peak I s does not change but is'dchieved with a

lower portion of solid oxidizer. The use of nitrato plasticizers and

polymers, such as nitroglycerine and nitrocellulose, not only shifts the

peak I s to a lower solids loading, but also incrsases the peak value

(compared with polyurethane). The disadvantage of propellants with peak

I and low solids loadings is lower density and consequently lower impulse

per unit volume/as the solids. have.higher density than the binder. This

is extremely. important in volume-limited rocket motors. Theoretical

specific impulse contours for a PBD propellant are shown over a range

of compositions in Figure 10.

i :

6
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TABO i

LIF(s) 137 & 2.5 46 23 -146 -. 63
NaF(s) I -136 -3.24
1.12(s) 170 *4 IN 3 -142.5 -4.77
NaO(*) 00- -- -9.4 -1.60
BeFS(s) 301 : 57 * 5 -241 & 5 -. 13
MgF&(s) 250 4 86:*7 -26 . + 3 -4.21
110(s) I08 174 -143 -5.72
Mgo(s) 91 148 -144 -3.37
,F4l) :4 *6CS Gas -270*2 -3.9
AIFs(s) 42:*6 71 : 5 -56 k 5 -4.24
3303(s) 654 9 95 -305 -4.38
,,-Ah i) - - -400 -3.92
CF4 ) 465* 2 Go -218*1 I -2.48
SiF4,) 5S) * 13 Gas -373 -38
C04re) 314.2 * 0.5 Got -94.1 -2-14
CO() 257 * 0.6 Ga -26.4. &0.4 -0.94
SiO3(s) 303 * 12 136 -210 -3.49
NF4) 199I 3.5 G --29.7 2 -0.42
PF,4) 553.7 *2 o -311 -3.0
PF3(,.) 346 * It G -209 & 0 -2.38
NOr) 1$1 : I Gas +21.7 +0.72
P40,)(s - - -703*3 -2.48
SF4) 467.5 2.5 Gas -2883 .0. -I."
SO) 339*1 Gas -943 -1.18
aFje) 1243 3.5 G" -39 *1 -0.42
(:0o) 123 3.5 Go +251 I +0.34
FCO(s) 419 & 4 Go -31 * 3 -2.29
(OBF)s(s) 1201:*21 20 k 4. -S8 * 23 -428
BN(z) 94.5 & 13 211 * 14 -40.3 *0. -2.43

Th data in this tab, with ftb zmptoim of PFP, wa clod l from data
in the JANAF - Tabl , Dow aancal Co., MIleadl, Mich,
December 31, 1961. lbs standard bl11 o1rfonna0on ofIbs om uaold
can be calculated from *bs dAm mgi by umof het roWmw
heats of atomlto f duma. Ol 0Mr, i sm k.I , us as fu :
I.38.4 * 4; Ni62.1; 1,7 *0.5; M& 35.3: 3132.6 4; AI,7 *0.4;

C. 170.9=*05; U1, 110&12; N 11.1*; P, .0; &, W*, *; C.
29 * 2; i:F, 13. * 0.1; O . 1bs11- erfemllom In&RIu Taelut
from J. T. Am % MWul a L A. Kb'%,inb Jum wA n
T- _ _-+- w .i-d.,M-, PI. "M To Y 9M



TAMl II

I4ttal Additives

Density o3: z

H; Fydvgan 060

Liy LitbAm 0 0.53 Reactive

Be BayfIlju 1.85 Thxic products

B, Boron -2.345 83SlW Burning

Mg. Mesium 1.74 Low Density

A A, Aluminum - 2.70-

Si, SWlicon, .22.4'

ps Phosbosool"2.20 (Red WUJ

-1.82 (Yellow)

CA, Calcium .1.55 -eotv

Ti, Ti~taniium a, 4.50-

C. Carbon -

V, Vinadium 5.96-

.r, . * a...



TABLE Il

SOLID hM IDES

(Ret 8)

Hydrogen Density 6H,

g/cc g/Ic kIcal/mole

Aluminum hydride AI 3  0.130 1.3 - 3 10

Beryllium hydride BeH2  0.109 0.6 1 (?)

Lithium aluminum hydrid , LiAIH4  0.097 0.9 - 24.i

Lithium amide Li43 003 1.18 - 35

Lithium borohydride LiBE 0M122 0.66 - 44.6

H4

Lithium hydride LiE 0.104 0.82 - 21,7

Magnesium aluminum hydride 4g(A'B 4 )2  0.151 1.63 - 23.1

Magnesium hydride MgE2 0.110 1.45 - 18 * 5



TABLE IV OXIDIZER DATA

0 ac kca/e male

Awmlum Ntrat~e 10i .169.6 I.T25 -. 3 Ex e Ue n t slightly

rthyle~ediaz±l~imfritrate 1.4.9 tzcell~nt Very high -

Et02halainel Dinitrate 103 low -ifa

Guani1dine *fitratt ''23 'V 1 .- 91.1-

Sax~eathlermtetrmdr~e 160
Dmnitrate (CH2) 6 14 (MaV 3 )2

Kyftrazine Nitrabte ? M1 m 3 NO3 70.7 1.62 -59.0 000d USSd L% kr 7

16tylhSnflbfltrow 19', (4) 0.9 Good Higher c

Ocnum ritrt CtO M
33 I3

0Itraetfltrt Cnon0V 3 -11rt 40 12

ThIboure& N~itrate 4110 (d) 7%i.5--

C(Mt )2 MG3

Vrea Ntrate c(iui 2)2 03033 125 (d) 1.59 -U4.8 Poor - 1fne

Am=ium Perchlorte 1I4C 1 2410 (d) 1.95 -69.I I:Zellenit

Dleyeand41W~dine Perchlorate --

C (IM) 3 Co5H2 x'co 1  - -

Ethylened1adve Dipermhlorste -.- 68-5 H I~g 1gb

0Can141ne Di1lorCh1OiftOe 250 - zelaat Wone oe st

C (%N) 3 CA0

Hexalne Pay-eb Crate . -- law Like

(Iexamethvlezietebromine)
(A62)6 31C

1Hdrain's Perchlorate -137 1.96 - 39.0---
132 23 Co

litlm~ Paeblorat* 236 2."12 - 96 Very 31gbma

Htyains Pervb1r 210

CK?33'C0

litrosyl ftrelortte < 100 (4) 2.20 IL

Nltronium Perchlorate 135 (d) 2.22 8 -Very

ptftsf1~ Perchlorate 2.21 136 .11out

Pyridine Perchlorate 21.5 -wi 
r,%-

~.ipbe~1eorbonilm150----
(ceM5) C C '0

W=)': Absence of data umn not avallable La stbftrd awftim@



SOLID PROPELIAIT PEFORWAZE

Effects Of A~ and H2

0 0Run &f .kca1/D31 Binder I J,sec TIKBp C

2.-69.4 ICi249.T 2546 22

j2 0 INj277.7 3120 2).
LGn

3 -40 216.9 1996 22

1H4-9. 264.5 2458 1

-69.4 273.7 23T5 16;



Pevwuw ~ W~ay.#5 Ai

ftpseiTO 7, (lb ucftb

0.3 W14.00. .9 (CH,). 1113 3A63 790 22.74
O4X6N~aO, .4 (C", 134 19.41 84 21.74
0.7 NKC1O, 0. (0" 1312 18.41 463' 2097? 200
0.5 NI4.CO.. 02(0.). 336 3043 9u2 .99 221
&.9 NH,0O.. 0.13(04.. M63 2u.33 tsI 2m.85 252
a.9" NHdCo..0a"S(CN.). 2M2 2I7! 190 27.72 219

0.3 NI4.00..0.09(CILU.IOAI 3433 2"3 2147. 29.78 261
0.763 NH.C1O.0.0S5(CK. OASN 3621I 29.63 2349 31.42 264
0.M NHB004OA, 0 (CU, 03 At 34 31.37 2690 33.23 256

031 NH.CIO.q,0(H.. 3653 m 21w8 2M39 29.2 m7
0.76 WI 4 OOAS (CHAO.. W.35 28 0 23.1 2634 30.03 232
0.72 ?414.C, 0.06 (OWOL M.3 go 3 Mfg W 2344 30.2 230

0.763 HHA3CIO0S(C".)SAW*4 33 24.93 1943 2333 .273
*.6N.@J60S9(k.U0.SEdit 33M0 21A 219" 22M .30



TAZZ~ VII

CeombusoA rodwcs Comrjwmrft to pftepla"Is

hopshftl rmau.., of p.dacts at To M* (MW Of p~~t C r,

0., NHCk%,. 0.274 14,.&0273 C(s). 8.130 C)I. 0.341 C(s). C.224 H, 0. 132 H 0,
0.5 (CHO,) 0. 101 Co. 0.0% HO4,0.0"6 Hm U.23 CH,. 0.063 C 0.043

*0.031 4,0.028 COO 0.032N,. 0.014 CO
0.6 NHC1O,. 0.312 H,. 0-141: CO. 0.133 Cs) 0.2W Hg. 02#7 C(s). 0.145 MS4,
0.4 (CHO,). 0.09 CH4,.0.064 HC. U.6414H0, 0.061 H1. 0.077CH&..00CO,

0.042 N,, 0.032 coo 0.041 CO. 6~.041 No
0.7 Nl4C1O,. 0.370 H,. 0.309 Co.. I"10 HM 0.322), H6.Is.0.1 ) m 0.
0.3 (CH,)s 0.0014,0, 0.061 CHO. 0-04 No. G00 NCI, 9.099 CO, 0.007 CO.

0.032 COO 0.05)~ 0.047 CH,
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HUMAN FACTORS AND MAINTENANCE
IN SPACE

(18 April 1967)

by

John Lyman
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T!.a increasingly higher price paid in system inefficiency as the result of

maintainability problems with each new generation of projects is well known. The

growth in complexity of both current and projected space projects, civilian as well

as military has been accompanied by a "critical mass" effect which has focused on

maintainability functions. It is generally accepted that on a dollar cost basis alone,

from ten. to thousands of times the original cost of a given system is spent on

maintenance during its operating life. Despite increased use of automatic checkout

* procedures and other aids for simplified troubleshooting and repair it remains a

fairly defensible rule-of-the-thumb that approximately one-third of the personnel

,,assigned to- operational systems are principally engaged in maintenance functions.

The role of hu-nan fictors engineering in maintainability is directed toward
eonorically reducing the numb -of petrsctmel and skill levels required in

.maintenance functions, by providing direction for hardware design that makes the

fuet eof n behavioral'.atterns. A basic assurnp-

tion. is that even wit& the maximum practicl use of redundancy, reliability

improvement'of components and advanced self repair techniques, an ultimate level

'" overall 1stem reliabil ky can ot. bythe directed use ofman's

e -_ cn l. 07



versatility and ingenuity as a decision maker in matters of failure detection,

replacement and repair.

Particular areas where major contributions of human factors-engineering

may occur include 4.he following:

1. Development of criteria for evaluating and comparing

alternate maintainability programs.

2. Development of maintenance plans and schedules within

the framework of an overall main' a. iability philosophy

for a particular system.

3. Determination of maintenance personnel requirements in

terms of manpwer and skill levels.

4. Development of training and evaluation procedures. for

maintenance personnel.

5. Determination of environmental tolerance and work load

limits and requirements for maintenance personnel

6. Development of trouble-shooting strategies for fault

detection and determination of optimal placements of

test point locations.

7. Provision of information concerning design constraints

based on such factors as human body part sizes and

sensory input requirements.

8. Development of job aids, special supports and other

supplementary equipment.

As with other subsystem aspects of complex a'ystem design a key n cessity

is specialized participation by maintenance engineers in collaboration with human



factors engineers (in some cases they may be the same people) from the earliest

stages of design and development. An integrated maintenance management concept

suitable for the particular system mission and overall design approach should evolve

simultaneously with the elimination of alternative candidate a roaches in the pre-

liminaxy design stage. Specific human factors considerations should cover at least

the following tems:

i. A preventive maintenance and a contingency maintenance

plan based on the operational plan.

2. A maintenance training program based on a maintenance

schedule arrived at by a "best available information"

logical analysis and prediction of which components are

likely to fail and when.

3. A list with quantitative estimates of the men, equiment,

tools and publications that accurately reflects what

rnaintenance facilities each subsystem will require and at

what organizational level the maintenance is to occur.

To provide the necessary detail for implementing the human factors

engineering contributions as the system is designed and developed, a maintenance

e -gineering analysis is" required. Mitimally it should provide the following:

L A part-by-part analysis which describes each component, outlines

its function and tells'why and how it is to be Amaintained. Each

maintenance task should be described in detail

2. A tool and equipment summay which lists both routine and

special tools requircd along with gitund support equipment and

.o!
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material needs. This summary should specify the maintenance

level at which the work is to be performed to ensure that proper

tools, parts, and equipment is available in the right location.

.3. Time and error studies which will intensify the number of man-

minutes required to perform each maintenance task and indicate

human initiated errors that may occur. An efficiency factor may

be assigned to allow for different working conditions and new

skill levels.

4. A matning specification which sets up personnel requirements

necessary to put a sufficient number of men with proper skills

into the systems support program placing them at the proper

maintenance level.

The effects of the simultaneous conduct of a maintenance analysis with the

rest of the design and development program and its continuation throughout the

lifetime of the system will be to provide dat that will directly affect the hardware

design and operational procedures. For example, if the analysis shows that more than

half the economically available man-hours are committed before half the maintenance

tasks are described, the need for design changes or changes in the maintenance

parameters should become obvious. A restudy of the most timne-consuming or high

skill level consuming tasks should then provide a decision basis for choosing between

the redesign of a giVen subsystem to include new features or the programming in of

more man-houes and supplies to thb systemis Support plan.,

Naturally the cost of providing a complete integrated maintenance manage-..

ment plan will vary with the complexity of the system and the nu,.tber purchased.

The return on the investment will be in the form of cost savings during the



operational phases of the program. Increased probability of predidtable system

availability, reduction in total number and overlap of the manuals and technical

directives associated with each maintenance level and data which will help provide

increased efficiencies during design and development of each future system directed

toward related missions will all contribute to such savings.

Even though planning, designrang and evaluating for main;tainability have

become more or less accepted ac fundamental to the development of complex space

systems, there are many problem areas where our specific knowledge is not adequate.

In the human factors field this is especially true with respect to our knowledge of

human maintenance performance in space both in IVA (intra vehicular activity) and

EVA (extra vehicular activity). As missions become more prolonged, maintenance

problems will multiply. It is particularly important that new knowledge about mans'

capabilities be developed in anticipation of the increased load that will be placed on

him during long missions. Some particular areas which seem to require special

research efforts are as follows:

1. Anthropometric measures concerned with man working in a

space suit in the weightless state for purposes of establishing

accessib-litr, sizing standards, need for spe*al tools, restraint and

maneuvering equipment, etc.

2. Motor skills such as assembling, packaging and applying torque

from unusual postures.

3. Perceptual capacities requiring special coding of information to

avoid effects of sharp lighting contrasts, visual illusions, etc.

4. Memory storage, limitstions where special performance aids

may be required in complex repair tasks, especially in EVA where



instruction manuals may be hard to refer to. "

S. Human stereotypes (habits) in space which will affect task

sequenced and optimal spatial relationships between information

inputs and work outputs.

6. Decision capabilities with respect to time pressures, information

feedback requirements, testing procedures and other task stress

factors.

7. Tolerance to environmental factors and work loads requiring

high metabolic costs over both short time, high intensity

conditions and longer time, moderate intensity conditions.

It is evident that even those elements ard the implementation procedures

that can now be anticipated with respect to maintenance in space will require much

experience to evolve a full viable set of standards. In the meantime the fullest use

of man's abilities and the understanding of the design constraints which surround

them must remain a high priority responsibility of not just the human factors

engineers hut also the many other engineers with whom the "people pArt" of a

space system has interfaces.

A.

.......... 1.



ii

C.NCEPT OF HYPERSONIC ABLATION

by

Sinclaire M. Scala

Dr. Scala received a Bachelor's degree (cum laude) in Mechanical Engineering
at the College of the City of New York in 1950, an M.S. in Mechanical Engineering
at the University of Delaware in 1953 and an M.A. and Ph.D. at Princeton University
in 1955 and 1957 respectively. From 1953 to 1956, he was a Guggenheim and Bakhmeteff
Fellow at the James Forrestal Research Laboratory of Princeton University and con-
tributed to the theory of combustion instability in rocket motors. He joined the General
Electric Company in 1956 where he pioneered the theory of hypersonic ablation. In 1964,
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directs research in gas dynamics, atomic, radiation and plasma physics, fluid mechanics,
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technical journals and books.

INTRODUCTION

At the present time, new conceptual advances are being made in understanding

the complexinteraction between refractory materials and the high-temperature,

chemically reacting, environment in which they are required to perform as thermal

insulators while. retnng their structural integrity.

Graphite is of particular interest to us since it Is Itself a refractory material

capable of critrying a structural load at high surface temperatures and also because

many plastics will forra an outer char layer upon exposure to severe heating rates.

The oxidation of carbon, coal and graphite has been studied extensively for

over one hundred years, and much attention has been given to the reaction-rate-

controlled, transition, and diff ison-controlled oxidation:regimes. The oxidation

A/3F



rate of carbonaceous materials in these regimes is dependent upon the surface

temperature, the reactivity of the particular type of graphite utilized, and the

diffusof--pr-ocesses in the gaseous boundary layer.

At still higher surface temperatures, one must be concerned not only with the

homogeneous and heterogeneous chemicil reactions occurring between the oxygen

present in the boundary layer and the carbon, but also the nitrogen. In this ultra-high

surface temperature regime, sublimation of the graphite is the mode of mass loss,

Here it is noted that the upper limit of the applicability of conventional boundary-

layer theory is determined at the extreme surface temperature when the sublimation

rate of the vaporizing graphite induces pressure gradients normal to the gas-solid

interface.

ABLATION REGIMES OF GRAPHITE

We will now summarize the results of a unified theoretical treatment of the graphite

ablation process over the entire range of pressures and surface temperatures of interest,

i.e. from room temperature up to 10, 000°R (see references 1-5).

At the lowest surface temperatures, the oxidation process is reaction rate controlled

and hence the mass loss Increases exponentially with surface temperature. At intermediate

surface temperatures, Ilfe overall rate of mass loss depends both on gas dynamic processes

and the specific chemical reactivity. Eventually, as the surface temperature rises beyond

a certain point the mass loss becomes limited by the rate at which ovgen-bearing species

can diffuse to the surface. This is known as the diffusion-controlled regime. In this regime,

ONE



it can be shown that the mass loss is indepcndent of the surface t,iperattire, butt '.ari,

directly as the square root of the stagnation pressure.

The mass transfer and heat transfer results for the diffusion-controlled regirn'w

and sublimation regime which are discussed are based on exact numerical solutions of

the boundary layer equations which include the conservation of mass, momentum, cnergy,

and chemicmiIly reacting species. In the diffusion-controlled regime, a six-component

gas model has been utilized, including CO and CO2 , plus the four primary species found

in high temperature dissociated air (i.e. 0, 02, N, N2). In the sublimation regime,
2' 2

three additional species (namely C, C3 and CN) are introduced, bringing the total number

of chemical species to nine.

Based upon a large number of mmerical solutions to the boundary layer equations,

correlations have been obtained for the heat transfer rate and the mass transfer rate

including the specific effects of enthalpy, pressure, geometry and surface temperature.

DISCUMION OF RESULTS

In figure 1, one observes the various mass transfer regimes which have just been

described. In the region on the extreme right hand side, boundary layer theory begins

.. to become Inapplicable.

In figure 2, one observes the correlated heat transfer rate as a function of the

effective mass fraction of the eleraent carbon at the surface, C< . Note that

( K ' ayT )Sw ,-the heat transferred to the solid, has been normalized by the heat transfer

-in the diffusion-controlled regime, Qo."

- . . . .



Finally, figure :3 sh~ows the normnilized mass loss ar, a function of surface

temperature and stagnation pressure. Here it is seen that the chemical kinetics at

the surface, which are a function of the grade of the graphite, have. a pronounced

0'

effect at surface temperatures below 3000 R. Above this temperature, the surface

reaction rate is sufficiently fast so that the overall process is governed by gas-phase

transport phtiflomefla.

CORRELATION FORWJ>T-.S FOR MASS LOSS

In the reaction irate controlled regime, at low surface tempei-atures, the mass

loss Is given by the Arrhenius expression:

e-E/RTw( n
1hR Koe W( W02 w 1

where K0E and n depend on the properties of the graphite.

in the diffusion controlled regime, the mass loss is given by:

R 1/2
-B-3 lb.

mDPe ft.3/2 am. 1/2 ()

At intermediate surface temperatures, the mass loss Is given by

1 1-3/

Finally, in the sub) imation regimie the normalized mass loss is given by:V

6.67 C
m <(4)
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where-

.where. P is in atmospheres, and T is in 0 R. For cones, spheres and wedges thee w

above formulas may in the diffusion controlled and sublimation regimes be generalized

(see Ref. 51 to:

H 2
Sw (Se) 14.4 e -3 lb. (BTU/l-b)l /

C P/due\ 1/2 &20 gJT / 2 1/catn ],2
C<C 1w9 1  J e td(e-am

(6)

CORRELATIONS FOR HEAT TR.ANSFER

In the rate controlled and diffusion controlled regimes, the heat transfer to an

ablating graphite surface is given by:

1/2 BTU_______
(E /RP) 33.3 0.01333 (H -h (TU )o B e ew~'f 3/2 se.a 1i/2

In the Fsublimation regime, the heat transfer r'ate to the surface become~s

1 1-S .(C -015) (8)

<hr C'c> has been defined In equation (5) and S is a fifth degree polynomial which
w

(see figure 2) decreases with increasing stagnation enthalpy.

For spheres, coned nd wedges, -the above formula for K wtl holds,

bdt we find that, the expression for Q can be generalized to:

p.17 ~



Qo (E s1e) A Ue2 - -:3 lb. (BTU/Ib.) 1/4f2 due9dju. /a1l/2k 1/2.4+13 g~/xl t

(Heg-hw) Pe /ue 0 +e- ft. (sec.-atm.) 1 2

(9)

due
The various symbols c, - are standard nomenclature and are defined in

ref. 5, for example.

CONCLUSIONS

At the present time.thotetical techniquet exist for the prediction of the oxidation

and sublimation of graphite for the laminar hypersonic viscous flow over cones, spheres

and wedges. Agreement with experimental data is reasonable. Future work should

stress investigation of the effect of turbulence on the heat and mass transfer to a graphitic

surface.
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where A2. is the Laplacian operator,, which in twoe Car-tesian dbrtnsicria

tksthe fr

+ (2)

Beqatimi (1) is: one of the family of, elliptic partial differez-tial eqatim,

whose. solutions are w~t tiuin-dpendnt.

* - The parabolic -partial differentiia equation

V~aV* -~(3)

oewe In ~the st~dy Uttransient heat transfer, the flow of fluids through

poras m* i; and a wit* variety of diffusio Ohxna . a and 3 arm field

-psxmters i~cfrn be ftIcns of thin, space, cr the potential fux~tion

'* mco btnt paowters wand in c-.spece dimnnion, Equation (3) becains

(Ji)

Aidi gowd by Equitiri. (Ji) 'are usually cberacterized as initir.L- value

p~vbleED . addition .to the partial differentia equation, the apecifictions

~ro~ean lnitial conidition i(x,O) for all points In the fieldat t rA 0

ati t.~bouday o ios 'f (Ott) mw1 t2 (Xt) applyig to the tw

..:ekt 166ie orf the filid for,. to O .

-0&5# par idffewzisil equations that are of frequmt Interest

~. ne~ te ~prboiowae gu00c



go.wzting the vibration of' beem.

In orde-r to treat tran lent field problemi of the type of Equations

(3) to (6) by electronic differential analper, or by digital techniiques, it

is essential to ef'fect a trwlformt ion to relace the ramer of nendt

variables. This is accupliahed by means Of fInite-difftuic ~po Itim

in which a ccrztimad~ variable such as x, Ys 5. or t is replaced by an

aryof discretely-spnoed points. Solutions are'then obtained fbi' these

points, andIinterpolation techmiqaes are used to cnstruct cart macus equi-

potential or' Striamlines. WM n 11; qr~PaIt variable is discretized In

this mwnr, the corzoespondIMa partial derivative is replaced by an aprm~ivate

alyftaic expression. .1h cater tams, this mme that the operation of

integration is replaced 'by wlditiCMs and aztratCMu.

(fmsider as an e~w3 of a Very siug1e trasin field pm'bles,

the parabolic equation i). 'This equation ba two kyepndn variables, the

epace variable x and the tii variable t. In applying walog 'wthoes

either of these twa variable ca be ket In centiumm fbzm or disors' ized by

the aMplcaticn, of finite dit~enaram lImIaNs zr eist tessb'

1fbu baic -rrae appavaches:

1. ~rtuuzs-u~c~rtlxvz-ti (MM'. Both the the, variable

isd the apwvariable ars e t )a n cIn* imsfi

2. -~ I iso

qt-~ e M&

3, fg3t3.dI ,3~ ~uie* (I1) eft aid ft



Equation (4i) then becones an algebraic expression, while the right side

2vvxtins unhanged.

4. Discrte-spaoe-discrete-time (J.SIY). Both the x andi the t

variables are discretized so that all derivatives in EquationR (4i) becomn

algerac expe~ions.,

Ifadgitfa cater is to be enployed,, only the LEU1' method Is

feauible since zo cntinuous variables am be ?widled digitally.,.A choice

mest be mI&e, hoMvr, betwmeen explicit and! izlicii integmtion formulas.

"Amcing analog uetkods the D=' vethod using resistw -acine

hibtc itiiils i s the most iliortant and. widulyy-4sed tectrique. Th C

Jifthod Ua 11articularly adaptead to nonlinear pamrboc .quations In arm space

di~son, ie iterstivw *electronic anag couters can be used to advantA&e.

Th Pteohi4ue, 'is the .int. genera 1 powerful analog'sizulation method

ard erit teuse:d. ofreite netvorks ini the study of nonlinear fields

goeredbyany of Eiuais (1).to (6).

')KaPlUs, J., "Ana H 3 &C1atl' lutii Fiel P'roi ble Partial

Ailltw~ *up flttiv9J, oB..3p 5765
OMW9Kf** 1959 4
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INTRODUCTION

The word cryotenic is generally associated with very low temperatures

ranging from the liquid air level downward in contrast to ordinary refrig-

eration in_±he range employed for food storage, air conditionjols and the

like. Refrigeration systems for both high and low levels require cowpr.*-

.ors and coolers for removing the heat of compression and possible heat

of condensation. They also require expansion devices in the refrigerated

zone for reducing the pressure. The equipmenr-for low level refrigeration

includes one other important item, the counterflow heat exchanger. This

device makes possible the steady flow of refrigerant from the compressor

which must operate at room temperature to the coldest part of the system

and back again with minimal loss of refrigeration. The heat exchanger is

comprised of two elongated conduits side by side and thermally bonded to

each other. The outgoing cold stream flowing in one channel simply picks

up the thermal energy from the incoming warm stream flowing in the second

channel.

-There are two types of expansion device, one of them a simple valve

or capillary for isenthalpic expansion, the other an engine in which the

expanding gas does useful work against a piston or the blades of a turbine.

In this case the expansion is essentially isentropic.

Some of the thermodynamic relaticns needed for a discussion of low-

temperature, processes are givin below.

Kelvin or absolute scale of temperature defined by the relation

-. q, T
' =T- (1)

q2i2 T2

'in which q a'd q2 are respectively the heat received and the heat re-

'Jected by a reversible. engine working between the absolute temperatures

.T and T 2 ". The equation applies equally well to reversible heat piumps.
2

'The only difference is in the direction of the flow of work, namely, out

of theengine, into the Apump. The magnitude of the work, of course, must

be equivalent to .the difference between the two heat quantities.

Enthalpy is defined as the sun of the ,internal energy u and the pres-

-Sre-volume product pv,.-h 'u +pv. Another useful -relation is concerned (2)

..... .... . .



with the change of enthalpy with temiperature -

dh c 4T (3)p
where c pIs the specific beat at constant temft raturs.

pp

The First Law energy squatil ;a for steady flow. is

where Q is the flow of beat ar/A U the flow of usable work respectively,
scroas the boundary of the system.

Changes, in entropy are 'given by thn relation

revau~bl pat. T(6)

alonga ees:0pth

. .tinificant events in the development of apparatus for producinG

land O~.htaining very low tesieraturs. four distinct approaches to the
Of wwere madel all leading to Iuportant developoient;o.

* 1 1. Isenthalpic expansion of a cojrisusad Sas possessing a I
positive. JouleThomson ef fect, 'with aid of counterflov beat

Iexchanger.
.95 Carl von Linda In Cermany liquefied air in[

**quantity in a continuous process -for the
f IV t tias.

1898 Jams-Dewar Ift England liquefid hydrogen
iiith- the aid of liquid- air. The Joule-

Thomson coe fficilent of hydrogen is negative

at room temperature but becomes positive at
lower teperatures.

1908 KewrWingbOndea in.,ths Netherlands lique-
tied helimawt the: aid .of .liquid hydtog *i.

A.* .*



*I

2. Isentropic expansion of compressed gas with assistance

of a counterflow heat exchanger.

1838 '50 Dr. Joh%..Gorrie of Florida devised and 4

built an ice-making machine in which the

refrigerative.effect was secured by an

engine working'on compressed air. Gorrie'a

system also included an elementary counter-

flow heat exchanger.

1897 - 1902 Georges Claude, French inventor, made sub-

stantial improvements fn Gorrie's system

by way of adapting it to the liquefaction

of air.

1925 - 26 du Pont engineers in the United States

used compressed hydrogen as the working

fluid in an expansion engine-heat ex-

changer cycle for refrigeration in the

600 to 700K range for purifying gases.

1934 P. Kapitza in England, using helium as

the refrigerant acd with the aid of liquid

air and a Joule-Thomson addendum, liquefied

helium.

1946 S. C. Collins developed new cycle with

multiple expansion engines thermally

staged. Improved engines and heat ex-

changers for greater reliability and

ease of maintenance. Precoolants not

required.

1964 Collins introduced expansion engine with

plunger-type pistons and crosshead with

sealed bearings.

-!



3. Isentropic expansion of cou.pressed gas with assistance of a

rhr~~regenarrator.

1814 -27 ;ev. Ro Ibert Stirling of Scotland deve'loped

a new heat engine using a regenerator for

recovering heat that mi&'t otherwise be

was ted.

1862 -65 Alexander Kirk of Scotland converted

Stirling's heat engine. into an efficient

heat pump by reversing it. Although in-

tended for refrigeration, near the ice

point, Kirk's machine actually achieved

temperat ures below -40 0C.

1954 K~hler arid others in the Netherlands

Improved Kirk's machine and adapted it

first for the liquefaction of air and

later for refrigeration down to 200K

1959 W. E. Gifford and H. 0. McMahon modified

the Stirling cycle to separate the comn-

pression machinery ftom the regenerator

and expansion device. A standard type of

compressor is used. -The refrigerating.

portion is compact, small in weight and

adaptable to unusual conditions.

4. Free expansion of highly-compressed gas from a flask which

has been precooled to the lowest available temperature. At

any time during the flblow-doiinet the gas remaining in the

flask will have expanded reversibly and cooled accordingly..

Depending upon conditions such as degree of precooling,

initial pressure, heat capacity'of the flask arnd identity

of gas used, a fraction of the gas will condense within.

the flask.



1877 Cailletet in France obtained a misL of1 iuid

oxygen when he released the pressure in a vessel

charged with oxygen at very high pressure and

at an initial temperature of -40 C.

--..1973 F. E. Simon in Germany liquefied helim" in

useful quantities by means of Cailletet's

method. Simon used liquid and solid hydrogen

as the precoolant. At the start of the expan-

sion, the pressure was 100 atm and the tempera-

ture 11 0K. A large yield of liquid was obtained.

1967 Collins liquefied helium by cooling the vessel with

gas discharged from an expansion engine. The

starting pressure and temperature were 100 atm

and 19 K respectively.

DISCUSSION OF LOW TEMPERATURE CYCLES

1. Isenthalpic Expansion

The primary requirement of e refrigerant to be used in this

type of cycle is that it must possess a positive Joule-Thomson coef-

ficient at the warm end of the counterflow heat exchanger. Said in

another way, the enthalpy of the outgoing low pressure gas must be

greater than that of the incomning high pressure stream. From Equation 5

above, as applied -to the heat .excanger-expansion valve system, it is

seen that thi refrigerative load Q is equal .to ,the gain in enthalpy, there

being n.useful work done.

Figure. la represents diagramnatically the Linde cycle for the

liquefaction of air. Since the J-T coefficient for air at room tempera-

ture is small, it iz .desirable to compress to 150 to 200 atm. At 3000K

the enthalpy of ait under a pressure of 200 atm is .less than that at 1 atm

by 8 cal/gram. ,Initially, the temperature drop at the valve will be

approximately.,340* The colder gas returning through the heat exchanger

extracts heat from the incoming high pressure air so that the latter

.arrives at the valv at a progressively lower temperature until the liquid

phase .appears. When a steady state has been attained, a fraction of thiz



stream drops out as liquid. In this instance the maximum possible value

of the fraction is 0.08. The final temperature drop at the valve is

somewhat more than 900 . It is characteristic of Joule-Thomson heat ex-

changers to operate with relatively high AT's at the cold'end. This

coupled with the fact that because of partial liquefaction the cold stream

is deficient in mass makes it easy for the counterflow heat exchanger to

recover neprly all of the available refrigeration possessed by the out-

going stream.

2. Isentropic Expansion

In an isentropic expansion the temperature drop resulting fr=

the work done by the gas is usually large in relation to the Joule-

Thomson effect. The refrigerant can, therefore, be any gas that is

ctherwise acceptable.

Gorriets ice machine of 1851 is indicated in Figure lb. Because

of the high temperature level of refrigeration, it was more appropriate

to place the counterflow heat exchanger in the path of the incoming

water which was to be frozen rather than the compressed air. Air was

used as the refrigerant. Gorrie's expansion engine was a modified steam=

engine.

Figure Ic is a flow diagram of an r:. liquefier designed and

built by Claude in 1902. Note that the heat exchank_-r is divided into

two parts, the engine receiving a large fraction of the compressed air

from the intermediate zone and delivering the expanded air to the cold

end of the colder section. The remaining fraction of compressed air,

still at the higher pressure, is further cooled and completely condensed

by.the ac 4.on of the stream of expanded air. At the expansion valve V,

the pressure drops to substantially 1 atm; and a small part of the

liquid flashes into vapor which joins the engine exhaust for the return

trip through the heot exchanger.

In an earlier model Claude had placed his engine at the end of

the heat exchanger with the intent of forming liquid in the onglne and

sepatating it from the vapor'in the discharge pipe. The yield of liquid

was very low because of the irreversible cooling of each new charge of A

comnpressed, a by the film of liquid on the cyiidr Wall.-

-I



-The schematic diagram of Figure Id represents Kapi-tza-'s helium

liquefier of 1934. In addition to changing the working fluid from air to

helium, Kapitza found it necessary to precool with liquid air or nitrogen

and to add a Joule-Thomson exchanger for the temperature interval 100 to

4.2°. Because of the extraordinarily narrow pressure and A&enperature

range of the two-phase region of helium, the overall efficiency is

greater when a fraction (of the order of 25%) of the compressed helium is

expanded isenthalpically.

In the cycle shown in Figure le the liquid nitrogen precooiing

has been replaced by a second engine. There is justification for having

a multiplicity of engines thermally staged along the heat exchanger in

that the principal heat load in a helium liquefier arises from the

specific heat of the gas rather than the latent heat of condensation.

One liquefier with four engines has been successfully operated.

Figure 2 is a partial sectional view of the helium liquefier

at M.I.T. It is of interest here because of the engine pistons and

crosshead. It is the first engine of its kind. The plunger-type piston

is made of micarta. One end of the'piston is at the average temperature

of the working helium, about 600 for ode and 110K for the other; and

the other end is at room temperature. Sealing of the piston is accom-

plished by an "O" ring at the warm end. All of the moving parts of the

crankshaft and crosshead art carried by sealed ball bearings.

A similar liquefier, recently completed at Arthur D. Little,

Inc., for Brookhaven is shown-in Figure 3. This machine has a capacity

of 60 1/hr as a liquefier or a refrigerative output of 245 watts at 4.3 0 K.

Apparatus as used in the reversed Stirling cycles is shown in

Figure 4.. Kirk's machine of 1862, Figure 4a, features a cylinder within

which a piston C and a regenerator-displacer D slide. The piston is

power driven through a definite cycle causing ihe pressure to rise and

fall rythmically. The displacer is made of a stack of woven wire disks.

t is moved up,-4rd down with the same frequency as the piston but not

in phase with it. When the piston is at its lowest position and the

pressure is at maximum, the displacer must be at the bottom of the

cylinde r. The temperature of the gas: is high at this time, and heat flows

24.. .-. - -- .-.-. .---.--..-......-.----...--- ",-. ..-- :- --.



out fro:- the finned area near the middle of the cylinder. Before the

piston mnoves appreciably, the displacer is moved quickly to a position

near t-c piston. The compressed gas charge passes through the porous

displazr to fill the cavity at the bottom of the cylindeW. Then the

piston and the displacer move upward, the pressure falls to its minimmn

value and the temperature of the gas falls. The displacer is then

returned to the bottom. The gas is transferred to the intermediate space,

and a thermal gradient is set up in the regeterator. On the next cycle

the co:rpressed gas begins its expansion at a lower temperature, and the

final cemperature is lower.

Kohler and others have developed an elegant small air liquefier

based on this principle. By adding a second stage, refrigeration in the

200K range has been achieved.

Figure 4b illustrates the modification introduced by Gifford and

McMahon. The compressor has been divorced from the cooling equipment.

Mechanically-operated valves at rookn temperature expose the regenerator

and displacer chambers alternately to the discharge and the suction pipes

of the compressor.

With displacer in the down position, the system is pressurized.

The charge of gas is heated appreciably by flow work during filling. The

displacer is then moved to its uppermost position. This action causes

the gas charge to flow through the regenerator in which it is cooled to

the space below the displacer. The pressure is then relieved, isentropic

expansion of the chare takes place; and the temperature falls. After

many cycles, a steady state is reached. The upper end of the regenerator

will be above room temperature, the lower end will be very cold.

Figure 5 is a schematic drawing of the ADL Cryodyne Refrigerat, r

which is based on the Gifford-McMahon cycle. In addition to the three

stages of cooling by means of regenerators and displacers, a Joule- A

Thomson loop has been added for the purpose of having refrigeration at
the liquid helium level. The heat capacity of all substances falls off

as the temperature approaches the absolute zero. Regenerators depend

upon the heat capacity of the material tbiy are made of to:absorb beat

from the gas being cooled. Below 12°K re enerators are quite ineffective.

.235-



USES OF LOW TEMPERATURES

The value of liquefiei gases in basic research is inestimable. Liquid

helium itself has received much attention from many of our ablest physicists,

but the environment it provides for the study of the propeq.rties of matter

in general is much more important. The .current usage of liquid helium for

this purpos:,at M.I.T. is approximately 6000 I/month.

Liquid nitrogen 4nd mnygan, 'Arn edtime rce have become one of the heavy

industries. Liquid hydrogen and liquid helium have achieved a place of

7importance in space technology-

A significant number of helium refrigerators are devoted to cryo-

pumping and to cooling superconducting magnets.

Figure 6 is a photograph of a coil winding apparatus and a finished

coil of finned tubing for use in a novel heat exchanger for the recovery.

of refrigeration from a stream of helium gas at about 12 imm of mercury

pressure. This is part of a 300 watt refrigerator for 1.85.K.

The physical properties of many substances are altered at very low

temperatures. In general, matter becomes stronger and more brittle.

Figures 7, 8 and 9 illustrate the eff---t upon stainless steel.

Electrical resistance of conductors decreases and, in some~ cases,

becomes zero.
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Partial Sectional View of M.I.T. Liquefier

Figure 3

ADL-COLLINS HELIUIK
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DEFORMATION AND FRACTURE OF \TISCO-ELASTIC
MATERIALS
(23 May 1967)

by
A. N Gent

Dr. A. N. Gent-joined the British (now Natural) Rubber Producers' R~esearch Association~
-i 1949 as Research Physicist, and carried o,-t investigations of the mechanical behavior
of rubber under large elastic deformations, under vibratory forces and utider- extr rie
temperature conditions. In April 1961 he took up a dual appointment as Research
Associate (now Assist-ant Directo :) of the Institute of Polymer Science and Professor
of Polymer Physics at th./University of Akron,! 'where he and his students are investi-
gating a ri~de range of problems in the mechanics of rubberlike substances.

1. Introduction

Elastorners atre not perfectly elastic; some part of the energy spent in deforming

them is dissipat-sd due to a variety of causes. The prinipal energy- dissipatiig

mechanisms are,

(i) Internal friction or viscosity, as the molecular ch-ains rearrange their

positions and segments of them slide past each othler.

(ii) Strain- induced crystaltization. tinder the orienting influence of a

deformation, sufficiently regular molecules may form microcrystalline

assemblies. Any further deformation can only be accomplished by.

disrupting the crystallites with a correspondin-g dissipation of energy.

(iii) Structural breakdownwof ai-Aled elastorner (two-phase) system. Hard

filler particles, ge~ierally of carbon black stiffer elastomers in two

ways: by £orn~ing long associated chains of particles and by adhering

strongly to the moleul~es in contact with ach particle. Roth of these

associations are desv-rayed at least partially by a deformation, the

particle chains at quite smalU deformrations and the elastomer-particle

bonds at: large ontes.



"the dissipation of energy internally has u Inaly been

regarded as a serious disadvantage of elastorners. Recently,

however, it has been sboiwn to be responsible for the resistance

to a wide variety of fracture processes; tensile rupture,

tearing, surface cracking by ozone, and abrasion. 'These find-

ings are reviewed here. Also, the existence of unatable states

is pointed out., at which apn elastic deformation becomes irhomo-

gensous Small regionIs then bem~me highly deformedp' often to

Ciao point of rupture. In these cases the criterion for frac-

tare is an elastic one involving the relations between applied

loads and deformations.

2. * enile an~tur*O

Strength measurements at different rates of elongation a,

and te npe raturs T are' found to depend-upon a single variable

j~, where is the' segmental viscosity (Smith., 1938). Vai-

ations with temperature are ~thus due to correspov,.!g viscosity

dhawges. M oreover, the:: muter curve under iso-viscous condi-

tiona *has the form e"peced of a viscosity-controlled quantity;

'it rises sharply wi th increased rate of elongation to a maximum

value, at Iiigh 'rates when'the segments do not move and the ma-.

* ,tenial breaks as a brittle gl.ass (Dueche, 1155)o 2 he breaking

* eoqaticft at first rises'with increasing rate of elongation,



reflibcting the enhanced strength, and then fah!s at higher

rates as the aegmentes become unable to respond sufficiontly

rapidly.

An alternative measure of tensile rupture in the work~

wb required to break the 'ubber per unit volume. it varies

with the rate of elongation in a similar manner to the elon-

gation at break, passing through a maximum value with idcreas-

ing rate, or with decreasing tmperature at a constant rate.,

The variation, closely resembles that obtained for energy

dissipation under small deformations, indicating the close

parallel batween energy dissipation and energy required to

rupture * A more striking demonstration is afforded by the

recent observation of Grosch. Barwood and Payne (1966) that a

direct relationship exists between and the energy dissipated

Wd in stretching to the:.breaking elongations irrespective of

the mechanism of energy loss, ioe., for filled and unfilled,

strain-arystaLlizing and amorphous elastomers * Their mpitical

relation is
24

iWb 4.1- 3

W b and W4 being measured in joules/om'. Those materials idobh

require the most meergy to bring about rupiure, ie., the

* stonget eas~ersareprecisely tbose in wiSch tho major

part: of "he -oft gy is dissipat*4 before rupture.



3.Tegr trnth

It. is important to -ecognize that the tear 8trength T is

also not a constant value for a particular material; it depends

strongly upon the tea~pexature and rate of tear,' i.., the rate

at which iterial is deformed to rupture at the tear tip.

Bevexal critical values of may be distinguished. The amat

poscib16 Value is given by the surface energy, about 5o ergs/m 3

for non-polar hydrocarbons. This value is indeed found to

govern the qxowth of surface cracks due to cbemical scissioni

of the else iomer molecules (by atmosphcoei, when the

f 5inction, of the applied: forces is merely to separate molecules

a~rq!4dy -'*oken-, (see section 6). Another critical value of

is that Aeoessary to.-break all the molecules crossing a, random

planfmtw This has been estimated to be of the order 'of 10 ergs/

ca'~artypical hydrocafton elastomers (Thomas,, 1966). nmasures-

iaentxf of the ini .7. value of necessary to cause MXy cut

qrovth by mechanical rupture are in rdasaable agreement with

tbiw. value, (Lake, and Lindley., 1965).

Xn slmple+ tearing measurements the observed values of

are considerably larger, ranging from 10' to 101 ergs/oMM2.

Vh_-e-i Fnr t ! -1 it ad at.ength In made clear by consider-

ing the process by which the energy is dissipated at the tear

ti..thoas .(1955)_.hass ohon-that can be expressed in terin

of'th effecti.ve diamieer of the tip of .the tsar +3an t ,he

P AA



"intrinsic" breaking energy Wb of the matezrial by the

ApproxLim-2ta relation

T d Wb

The "intrinsic" breaking energy may be defineZ, r a the energy

required to break unit volume of the material in the absence

of a significant nick or flaw, it will be generally similar

to, but larger than, the value of Wbdetermined for carefully

prepared tensile test-pl.eces in which chtance edge flaws are

minimized. Both 6b and d depend upon the conditions of tear

Howver, for unfilled non-ozystallizing elastosern, 4remains
-small (of the order of' 041 cm) -and relatively constant. In

these cases Greansmith (1960) has shown that T is proportional

to -bai cagsin a ipaallel fashion with temperature and

rate of-tearing (rate of extension). 3Iiftlins (1959) tia5 also

shown that 71is proportional to a measure of the viscous stress

componente. Thus the internal visco ity determines the inftin-

sic breaking energy and the tear resistance for wucl materials.
The effectiv~e diameter 4 of the tofagwngtr o

depends upon the elastic and viscous properties to soami.

c( Zt gni.& Rm!-y, .1E-67% iia that the tear energy sbo%4 i&a~

plax tempe atuxe iiea., - UGl g'i _-aa bv th

internal energy dissipation,. howver, and is fokind to be tte,
saefor elastbwers of-%idelyidifforent obemial ampoiio

under oonditionas of.' *jjjjL seiauita midWlit Y - ailas



Th 'strain-<crystalliaing elastomers (fot e~kmple, naturval

.1rubber) the tear resistance and tensile strength are grcemtly

enhan ced. Such materials show mechanical energy dissipaticn

as discussed in the Xntroduction, and their strengtah has been

accounted for in this way (Andrews, 1963). Adding reinforcing
particulate fillers to non-crystallizing elastoners b-d.ngs

due to a pronounced change in the character of the tear proc-

4sss from relatively smooth tearing in unfilled material.

to a disoontimuoun stick-slip proess, in which the tear de-

VeloPe laterally or. even ,circles around under increasing force

*until a now tear breaks ahead and the tear force drop. abraptly0

The PJPcesB then repeats, itself. This form of tearing ham been

4Diotty tearing: (Gremisaiithi, 1956).
The 'mechanim of tear deviation is still obscure. It

may Occur because the maximum stronses. lie off the tear axis,

..due to r0isotoielsi behavior of the strained material

arCOWn the tear tip or to a Ofrosen" streas mechanism proposed

by Audres (1963)j, or because the filled materials have avisa-

tropic ttrength. fronounced knotty tearing occurs only within

a limite range of tear ratfe and tookoeratures, eenigup=n

tho particular filler and elastomer eployed (OrenMi=thS 1956).
Thee ae smeindications that. this effect is associatedwt

t. iscoelsi response Of the plmr but thes conditis

reuad itivolvemuch higher -temperatures and lover rates of

1;2,g extension than the main rubber-to-glass transition region.



4. glidingr Friction

Friction is naturally associated with energy dissipziticz'

The principal mechanism of dissipation again turns out to be,

energy losses within the alastomer, but the connection between

the coefficient of friction ti and the internal viscosity, for

example, is complex; two distinct modes of deformation having

been distinguished (Oroach, 1.963). The first is due to in-

dentation~ by surface asperities on the track and the second

arises from molecular aiftesiona w~hich are formed and broken

during sliding.

on a lubricated rough track the value of increases with

increasing sliding velocity and then passes through a maxim=m.

The relationo~losely resenfoles the dependence of the energy

a ,rorption per deformation cycle upon the frequency of def or-

mation. Indeed, the speed of sliding at whicbh IL has a maxim=m

value, divided by the spacing between asperities, Correaod

accurately t. the frequency of cdefozmtion at which the energy

dissipation in a maximu= at the same teaeatures *the dofti--

nant role of energy dissipation-in lubricated sliding friclion

is thus established. Poa liding over a clean smooth surface

the relation for j~is found to be similar,, but displaced to.

ward lower velocities. * It corresiponds, therefome to lauperi-'

ties' of mudi closer jspacing than those in the'-rough surfaole,



the spacings are calculated to be only about 601,. by comparing

the velocity for maximum friction with the frequency for maxi-

mum energy absorption. Thus, friction between dry smooth sur-

faces is associated with deformations on a molect.'lax scale.

It ban thex ,fere been attributed to transitory molecular ad-

hesions between elastomer and track. The high frictional co-

-efficient is, however, again due to dissipation of energy in:

the rubber as it undergoes local shearing deformations around

the temporary bonds, and not due to the strength of the bonds

themselves. This is shown by the characteristic dependence

on speed and temperature..

O.n dry-rough surfaces the effects of both surface asperi-

ties and-molecular adhesions are evident in the master relation

for' as. a unction of. the speed of sliding. on lubricae

m t srfaces both deformattion processes are minimized and

th6 -coefficieat of friction io correspondingly small.

Ixs both th.tear resnistance and the tearing .(frictional)

force depend upon temperature in accord with viscosity-

....cntrolled processes,.it± notsrisg that the abrasive

waotr as ,a: function of'opeed of sL1,dimg should do so*- A

suitable 'mmsiie -of the, rate. of war is.provided by the ratio

A& -of the volume &abraded a y. per. unit normal load and unit

ASO.



'C-

aliding distance to the coefficient of friction IL. This

ratio., termaed the abradibility, represents the abraded volume

per unit energy dissipated in sliding.

it is found to decrease with increasing speed, pass.

through a minimum and then rise again at high speeds. This

behavior reseambles the variation of the reciprocal of the

breaking energy Wj, with rate of deformation (a reciprocal

relationship becapse high abradibility corresponds to low

strength). Indeed., Grosch and Schallamach (1965) found a

general parallel between A/ux and l/Wjb. Moreover, the coeffi-

cient of proportionality was found to be similar, about 103,

for all the unfilled elastomers examined.. This coefficimt

represents the volume of rubber abraded away by unit energy

applied frictionally to-.a material for which unit energy per

unit volume is necessary to cause tensile rupture. It my be

regard~pd an a measure of the inefficiemory of rupture by' tangen-

tial surface tractions;. Large volumes are deformed but',only

small volumes are removodo.

6.* Resistance -to Osouie.Cragcking,.

In -an at"hOsere containinig ozou'ae stretched'stris" 'of

unsaturated alautome a ±414410P sUrfaca._ Crak.. e.o~~

grow -in idt ndetanethr vr thei aftzi amCUWG a:

s erious lose bf strength * Pro= experiumts with ~Jaitia cuts

of different. length and with elastomers of different degrees ~~



of croseliriking, and hence different values of Young's modulus,

Braden and Gent (1960, 1961) found that the minimum stresses

fovcracking to occur corresponded to a critical energy re-

quirement eflabout 50 ergs/m 2 of now surface. This suggests

thaaLt the criticsl condition is a very simple one: i-he stored

elastic enercy muwt be sufficient to meet the surface enfrgy

requrmets he ~ritcalstresses to cause cracking in

unctttest-pieces corresponded to cuts about 10-cm deep,

using thelsame energy criterion. It was therefore deduced

that normal otone'craceks start from surface nicks or flaws

equivalent to cuts of this siZe.

z~w~dthe critical. stress wasi exceedd the rate of

cracgrwt did not depend significantly upon the applied

stress: ove r a *ide tang* of stresses. * bowver., it depended

markedly upon t~uperature * The rates of growth were deter-

minted over a 'wide, tmperature ratige for a series of butadiene-

styrm rubbere containing from 0 to 80 per cent styrme

( tan cGrath,, 1965). When plotted against the temara-

ture difference -%between the test tmoperature and the glass

telratur e for .ach material, they oer* found to form a single

.relation, suggesting that the se~vaental nmobility is the pri-

mary atr8tr~i~ h rate: of g#rovwh of enozon crack.
ad4 -:,ditei--j h

Th ~liisLandel'and Wery relatice for the 9smeumi

mbility aFrty", 1961) wa found to describe the experimental



results well at low temperatures. At higher temperatures

the observed rates did not cozvtInue to increase with-incr-ea-

ing segmental mobility but apjproached a constant value. This

was due to the limited concent-ratiofl of ozone; ibe incidence

of ozone moleculez had become rate-determining, rather than

the segmental mobility. However, over a tunperature range up

to about T~+ 60~c at this particular ozone concentration,

the rates of ozone crack growth were clearly determined by the

internal viscosity of the rubber, rather than by strictly

chemical factors.* This is apparently due to the need for

movement c.f the rubber molecules in and near the crack tip to

yield new surfaces for reaction (Gent and McGrath, 1965).

7.* Elastic Instabilitie-s

Novel instabilities can occur for materials capable of

undergoing large elastic deformations, For example., the. =i-

form inflation of a long rubber tube becomes unstable at a

critical degree of inflation and the tube develops a PCoone

*blister". In such cases, where. the. deformation becomes ak

edly non -unif arm, the specimen will .obviously rupture Pr-.

turely. For materials bf li1mited eAxtensibility fractu*e Ian

therefore be calculatel qwaa" #&ttivl -fro puey lstic

considerations, and will be largely independent of the detailed

fracture properties of the matrial * The cavitation of elastomerc



undera aiigative hydrostatic pressure (triaxial tension) is

an example of thiis type of fracture. Gent and Lindley (1958)

have shown experimeuitally that the critical stress at which

..cavitation occurs ie4 not greatly depebdent on the tensile

strength or extensibility of the elastomer. instead it is

directly proportional to the ela~tomer modulus. Indeed, quans-

titative Agrouent was obtained with the calculated streso at

Whieh the elautid eXpansion of a hypothetical small hcle in

the ...lagtomer would becoAne inde~initely large.
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Technical speaking can be defined as the formal oral presentation of

purloseful technical information to an audience who is technically knowledgeable

to some degree, or at least interested in technical matters. In any communications

. systern -there are three principal components: a sentier, a communication channel,

anda receiver. The effectiveness of the communications system depends on the

effectiveness or the quality of all three components: the sender or speaker must

analyze the audience a the purpose of his message, and he must. carefully select

.andorganize ~the material'!he trahsolits; the message mut be transmitted or

delivered in ways that the audience-can understand--often the channel of commun-

ication, words, is reinf6rced by many kns of audio-visual aids; and the receiver

",.'.or listener must have all of its commnu'cation :etworks open and alert. These

requiremen ss offer a considerable challenge to any technical speaker, and if all
c. mponents fthesysh ytem are effective, then the receiver will understand the

mesage of the sendr ,Often there- is dsirable feedback from a receiver who

wants additional z' oration, Ndiseis anythn that iterfee with the

* , sending and receivig oa, mesage,. for aple, he use of words or visual aids

that the Ustener does not understand. Te sender or speaker must accept the



following responsibilities to insure effective oral commuri-cation:

(1) analyze the audience for their knowledge and interest in the subject;

(2) determine the purpose of the message; (3) carefully s~elect and

organize the material Lor easy aural and visual comprehension,4 including

audio-visual aids; and (4) practice delivery of the material to help

eliminate unwanted noise. If the sender. perform.; these functions

effctie,he reliabil-ity of any commLiunications - -tm is increased.

The speaker must first analyze the audience, for their technical

knowledge and experience, arA for their interest in the subject or their

need to know the niateial. An audience listen to a technical presenta-

'.tion ziay onsist of f~llow specialists, specialists in another technical

field, or decision maloers, who are intelligent but uninfoi*r- od about

technical matters.. A1.peech explaining the latest developments in the

manufacture of tra eistors, would incluae and emphasize different data

for audiences of ria bility engineeMs aeronautical engineers, and system

managers. The sp~aker must also remember that different audiences do

not always want to know or need to know the same information. The system

manager may not need to know or want to knpow about the physics of trans-

istors in-\.a speegh describing the latestdvlpet ntassos

Audiences may also differ.in their attitudes toward the suibject andi the

speaker, and in theiw fixed beliefs. An: electrIa enginteer my be unsym-

pathetic, toward pyol sor motivation'research--unless its

importance to his fiel& can be demoftstiaied. If a speker iS~t lnalyzes

his audience for their technical knowledge and interests, he can better

select and present meaningful information.



Secondly, a speaker must deter ine the purpose of his presentation.

A decision as to the exact purpose of the technical talk helps the speaker

* to select and to organie the datas that it fulfills his communication

objective. The general cormmication objective may be to inform, to

* convince, or both. After the general objective has been decided, the

specific objective must be decided and written down to &uide the speaker.

Apurpose, statement is to the speaker preparing a speech as the North

Star is to a celestial navigator; it helps give him his bearing and keeps

him on 6.ourse. A speech on the new design of, a wing configuration might

be (a).to, explain why and how the wIng was designed, or (b) why the wing

configuration must be used in all future Lighter aircraft; or (c) both (a) and (b),

tat k oth nmative and persuaie. 'Until a speaker has decided his

exact puqpose, hW cannot Poqperly select significant, relevant information.

Nex t the spalcer'MUst carefufly select anm organize intformation which

O-= st his'audienice and hisf puirpose--and, the time limits imposed. He may

elecdt to usie several audio-visual'aids t~rhelp, him send his Ira message.

.The- iforma tion should be io;kanizd into a sentence outline. A sentence

iut ie: forces the speaker to to =ocrete, and it helps him to arrange his

deas logpcauyclr, cnctse 3q amp Oemphatically.'The outline also enables

the speake to check th. seetonad.ganizition of the'ifrmto

agintids state purpose.' Later the outii cAn be put on 3 -x 5 cards f~r

04sy hiandlini'n delivering the speeich extiiimparaneously, oi the outline can

bexpane Jit a cordpet wrte i~Cript. Wrtgout a speech,

~*1*)i laer elie~. ~o~ai*iucrit oir nt, afllow*e Apeake h

* ad~n~geof~eein th liatonhihp an 'deve lopmnent of the ideas.



Every speech has three vital sections; an introduction to prepare the

listener for the topic; a body to develop the topic; and a closing to recall

important points. Specifically, the function of an introuction is to

state the subject and purpose of the talk; to state the scope of the talk,

that is, what will be covered and what will not be covered; to state how

the talk is organized--its plan of development; and to state the importance

and application of the information (a motivating device). The specific

function of the body of the speech is to develop, clarify, and emphasize

principal points; and the specific function of the closing is to summarize

important information, state conclusions reached about the data, or offer

recommendations or solutions.

In organizing and developing the data in the body of the speech,

several rhetorical devices can be used to help make the message clear;

(1) repetition of important points, preferably in varied ways; (2) trans-

itions which summarize long sections of statistics, formulas, raw

material, or material new to the audience, and transitions which set

the stage for the next important point to be covered; (3) definition

and description of special or unfamiliar terms, mechanismis, and

processes; (4) comparison and contrast between the new and the old or

between the abstract and the concrete; (5) exarmples and illustrations

of abstract or new ideas. -

Audio-visual aids such as charts' blackboards, slides, vU-graphs,

handouts, films, models, and tapes offer the. speaker a valuable means

of presenting figures and equations, showing relationships, illustrating

forms and shapes, and reinforcing lists and conclusions. Eighty-five



per cent of our learning Ft~es through the eyes, and eye learning is

35% faster. There is 55 btter reten~tion of -y e-.learned data. Aida

016uld be limited in nuxnberz, relevai't to the topic, and necessary to

undlerstanding (not a parade of unnecesry props competing with tho

speaker for the attention of the audience); %asy to comprehend (simple

in form, stripped to essentials, with adequate labels); limited to one

idea per display; pictorial rather than verbal or statiotical whenever

possible; presented precisely at the moment needed (because earlier

distracting-and later ineffective), and removed immediately after

discusin to prevent distracting competition with the speaker; visible

to everyone; and thoroughly discussed by the saker,

Lastly, the speaker must practice, practice, practice the delivery

of his oral information and the use of his audio-visual aids. If the

Spae -. oughy fai iarad at ease with his topic, he should try

1o deir his' spei eitmornosy, that is, from 3 x 5 note cards.

E~tenporneoudeliviery aa-sfor raturalness,. spontaneity, and

'Speces hold not bmemizedi wrd fov word--if the speaker forgets

a a lie *i ay bi, losotl if'h ituation demrands the immediate aitd

- ~~u - r~s merstandifig of 'ifttfmation (e. -abriefing osi how tor iunload

a uel tank),. the speaker may elect to read. from -a cirefully prepared

imiHe-: s~hould reaid slowly, 'carefully, and. auiby, Pausin

oaiid after i~h tn points stsit .iprat wors and

lookng p athisaudi''c wheevr posisible., If -he is writing the



* manuscript himself, he must remember that he is writing a paper

* Efor a listener and not a reader; hence he must repeat principal ideas

ih -several dif ferent ways. Lhi most technical speaking 4ituations,

however, except the most formal or profession, extemporaneous

delivery seems to be preferred by most audiences, The extemporaneous

talk must be pra'-ticei several times aloud to avoid memnoriig mid to

check on timihigand sc ... of voice. Dry runninig the speech before a

friend who matches the audience profile not only gives the speaker

confidence, but it also gives him the opportunity to revise openings,

closings, order of presentation, use of graphic aids, selection of data,

and word choice. Words should be simple but accurate. The accuracy

of technical terms "must -not be sacrificed, but new or dif ficult terms

can be defined. At all coste the speaker must avoid technical shoptalk

or jargon which is familiar to one technical group but unfamiliar to

arc-ther graup. Eighty p-rcenit of the words in techni .cal communication

are foind in the vocabulary of our everyday life; 15% are found in the

vocabulary of any teuhhk, Prm- and only 5% are found in the vocabulary

of a specialized tecidniel j~vsor. Ther~e seems little need to exceed

th-*s ratio o-_' technical te Ms. in most p resentat ions. The voice should

be cnvesa'ional, and g-sturps,. postu, and m neims as natural

as possible. Nervousness before and, during a speech is natural. It can,

*be alleviated by'reading thi opteni or closingZ by thorougldy knowing and

preparing the. topic, and by.'practicing the speech.

If the speaker accepts: hi responsibilities of 1 analyzing the

aiudience -for their knowledge and interest in the subject; (2) determining



the Purpose of the talk; (3) carc-ully selecting and organizing the

material fox easy aural and visual comprehension; and (4) practicing

the delivery of tlke talk, then he will have d-ne his part in ruaatee-

ing successful cornwnication. Little has been said in this presentation

about thq responsibilities of the listener, but if- the sander does his

job well, the receiver will be motivated to keep all of hMa networks

open and alert.
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INTRODUCTION

Frequency modulation has been widely u'sed for transmission and storage of data
because of four principal advantages:

1. DC response with an AC system
2. Signal amplitude variations cause a secondary effect
3. Ability to trade data bandwidth for accuracy and signal-to-noise performanc
4. Compatabiliy with tape recor.Zig techniques

The FM/FM technique using proportional bandwidth subcarrier channels was \
standardized for data transmhsion by the Research and Development Board in
1948. Essentially the sanm system has been continued as the IRIG standard
system. 1he princi)al change has been the addition of constant bandwidth sub-
carrier charnels in the 1966 revision.

THEORY

A sinusoidal carrier that is frequency modulated by a single frequency, signal
may be expressed as

S= sin (oa. + sin wt)

where: C4)o = frequency of unmodulated carrier.
A = peak frequency deviation of carrier due to the modulating signal.
Wj = frequency of the nodu/ating signal. •

The above expression may be rewritten in terms of the carrier and sifeband

frequencies as

S =J.(M) in wt + J&(M) [sin (w, + ko.)i -t- 1)1, sin (we - kw.)t]

where:M e )/ 16 . modulation index.
J4 (M) ve.ue of the Bessel function of the first kind and kth

order with argument Jr.

This equation shows that in theory the bandwidth of a frequency modulated sexpal
extends without limit.

Furthermore. any phase or amplitude chang of the sidebands relative to the 1
carrier should catise an error in the dembdulated sigial. In practice symmel-tical



atktflUatiofl of dic Sid1bandS Cduscs a reduction of dIinudulated si.0il am~iplitude
but very litttc hiarmonic disrtotFI on. Conversely die phiase relation-S of thc 'side-
bands and carriier are extrij ely critical in regard to harmionic distortion.

Thus die-tihters in the irequ ciy modulated portion of the systcnia#re a praCtical
Compromise betweeni narrowind filter withi steep sided response which ilI)r0ves
interference rejection and signal-to-noise response and broadband filter with
eonstant time delay wvhich improves data accuracy. The constant tim-e delay is
also a primec requirement for effective tape speed error compensa..",LI
result is that the ino0St critical; filters, the rece.-;er IF and dcrl li innul
filter, should be s'xite-of-ihe-art filters.

MULTIPLE FREQUENCY MODULATION

The expression for a SinusUSi.l Carrier that is frequency modulated by sinusoidal
signals mnay be written as

S=/pin [cf + Mksin (cett +4-)

where: CO, = kth modulating frequency.
Wk = modulation idex of thek th modulAting frequency.

Ok = plias. angle of 1(th modulating trequency.

The above expression may be written in. terms of 3essel functions as

S= .1. (M1)1 sin[Co+ koi

'ris exp.ession shows that the sideband spectrum contains sidebands seperated.
from'the center frequency by the modulating frequencies, their harmionics and
the sumn and difference frequencies of the modulating . requencies and their
harmonics.

This is shown more clearly in the case of two modulating frequencies with zero
phase angle. The general expression reduces to

S - *j(olX Ji(O sin (w. 1 i,o W, o',)i

SQUARE WAVE MO1D U LATICON

Squarewave modulation is commonly encountered with PGM, PAM and POM
signals. A convenient tcchinique is to consider thc modulated signal as the sum
of. two 100%Y, squarewavc amplitude modulated signals. Thc expression may then
be written as

5scos 1T,1 2 L (0

*co O t - sin~ [Cos to(Cie -V'S)z.+ coo (co0. s

MAO _ .



wherc: 00, = carrier frequency ot one sid. of the squarewave.
W.oa = carrier frequency at the other side of die squarewave.
.. G = fundamental frequency of the squarewave.

SlNGLI.GL' FREQUENCY INTERFE'RENCE

'The output of an FM detector with two input signa!s may be expressed as

A 1 = ,( - UD, + (cO, - wO,)[A COS ((,d - 60)

A2 COS 2(.oW, - ,) -t- A' cos 3(,d - ) ..

where: A = ratio of the amplitude of the smaller signal to the larger signal
Ko = gain constant of the FM detector.
CJ o = zero output frequency of the FM detector.

frequency of the input signal with the larger amplitude.
Wi = frequency of the input signal with the smaller amplitude.

The derivation of this expression assumes a perfect limiter before the detector
iand also assumes that the detector output is affected by the signal throughout
the entire cycle of signal.

There are thec important aspects of the interference equation:

1. The amplitude of the interference at the output of th,: detector is prop-
ortional to the frequency difference between the two signals.

.2. If A is considerably less than one. the interference frequency is
essentialy equal to tle: frequency difference between the two input
signals.

3. If A is considerably less than one, the amplitude of the intetrference
is proportional to the amplitude of the interfering signal.

A simplified forni of die interference equation is vury'useful because it gives a
close approximation of the worse case interference condition. .f the DC term
Cida - WG. is neglected and A is considerably less than ene the result is

e =Kj{o, - co,A cos ((o, - wt

The output filter of the demodulator attenuates the interference beat frequency,
&)J - C.,. if this frequenc% is greater than the cutoff frequency, thus the worse
case interference occurs when the difference frequency is approxiuately the 3 db
frequency of the output filter. The peak output of the demodulator due to the
interference may then be written

we oA A

Mr.I2co, 2D

I. ......... ..---



where: n 6),, full-scale output due to frequcucy change of.
1) deviation ratio of the channel.

This result must be modified to include thc effect of the filtcr, in the system.

HARMONICALLY RUIU" D INTERFERENCE

Classical interference theory does not completely ,ccount for interference
because of iJhe assumption thaL thc detector output is affected by the signal
diroughout the entire cycle of the signal. This assumption is not valid after
the signal has been-liitcd. Therefore it is possible to have low frequency
beats caused by interfering signals which ary nearly harmonically related to
the desired signal. rhis effect is negligible in practical data svs.ems due to
the filters in die systems.

SIGNAL-TO-NOISE PERFORIMANCE

FM

The generalized expression for FM signal-to-noise performance is

s/NI,.,1, = SINhi. x [ 3,. ].
x • o L2(rA'c - w J

where: S r/Nlur : rMs signal-to-noise ratio at the output of an FM de-
modulator with an output bandwidth

8/han rms signal-to-noise ratio at the irput to the demodulator
after an input filter with a noise bandwidth.

o C Jp = peak frequency deviation.
(dr = input filter noise bandwidth.

= upper noise cutoff frercncy of output filter.
= lower noise cutoff frequency of output filter.

In many data systems the C, 2.6 COpand We' 0. Thus the generalized
expression reduces to

SINLIJ, 8iNl,, x -1D"

These expressions are valid if the input signal-to-noise ratio is greater than

approximately 9 db. Melow this threshold level the output signal-to-noise ratio
decreases very rapidly.

FM/FM

A useful approximation to the generalized signal-to-noise equation for operation
above thrcshold is

SIM, -. SINI x "E8 x W-Wn

'7C



$1

where: S/N rmis subcarrier signal-to-noise ratio at the output of the
input filter of he subcarrier discriminator.

..../ = rrms carrier signal-to-noisc ratio ,ncass-red at the output
of the receiver IF filter.

CJ= center frequency of subcarrier.
A = peak carrier deviation clue to the individual subcarrier.

,, effective noise bandwidth of subcarricr discrimintor
bandpass input filter.

= effective noise bandwidth of receiver IF filter.

Combining this ,vitJ; the previous expression for subcarrier signal-to-noise
performance yields

SS/.N L.. = SlNij x -V/ ," x \?-J , j
PAM/F M

Extension of the basic I- M signal-to-noise equation to include an instanteous
sampler and interpolation filter yields

where: W f = frame rate,

hJd = noise bandwidth of interpolation filter.

FM SYSTEM ANALYSIS

The System accuracy is suprisingiy difficult to define. The more cemmonly
used definitions are based on rms, average or peak error. Regardless of the
definition of error it is necessary to combine the errors due to the various
parts of the system in some manner. Careful consideration must be given to
the system conditions that cause the errors because many of the crrors are
interrelated.

There is little technical justification for the use of any particular definition of
error or the type of data signal for which the error is defined. However. from
an analytical viewpoint about the only feasible data signal Is sinusoidal and the
only justifiable crror definition is peak error. As a practical inatter this approach
can yield a worse-case error and thus reprcsei's a bottad on system accuracy.

V7
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TYPJ*S C UNI I.)ATA SYSTEMS AND A CUMULATIVI, LLS' O, SOU. 0S1()l, ERRw)R

System Description Cumulative Sources of Error

Single channel FM syst-m consisting of I . Modulator and demodulator zero dUit.
a modulator without an output filter and 2. Modulator ar4ndernodulator sensIL'v.V
a demodulator with an output filter but changes.
without an input filter. 3. Modulator aind demodulator noflhi.c.'ltw.;.

4. Modulator data feed-tthrough.
5. Carrier fced-tirough in demodulator.
6. Demodulator output filter.

II Multiple channel FM system with each 7. Modulator output filter.
channel consisting of a modulator with 8. Demodulator input filter.
an output filter and a demodulator with 9. Nonlinearities in the multiplex path.
an input and output filter. There is i 10. Crosstalk due to modulation feed-
also a mixer amplifier in the multiplex tlrough from other channels.
path. A. CrosstaLk due to interference from

the sidebands of other channels.
12. Crosstalk due to harmouics of the

modulator outut.

Il System II with a tape recording and I 13. Additional nonlinearities in the
playbaick system. j multiplex path.

14. Tape recorder noise.
15. Tape speed errors.
16. Tape dropouts.
17. Tape recorder frequency response.
18. Beat frequencies due to the bias

signal of the tape recorder.

IV System 11 with constant bandwidth 19. Filters in the translators and
channels requiring translation and detranslators.
detranslation. 20. Inage frequencies response of the

detranslator.
21. Drift of translation and detranslation

reference frequencies.
22. Beat frequencies due to imperfection.s

of mixer circuits in the translators
and detranslators.

V System H and System IV with a 23. Additional nonlinearities in the
frequency modulated rf link. multiplex path.

24. Transmitter filters.
25. Receiver filters.

- 26. Noise in the rf link and receiver.
27. Frequency modulation of the trans-

mitter due to its environment.
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Witi modern telemetry equ. :ient opei.z~ng within specifications there are a few

key sources of error that provide considerable information about sysrcm accuracy.

Zer-o signal or dc accuracy is primarily determined by the airborne VCO. The

oscillator temperature stability is typically ±1.57 and othef -environmental conditions

reasonably add ±1.0%. Calibration just prior to and duriag flight can greatly reduce

this error.

Harmonic distortion of the data should be primarily due to the discriminator input

filter and should be less than 0. 3% for a deviation ratio of 5 and 1.2% for a deviation
ratio of 2. The data distortion due to the VCO output filter is seldom specified but

should be checked carefully because the filter is typically non-symmetrical.

Data amplitude error is primarily caused by airborne VCO sensitivity error and
the discriminator output filter, input filter and phase-locked loop detector. The

VCO deviation sensitivity stability is seldom specified but may easily change 0.5 .

The discriminator output filter obviously causes a data amplitude error which may
be 305 due to its amplitude response. The discriminator bandpass tnput filter

causes a data amplitude error due to attenuation of the FM sidebands. This error
may be calculated to good accuracy for symmetrical deviation by i/k M where

K is the attenuation of the filter at the peak deviation under consideration and
is the modulation index. The response of a typical wideband phase-locked loop at
the cutoff frequency will rise approximately 0.2 db for D = 5 and 1. 4 db for
O9 = 2. This increase in amplitude response may be partially compensated by
the output filter response.

Cros,,t!k in a well designed multichannel system is almost entirely due to equipment
impefections. The VCO output distortion specification is typical 1""). This distortion
can e-iuse an error of 1%/ without pre-emphasis. Mixer amplifier, transmitter
and .,eceiver nonlinearities can cause beat notes at the sum and difference frequencies
of the subcarriers and their harmonics. Typically these units are linear to within
1% ani the resultant amplitude of the beat frequencies are not troublesome for
deviation ratio of greater than four. However, care should be taken that linearity
is properly defined. The receiver IF filters are another source of crosstalk due

to the subcarrier distortion created by phase non-linearities across the passband.
This aspect of receiver performance is seldom specified in sufficient detail to be

useful. Tape recorder performance is necessarily a compromise between signal-,
to-noise and linearity. The optimum record lc4 A is not specified or indicated in
sufficient detail tv be useful. The problem is further compounded by recording

subcarrier multiplexes without d-emphasis.

FUTURE FM SYSTEMS

Improvements in FM systems are primarily dependent upon improvement of the
system components. Recent development work points to improvement in the

7ii

;.' 7!



followinlg art.-as:

1. Airborne VCO temperature stability, ±I/2LV from -201 to +5'
2. inproved VGO output filters; permits spacing channels as close a :

times th'.data frequency at a deviation ratio of n,-,.
3. Improved transmitter. linearity; permits withi rf links operation a,.

.deviation ratio without excessive crosstalk.
4. Improved receiver filters and detector linearity; permits opcratio-.i wi

rf Iiks at lower deviation ratios withiout cxcessivc crosstalk.
.5. hiiproved subcarrier discriminator input filters; permits operation at

lower deviation ratios and closer chiannel spacings.
6. iiproved phase-locked- loop du'tectors; reduces FM threshold sir-

noise level.

Z7*,



.EY, WAIT FOR ME; I'M-YOUR LEADER
(20 June 1967)

by

Frank J. Jasinski

Frank Jasinski received his Ph. D. in Anthropology from Yale University where
he taught in the Schools of Engineering .nd of Medicine also doing organizational
research in a variety of business and industrial firms. At TRW Systems, Dr.
Jasinski has been involved in organizational improvement including managerial
and technical development and optimal utilization of professional, technical and
support personnel. His articles reflect'ar, interest in the influence of technologi-
cal, administrative, and cultural factors upon organizational behavior. He is a
member of the American Anthropological Association and the Society for applied
Anthropology.

A very prevalent and pervasive image of what a "good leader" is in business

and industry evokes the characteristics of:

- forceful

strong

-decisive

-initiating

- self-sufficient, and

- 1in control"

We all have succumbed - perhaps still do - to such an image.

Our folklore in industry, our learned articles in professional journals,

and indeed, even ouracademic research focuses on these and similar character-

istics of "leadership". In years back, as an "interactionist", I was very con-

cerned with the then seemingly important variable of: Who initiated action for

whom? For me - and many, many other researchers - a high level of

initiation designated leadership with the big "L". In short, anyone who acted

in response to others could not possibly be forceful, strong, decisive, self-

sufficient--or, a leader. *

I would like to explore how we tend to react, given that image, in our

individual behavior as managers and how we might experiment with behavior

that rests on a somewhat different oase. Toward that erui, I would like to

discuss:
Why we tend to behave to make.

that image come "true".



- What t., forces are which threaten
that imavge.

How we xeact to those threats to
our image.

- Ways in which we can work ourseles
out of the apparent dilemma of the
several conflicting forces.

Initial, first steps to undertake a
change in our behavior to achieve
more effective leadership.

I Am Your Leader!

Given the notion that leadership is central and localized in one individual -

me - and accepting the elements that contribute to that leadership, I try to behave

in ways that live up to that standard. Unless I do, you may not consider me a. an

,ellective leader.

These elements are so generally applicable that I, as an individual,. have

little choice in how I behave. I evaluate myself, my superiors evaluate me (look

at most performance evaluation forms) and I feel my peers and my subordinates

evaluate me along the same dimensions.

Unless I behave in ways to meet those prescribed qualities of leadership,

I am not a leader. Therefore, as I cloose how I behave as a manager, or as a

lader, I tend to select pattersn that prove I am forceful, strong, decisive,

initiating, self-sufficient and "in control". Further, I tend to resist attempts

which have me behave differently.

Forces Sapping My Leadership

Unfortunately, for my image of myself, others not only do not share that

image, but, very often, challenge my image. They want to contribute to my

decisions, they want autonomy, they ask me to do things; when I say "jump",

they sometimes ask -"why?" instead of"how high?".

The trouble with this challenge to ,ny image -is that groups using this new

way of operating often are more effective. Not only djo they get jobs done more

easily, but the people involved-feel more productive! They not only do more,

but they seem to grovwemore..

Increasingly, I get into the dilemma either of being a traditionally

"|effective" leader, or of having an effective group.
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When, on occasion I give into letting my subordinatet take the bit into

their teeth, I feel like shouting after them: "Hey, wait for me: I'm your

lea der".

On 17 .e occasions, it has been hard for me to accept their getting

something cnone without my being quite central to those efforts. Even worse,

they sometimes come up with a better way of getting the job done; that's

even harder to accept.

On those occasions, I get to feel that I am lacking in my leadership -

that I'm losing control.

My Attempts to Control

We rely on a variety of mechanisrnz. 41c establish and maintain control:

'YXey vary from the very subtle to the ludicrous. They may involve:

- Only ourselves
- Our relations with another person
- Our relating to a group

I would like to give a few illustrations from my personal experience.

Altogether too often, I find myself deluding me in an effort to control my

self image. Sometimes I do so through selective screening of my environment

and my experience. At times I do so at the expense of others.

An illustration of the latter was a pattern I had established with my son some

time back. It had to do with my helping him with his Algebra homework. I would

spend two and three hours a night "helping him". X ne day I suddenly realized

that the one I was really helping'was me - and My self image of a loving, devoted,

dedicated father.

In the process of creating this self-deception, I was really making my son

pay; with anxiety, frustration and guilt. (By the way, I was learning Algebra,

not he'.)

While I was controlling my self-image, I was also controlling my son. He

couldn't pin rezponsibility for his sorry state of affairs on a "loving, devoted,

dedicated father".

We have all met those "super nice guys" whom we can't criticize: "But

he's such a nice person."

Be alert to these '$helpers". and nice-guys": They can manipulate you - ever

so nicely - into a pretty confining corner.

-. a -.. ... . .



A variant on "helping" is to indulge in "nit-picking" - keeping the

other person off balance. I know I can always find something wrong in a

document or presentation if I've a mind to. I'm sure you can do equally

well. .-

People eo finds ways to deal with nit-pickers and helpters. (How else

are we going to learn?) I got my "come-uppance" once when I slipped into a

blue pencil period: I edited the hell out of documents my subordinates passed

by me for review. In an effort to please me, my subordinates gave me more

and more to edit. I finally got the message when they began submitting pro-

fessional papers virtually on the backs of envelopes.

Recently a student of mine - a manager in the aerospace industry -

learned from other managers that his subordinates were "planting" nits

for him to find. They had learned that he stopped hunting for nits in their

work after he caught one. They were nice about it though. They planted

the nit fairly early in the paper and saved time and effort for everyone.

A former colleague of mine learned how to handle a "helping" boss.

It became downright ridiculous; he had the boss hand-carry his personal

medical claIxns through the company benefits office, or track down in the

company library why a certain book hadn't arrived as yet.

This, then is te dilemma: Industrial folklore defints leadership in

positive aggressive terms, individuals increasingly demand greater part2-

cipation in decisions about their work-life. We managers, and would-be

leaders, tend to fight off attempts to reduce our control; we tend to be more

and. more controlling.

Which Way Out?

in recent years a change has been occurring in concepts about leader-

ship and productive groups.

More is being written about a leadershb function rather than the big

"L" leader. The leadership function is performed variously by several, ii

nt all, members ofthe group. (In a way, the task determines appropriate

anid effective behavior.)

We are changing our assumptions about people. Less frequently do

we see them as things who have to be manipulated or forced to perform

L7Z
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effectively. The tendency is to assume that individuals seek the following

characteriSt'cs in a work situation:

- Challenge

- Freedom

- Worthwhile work

- Recognition

- Responsibility

- Competent/Congenial colleagues

- Opportunity to grow

Given the foregoing models of leadership and of individuals, the tendency

is to define a healthy work climate or culture as having the following character-

istic s:

Focus on the task - Organic
(problem solving)

- Structure around task - In process

- Openness - Deal in here and now

- Trust - Responsibility for choice

- Confrontation - Day-to-day coaching

- Caring for others - Bias toward optimism

- Introspective (step out - Ability to cope with conflict
of culture)

- Role flexibility - Internalized controls and rewards

- Spontaneous - Growth at all levels in organization

To the extent we can establish and maintain th.se qualities in a work

situation, we will create opportunities for effective performance and continued

growth. Much of our leadership might well be invested in developing such an

environmtnt.

I can attest, from persoaial experience that it is not easy. Moreover, the

job is never really done. The results, however, can be astounding'
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To Begin

The path is not an easy one - yet, it is potentially a very rewarding one.

And the first step is the most difficult one. It has to be; it begins with you as

an individual.

I had to begin - as will you - by becoming authentic. I Tfad to learn about

me. I had to acknowledge what was "with me" at the current point in time -

in the here and now.

A large part of the process of learning about me was to observe my

behavior and people's reaction to my behavior. I had to act, critique that

act (often with the help of others) and then act. Too often we perform a series

of continuous acts without pausing for introspection. Too often we don't learn

from our experience.

The task may sound awesome and too hard to do. But, if I think in terms

of five-minute segments of behavior - not a major self-overhaul - the job is

"do-able". I may not bSable to undo five, ten or twenty years of past behavior,

but I can learn from the last five minutes and behave more appropriately for the

next five.

Remember that one of the qualities of a healthy climate is a bias toward

optimism.
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TRAJECTORY AND ORBITAL MECHANICS

," July 1967)

by

W. T. Thomson

Dr. William T. Thomson, who earned the Ph.D. at University of California,
Berkeley, is Professor and Chairman of Mechanical Engineering, University
of California, Santa Barbara as well as consultant to TRW Systems, Inc. He
was Professor of Engineering at UCLA for 15 years and has also held acaderiz
positions at University of Wisconsin, Cornell University and Karnlas State
University. His industrial experience includes several years as Head of

Vibration and.Flutter at Ryan Pronautical Company and a position as research

engineer at Boeing Aircraft Co. any. In addition he has been consittant to

U. S. Navy Electronics Lab, S. . iiego; Rand Corporation; Ram., Wooldridge

Company; Space Technology Los. Among his honors were a Guggenheim

Fellowship to Germany,' 1961-1962; Fulbright Research Professorship, Kyote

University,. Japan, 1957-58 and appointment as University Fellow in Eectri,al

Engineering UC Berkeley, 1935-36.

(1) Historical Introduction

The Motion of heavenly bodies has interested the minds of rrea t *.h 'k'r_

for many centuries. It is believed that the early Greeks such as Py 'i - r.5

(569-470 B. C. ) and Aristarchus (310-250 B. C.) believed in the helicentr-i

theory; however, with the authoritative influence of Aristotle (384-322 B. C.)

the geocentric theory became accepted and went unchallenged until early

Renaissance.

During Zhe years 1500 to 1630, great strides were made in celestial

mechanics. A Polish astronomer, Nicolaus Copernicus (1473-1543) b: .,ke

away from the geocentric theory of Aristotle when he proposed the helio-

ct.n'.:,-c reference for the motion of planets. Tycho Brahe, (1546-16011.

D.).n;i zh astronomer, made extensive observations of the motions of pla nets

and in particular, the motion of Mars. Johanncs Kepler (1571-1630) c! Well.

Germany, who assisted Brahe, Aoted tb.at the planetary motions around the

sun were not circles but ellipses and formulated his three empirical laws

of motion, known as Kepler's laws. These are:

Law 1. The orbit of each planet is an elijse with the aim at a focus.

Law 2. The radius vector'drawn from the sun to the plariet sweeps

over equal areas In equal times.
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Law 3. 71c~ sq~uares of thuc Perlod;- of the p].anets ac ;;tCn
to the cubes of the : rii-raiajor axcos of the '~ip~a

G-alieo Galilci (1565-1642) i-,.roziuced a new appro~a1; 'r; scicrncr; *
WoU1111ing his theories on experin ental observation. i-Ic %a:i a up:-

the Copernican theory, lectur4d on Kepler' s "New Astrooony" pubhis:il

in 1609, anda lin 1610 built the first telescope and discovo.cxd four of the

raocns of Jupitor.

The'ye-ar Gali~eo died, Isaac Newton (1642-1727) was born. lie i~r

duccd the concep, of mass, the law of gravitation, and laid the founda^,-.z-::

for the entire field of classical mechanics with his three laws of motlk~n

published in his Principia iAn 1686. His development of the infinitesim.-a.

calculus enabled the prediction of the K~epler' s Jaws of planetary motion

as a consequence of hirs laws of motion.

Since Newtont s time, mathematical mnethods of analysis were deve.-

opeci with great skill by peoprle like Leonard Euler (1707-1783) and

Joseph, Louis Cormte de Lagrange (.1736-1813). Under such. asters t.h

subject of celestial mechanics was placed on: a hidglh level of sophistication.

(2) The Two Body Problema

T1he n,-otion of two bodies unzcer the influence o., thei r mnutual graV&ta-~

tional force, excluding all other forces, can be solved exactly. It is the

only mkultibody problem which can be solved, exactly by analytical

IAa.



means, end its study is of importance in providing an understanding of

the approximations which are made for the limiting cuse where one ma].-

is much larger than the othet.

Newton's laws of motion for m. and m2 can be set up in inertiaJ "

coordinates r I  and . It can be shown that the center of mass of the

system (called the barycenter) remains at zero acceleration. When the

ralatVze coordinate u -"2 is introduced we find that the system

obeys the equation FI * - r which establishes the equivalent mass
mlm2

for the two body system as * If one of the masses is very large
mlm2

(i.e. m.2-0--) compared to the other, the equivalent mass reduces to

that of the smaller mass moving relative to the center of the larger

mass. The problem is then referred to as the motion of a body in a

central force field. The motion of planets about the sun (whose rms is 

9% of the total mass of the Solar system) and the motion of satellites

about the Earth are essentially central force problems.

(3) Mtion in a Central Force Field

Using polar coordinates r,8, with origin at the center of the.
large body, the equation of motion of the small body about the large body

can be presented in the radial and tranrverse components..

Radial force

= - " (--

K V -Ao..(1)



Transverse force

(2)

Equation (2) leads to the theorem of conservation of mcnent of

mnentum

,e H (3)

A third equation giving the total energy per unit 
mass of the orbiting

body (sometlmes referred to as the "vis viva" equation) 
is

The equationi (1), (3), and (4) wini completey describe the

motion of the body in a central force field. Its geometric path is

described by the equation of a conic section

I

where: = semi-latus recti

e =. eccentricity which depends on total energy



e*0.

Fig. 1.Orbits under central force

Figure, 1 illustrates the class of orbits which satisy Eq.(5 n

Table 1 gives s Iome of the jnformatti0f1"etSaififg to each CUL2.
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(l)Orbit Established frcm InitialConditions

The type of orbit which a sate'.2ite will go into is ccopletely

established from initial conditions at 1XIection which are: r 0  v0

and shown in Fig. 2.

Figi2. Iitia conitios atIn~otiN

fte ccetricty f th orit th loctio of eriee c thn b

deerind ro te qutin

"p.

* /,7~pA
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By dropping the subscript o, these equations hold for any point On

the orbit ard paretric chsarts relating these quantities are given by

Figs. 3 and 4.

()Tim Of Plifbt

The time of flight computations are generally more tedious. One

approach is to start from the equations of polar coordinates substituted!

into the mement of mowntum equation, Eq. (3)

and Psrforiiing the integration. "This leads to a complicated equation

*on6 results are presented by curves in Figs. 5and 6.

The second approach., applicable to elliptic orbits, in to use

the equation of thelellipse in terms of the eccentric ancealy if which

Again substituting into ()and letting tr7 a trm

Calld mean anc=9ly,,- the asol~ifton is available irom

Al7 = .eS4 (10)



The solution of Eq. (10) is shown graphically in Fig. 7.

(6) Transfer 'Between Orbits and Interplanetary Trave.

We consider here only the case for transfer between two circuar

orbits. Also we discard the classical equations and solve the problem

from the energy equation and the moment of momentum invariance.

Assuming a velocity change under impulsive thrust, a transfer orbit

(tohnann trajectory) and its departure and arrival velocity can be

found. The results are immediately applicable as preliminary calcu-

lations for Interplanetary missions based on segments of three central

force problems. Important to the procedure is the theory of the corridor

which is pertinent to the capture conditions of the particle.

Rferences:

1. W. T. Thomson, Introduction to Space Dynamics, Ch. 4,
John Wiley and Sons, N.Y., 196-1

2. "Trajectory Selection Considerations for Voyager Mission to Mars
During 1971-7 2, " Jet Prop. Lab., Pasadena, Calif., .
Document No. 281, September 15, 1965

3. Loh, W. T. H., Re-Entry and Planetary Entry, Ch. 15,
Springer-Verlag, Inc., New York, 1967
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OPERATIONS RESEARC-i AND DECiSION MAKING
(18 July 1967)

by
David C. Dellinger

Lt. Col. David .C. Dellinger, USAF, is an Operations Research Analyst in
the office of the Assistant Secreta.ry of Defense for Systems Analysis. He
was formerly an Associate Professor of Statistics and Operations Research '
at the Air Force Institute of Technology. He is a graduate of Duke University
(Mechanical Engineering) and holds a Ph.D. in Operations Research and a
Master's degree in Industrial Engineering, both.from Stanford University.

Mr. August A. Busch, II, Vice President and General Manager of

Anheuser-Busch, Inc., in his remarks to a recent Annual Meeting of Share-

holders, stressed the fact that operations research was being used to guide

company decisions concerming plant location, product research and development,

and estimates of future demand for their products. President Johnson recently

directed that all government departments apply systems analysis to major

programming, decisions. A recent series of articles in Management Science

expresred concern over the problem of communication with top management.

What is the significance of these, and many other similar events? To me,

it's an indication that operations research is becoming a significant influence

in the decision-making process at the higher levels of industry and Government.

Traditionally, (if a field only 20 years old can have a tradition) operations

research has been--as the name suggests--ope'rationally oriented. Some of the

earliest applications of operations research were military, having to do with

improving the efficiency of going operations. Increasing the effectiveness of

bombing systems, the effective utillztion of radar, or problems of anti-sub-

marine wavlare were some of the early problems addressed in World War II

by operations researchers. These were problems concerning operating pro-
cedures-- -not so much equipment problems. In industry, early applications

were directed toward improving production through, changes in operating pro%.

cedures rather than changes in equipment. These amplicationa emphasized

improvements in such things a. uventory or productitn control systems but

had little to .do with basic company. policy .decisions. The change that .is
taking place is this: operations research is being applied more and more to

high level policy decisions. Decisions which



are more difficult, harder to formulate, concerned with greater uncertainty,

and which are far more significant than production or operating problems are

being treated as operations research problems. It is this; *end=-the reasons

forit and the changes in decision processes resulting from it--that I want to

discuss with you this morning.

But first, I want to explain what I mean by operations research. It is not

a very well defined te4m. A professor of mine once defined it as "the thing

Operations researchers do." I find this an'unsatisfactory definition but it

indicates the difficulty of defining the term.

If you were to examine a few copies of The Journal of the Operations

Research Society of America (ORSA), you would find that a preponderance

of the articles are highly mathematical. Most of them are concerned with

mathematical techniques for solving well defined, abstract problems. For

example, you are apt t find several articles proposing more efficient

algor~thms for solving linear or non-linear mathematical programming

problems. I think you would be left with the impression that operations re-

search was simply a form of applied mathematics concerned with optimization

techniques.

. I view operations research in a much broader sense. It encompasses

applied mathematics, as the Journal of ORSA suggests, but it also encom-

passes he'broader spectrum which includes management science and systems.

analysis. While areas of specialization have developed around each of these

three aspects of operations research (specialized journals are published,

societies.have been formed, and'books have been published in each of these

areas) they have much more in common than the specialization might suggest.

It's not these differences that I wantto emphadize. 'It is the encompassing

philosophy-or approach to 'decision problems common to all these areas of

specialization which is sighcant. It is this. broader concept that I associate

with. the term operations research. It matters little whether we agree on the

use of this title- -but it is inrportant that 'we have a mutual understanding of

the concept. -

Operations research, then, as I'am using the term, is a disciplinedI i approach to decision problems which involves:

p ~ ~ ~ ~ ~ ~ ~ ~ ~ ---- ---- ______________ --



a. the use of a formal analytical framework for the

systematic comparison of alternatives;

b. an explicit statement of the crIterion Gf chaise--or

the objective which guides the decision-make.;

c. a methodology for dealing with uncertainty.

It is further characteized by the fact that it is usually concerned with

institutional systems (rarely with pure physical systems) and, moreover,

with the optimization, in some sense, of tL.ese systems.

The use of a formal analytical framework or model serves two

important purposes. First, it identifies the variables, both exogenous

and endogenous, assumed to lie relevant to the decision and states explicitly

the relationships assumed to exist among the variables. Second, it provides

a predictive device which relates the decision-maker t s alternatives to the

expected future consequences of choosing each one. The explicit statements

about the relevant variables is essential for a disciplined approach to decision-

making. It provides a way of checking results against assumptions and a way

for persons other than the analysts to follow the analysis. It is little more

than the openness and explicitness expected in any credible analysis.

The predictive nature of the analytical framework, or model, is at

the heart of operations research approach to decision-making. Decisions,

by their very nature, are (1) choices from among alternatives and (2) attempts

by the decision-maker to alter theofuture by choosing an alterr.ative which leads

to a streamrof future. consequences which is more desirable than other altern-

atives. It is essential, then, that one attempt to predict what these consequences

are likely to be for each a.lternative considered. Only by relating t.ze expected.

future consequences of the alternatives can one compare and choose rationally.

The requirement for an explicit statement of the criterion of choice--or

the basis for determing the preference of one alternative over another--

becomes more important andi'more complex as the institutional level of the

decision problem is raised..In personal.decision problems this explicitness

is not too important. One can simplystate thathe desires one alternative.

over another without stating, or even. fully understanding, why. His choice .

somehow rrflects hispersonal value system which, after all, is the only

relevant criterion in personal decisions. This is not the case in institutional

S-- f



decision problems. The personal likes and-dislikes of the decision-maker

are not relevant and should be forc ibly excluded from the decision process

by explicitly stated organizational goals. This may not be too difiucuit at
/

the lower levels of an organization. At the higher levels, however, the

problem becomes increasingly more difficult. Even in industrial organiza-

tions, where the profit motive is supposdd to dominate, the criterion problem

is complicated by multiple objectives such as long-run vs. short-run profits,

institutional survivability' etc. In Government, the problem is even more

complex. In either case, -however, the criterion problem must be faced

and theoperations research approach tends to force the decision-maker to

face it.

Finally, since no one can predict: the future with certainty, and since C

deicision problems are inextricably associated with predictions of the future,

unc'ertainty in decision-making is a certainty! There is, of course, no way

of:completely overcoming this probleim. The operations research approach

does, however, provide methodology for reducing the risk associated with
the uncertaiity.. The two most Widely used methods are sensitivity analysiz

and probabilistic models.

Seasitvity analysis is merely the testing of the -results of an analysis

to va'r'Utions' in the.'basic set of assumptions. Through sensitivity analysis,

one canidentify those variable. tio which the' results are most sensitive so

thit fitheri study ic€ii be focused'on the relevant questions. It can also aid

the decision-maker"in choosing an alternativ'e-which guards against undesirable

consequences even:unider.the most adverse set'ofassumptions, if he desires

suc a -solution. For example, 'it may be more :rational in choosing a military ''

system; to select one which is"capable of copin g with a wide- range of threats

than to select one which is most efficient for a':single, most likely, threat

(if -t turns out that-lese are mutu lly exclusive choices).

The'other method of dealing with unce rtainty--the use of probabilistic

model-' requires that one select a probability distribution to describe a
random variable in the mncil. This 4p iroah has been used successfully

in'the analysis, of queuing preoblei ms"'invrt"opioblems, and many other

problems where the nature of the stochastic system being' modeled is



reasonably well understood.

Both of these methods of dealing with uncertainty are dependent upon

having the formal analytical framework or model and an explicit statement

of criterion characteristic of the operations research approach.

Having examined the characteristics of the operations research approach

to decision-making, let's now turn to the reasons for its being applied to higher

level decision problems in government and industry. Recent changes in both

the decision-making environment and in the operations research field have

brought about this increased application.

In both government and industry, high level decision problems have

become more complex over the pas't few years. The technological explosion

of the last two or three decades has offered decision-makers a far greater

number of alternatives than they previously had. The number of alternative

military systems which could be developed from today's technology, for

example, staggers the imagination. The,pace of technology also makes today's

alternatives obsolete in a very few years. Moreover, the costs of these

systems is so high that one cannot avoid the problem of choice by selecting

several to try out; he must choose! In addition, the uncertainties of the

problem are magnified because the systems are so radically new and because

obsolescence comes so rapidly. These factors combine to create a situation

where the number of alternatives is larr , the cost of each is high, the con-

sequences of a poor choice are catasttv, .1c, and the uncertainty is great.

Similar conditions exist in industry and other government agencies. Experience

and unaided judgment are simply inadequa.e for guiding decisions under these

circumstances. Decision-makers are turning to aralysis to aid their judgments. ol

Changes have also occurred in the field of operations research during the

past few years which have made this approach practical for high level decision

problems. For one thng, a great deal of work has been done in developing the

methodology for solving a wide class of optimization problems. Probably the

most important, however, is the availability of electronic computers v hich make

it relatively easy to solve such problems. This makes it possible for tLe analyst 4

to concentrate on the analysis and leave most of the routine Falculations for the

computer. X



Finally, the change which is probably the most important single

reason for- the.increased use of operations research to thesetypes of

-problems has been changed in the decision-makers themselves! More

and more the decision-maker is somewhat of an analyst himself. His

education has generally included a formal exposure to economic princi-

ples and methods of analysis. He has observed the value of analysis in

such decision problems. In short, he understands the approach, whether

he understands the detailed methodology, or not, and he can understand

and believe the results of a good analysis. It bis been said that a decision-

maker would rather live with a problemh he can't solve than to accept a

solution he can't understand. The number of decision-makers who under-

stand and will accept analysis as an aid to judgment is increasing.

The view of operations rtsearch which I -have presented to you is that

of a disciplined approach to decision-making. While operations research

was developed in an operational env-ironment, its greatest benefits can be

realized in applications to high Y-vel policy decision problems. In spite

of the difficulties of formulating precise -statements of these problems,

this approach can be, and s being, used to improve the decision-making

process at the highest levels of governmbnt and industry. It is not a panacea,

:but is lar superior to the implied alternative--unaided judgment and intuition.
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INTRODUCT ION

Economic activity revolves about three key elements (1) human wants,

which are varied and insatiable (2) resources whi~ch are limilted, versatile

and ea-pnble o f being.combined in various proportions tofroduce a given

comodity (3) techniques for utilizcing resources to produce goods and

services w~hich satiefy wants.

The social science of economics has devoted itself to the analysis of

this activity in order to measure, explain, predict and control, observed,

phenomena.. Models have been created -o simplify the complex reality of an

existing economy to the essentiul determinants in order to observe and

evaluate the effect's of an introduced change.

As a result we tend to place labels on a given economy such as the

Ftree Enterprise System!', predominent in the Western World or "The System

of State Capitalism" of the Iron Curtain countries. With a free enterprise

system v~e assolciate a consumers choice of selection, a resource owners

freedom~ of resource-deployment, an entrepreneur's ability to enter or leave

the business of his choice, and a price system that at leas, in the short

ru-n, depends upon supply and demand, with money as an essentially neutral

medium of exchange. Equating management with entrepreneurship and accept Ing

the profit motive as the guiding force of such a system, we have now a model

of the Americain economy. which was essentially valid 'for. the early part of

this century.

In the-meantime the federal budget involves some 20 % of the nation's

income* The Government has replaced the private entrepreneur in large

sections of the economy by assuming the. risks of new production and by

making the decision to employ rescurceA. .Today's topic is this effect of

Goveriment e ntrepre neurship o 1n private industry.4

(P~Rithard Ii. Leftwich' "the Price S1ystem and Resource Allocation"., Holt,'
Rinehart and Winston', New York, 1960, p. 10



-GOVERNMENT EXPENDITURES AND THlE STRUCTURE OF AMERICAN INDUSTRY

The growing significance of Goverrr..nt expenditures on the structure

of American industry. can be demonstrated by the nuber of large defense

contractors in the 100 1- Zest induarial corporations group..

Overlap betwoeen the'100 Large Defense Contractors and the 100 Largest

Industrial Corporations:

Period Number of Firms on
Both Lists

World War 1I Defense Contractors

and 1939 Industrial Ranks 29

World War 1I Defense Contractors

and 1945 Industrial Raniks 53

Korea Defense Co-ntractors

and Industrial Ranks 41

1(issile Age Defense.'Contractors

and Industrial Ranks, 40

The State of California received approximtely I6 billion orth of

prime contracts or 18.3 %of ..the -total $32, W.lton spent by -the Departmen It

of Defense' during f iscal 196.6.

Employment in the aerospace inhdustry provides another ,int ere s ting,
statistic:'In 1939 the aircraft inhdustty accounted for .6 %. of total.-

manufacturing employment and-in 1944 for.7.6-. making it the largest single

industry. in the economy 1n that. year.i

M2)erton J..Peck, Frederick K. 'Scherer. "The Weapons Ac quisi t ion Process".4
Division of Research, Graduate School of Business Administrstion..
Harvard University, Boston, 1962j, p. 120



Or consider the impact upon regional economtics: Orange a nd Los AnneIt's

counties showed an increase of total manufacturing employ ment from 172, 757

in 1940, -t.- 939,658 in 1966, for a gain of 443.9 % in the saits period

aerospace employment rose from 25,600 to 376,.217 for-a gain of 1,369.67.

According to a different compilationi of available figures, more than

450,000 Southern Californians are employed in defense and space related

industries. ()

Dependency, upon Government contracts is almost complete for most aero-

space firms. Foir example both Lockheed. 4 and North American Aviation~~

the latter with sales of $2 billion last year -had Government contracts

for 95 %. of total sales.

While the statiatics given show the depetdency of private industry on'

Goverm'went expenditures, the question remains, how and if Government also

afFected the creation, size, financing,-labor relations, wages and salaries.

and other aspect$ oZ industrial development.

ANALYSIS BY SELECTION OF SIGNIFICAN _SAMPLE SITUTIONS

Tiedosno ei na nlsis andd dsiption of the-t'otal -scope of

Government-,effect upon private-industry but tbe specific-examples used to

discuss somle of the..moat important apects .of, this problem should at least

provide a ietlackgrou -for your %undersa dng and evaluation. Choice .

-a" ' sp.c if ic situations. and 'their deA8cr"tion'his been'v used' as the vehicle

to point out highlights and draw speific conclusions..,

~~Department o oarce, .Statiset icsi1 "Abstraet,- 196t.

(4)~ins Week July 1, .1967,-p. .66 .

B~usineseWeek, June3, A196 7, p.154 . ,.



Case 1: The inediate-requirement for linrge increases of existing production.

Actually this type of problem can occur in a normal free enterprise

-market system 1in the case of a sudden shift In copsumer s castes.
N4-

The result is an imniediate rise of price of the prodtuct, reflecting

the increased demand at ,i,.;en le-.ela of supply, with rapid buildup.

of capacity and gradual io,.,ring of price until equilibrium ha's been

achieved.

While the problem is similar, the effect is quike different. Take

the case of Norris Industries, Inc. a major ordnance supplier since

World War I I.. The -f irm is the country's largest producer cf artillery

cartridge cases. During peace time,. it averages about $20 million

worth of military business annually. In the fiscal year ended

July 31, 1965, its military sales ed,-ed up to $23 million, but in

the following months they more than doubled to $5G million. This .-

year,, Norris expects these sales to reach $120 million.(6

The differences between a non-defense rapid increase in production

and the' casdf of No rris are primarily the complete impossibility to

predict- demand lee or duration - normal predictive tools such as

market research cannot-be used -and since surges in defense buying
are usually large eneugh'to affect the'total ecoinomy, the-labor--

maktaso becomes. tight', with anaccompanying pressure on wages.-

and salaries, especially for skilled' resources.-

In contrast to earlier emergencies,. the Goveruiment no 'longer operates

in the rather haphazard fashion of W~rld War*II days. Specif icat ions

for standard items -have become very I detailed 7. very, precise., Higher
inspect ion standards have s ignificatly improved. the q4uality of-.
the produced' itemb and 'competitive bid a. iresled inaprc

level* for defense...goods. which requires. excellent maaement ofx t he,

cnractor to maintain peacetim profit aagius s irie mst defense-
contracts fo'scstzdd adar sanniae bad

~6Business Week, June 3, 1967, p. 1*47
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A fixed-price~ basis or on a cost-plus-fixed-fee basis in which

all coats are tightly controlled.

Even though the Government carries the largest part of the~ risk,

there is no akutomatic provision to cover all closing COStS when

the emergency has passed. Companies such as Norris have there-

fore adopted a policy of'simultaneous expansion of non-defense

business during the emergency. This is reflected in the fact

that output of. coamercial gosasienfrom almost nothing in

1946. .to $15 million' at the, time of Korea, to an expected
$78.rillilon, this year -the. latest figure includet the very recent

acquisiton of a group of comercial, non-defense companies with

& combined sales total of $21 million.~

-Swa ri The impacat upon private industry by large sporadic increases in
demad!b thGvr et has become less disruptive as inspection

standardo have improVed".the basis for evaluat ion of products manu-

factured. b y comptitive frs Chgeinc tatarngements

and tighter control.'of costs.-have resulted in more effective

management and thus a lesser cost to the total economy. The aware-

neos of 'fhe contractor, that he has. to participate in the risks

and costs o0f closing down operations. after the emergency has

reuted inp pvisions made b management to facilitate'later

;;C 3. WieCSe. 1 deals -with' an emergency expansion of capacity, there
aefwehnliclproblems in'sutch, relatively simple production

processes:,as the .making ostandard ordnanice.- Tl'e matter becomes

mu ch:mOri ffS cult-hnecnie h dtielopment and production

ofadva6cd wepn or pae sstms

Exzpenditurs, can easily' exceed the- $1 billion level. Given the high

* ecpndtu~sinindividual. progas#dte ifcly of. making

acidt o t t opmei- ii~~ 6~d- prduct qulty predictions,.

Lrie: iduihry ils' inl ao ItIn i to a ssliithe huge financial

3 ~ ()Business Week, June,3, 1967, p. 147



x-isks especially since poliLical decisions, changes in uiilitary

strategy, breakthroughs in technology, can cause entire programs

to be shelved. As a consequence the Governimeut has accepted the

financial risks in most cases through cost reimbursements; it

assumes the initiative for product decisions and participates in

managerial functions which normally are performed exclusively by

sellers.

The problem the Government faces is to maintain incentives for

efficient and optimal program execution in an essentially non-

market environment and yet maintain the competitive element in

the selection process.

Triggered by threatened set-backs in the arms race between Russia

and the ..S., crash programs such as the development of inter-

continental and intermediate range ballistic missiles are being

initiated, or the special conditions imposed by a new theater of

war call for the development of a new type of weapon, or the

technological advances of other nations threaten important markets

of American industry, such as the development of a Super Sonic

TransF-rt by Britain, Franc.e and Russia..

The first requirement is to find and to describe a system that will

satisfy the obvious need. This first preliminary description ts

then used to find and identify the potential creators of the imple-

mented system by a Request for Proposal.

It has been recognized by the Coverndent, that such proposals are

..extremely costly for any major system. Because of this a new

procedure has been developed. The original Request for Proposal is

only a rather gross preliminary specification of th. system. The

Government screens all responses and selects at least :two potential

contractors. A more detailed RPQ is then sent to these selected

,..firms with'a request for a very-detailed technical plan -and cost

proposa. This ..response is financed by.. the -Goveramanti if not
completely, at least to a major proportion.

1.. 307 " .



A typical case for this kind of selective proce.ss was- the Advancted

Aerial Five Support System, a combat and fire support helicopter

specifically designed for Vietnam type jungle warfare. Among

about. a dozen quaIif ied contractors, Lockheed and Sicorsky were

chosen by the U.S. Army Materiel Command, the contraeing agency,

to submit the more detailed proposals. At the same time - asla

parallel effort - the Army selected two contractors to submit more

detailed propoeals for the management of the prime contract data:

Boot-Allen Applied Research and TRW Systems. Also as a funded

effort :the actual contract given was for the development of hardware

through prototype deveilopment with the production contract to follow

after presuabbv another round of competitive bidding.

A similar type of selict ion was used for the prime contractor for the

American version of the Super Sonic 'rransport: After preliminary

selection of both Lockheed and Boeing both firms received funding

to further' develop detailed speckifications and technical approach.

The re are a .number of questionsrie in connection with this new

approach of Goenett ok* with private ind stry:

Are'th costs associated with choosing more than one initial

contractor excessive. in comparison to the resulting benefits..

- Will it reduce the time Cap between'conceptional and.
- operational stage of the system.*

Would ,t be-" pehp oe economical for the Government to

realy entirely on Govermmrent-o~e facilities to carry devel-

r.'opunt ffo ts all the way from ocpin hrut rsac
anad developmnt tthe begin'ting of production.

From an economists pOint of view t6e new approachb Govren
aecetothe -selectIves" process increases' perlhaps the' developmnt

* cat b dupicaing ffo t toan .,xtent ohn thi ctber hand the,

Government gets the, adatage of at lat'two'different approacher'

in management and technological advapeement. Also, each potential



contractor- normally has areas of special skilIls and background..

The Govei,-nment has the option to use obvious -better approaches

arnd solutions to speed-up development or to improve overall

c ost and reliability. This tends to reduce the time gap between

- .- concept ion and operation of the system. Furthermore, should the

Gover-nanent decide thats the contractor chosens for the development
effort does not perform satisfactorily, at least one alternate

contractor is available for the production phase.

The awgument that it might be more economical to use Government

facilities exclusively forrdevelopment, is not valid for a number

of reasons:, It becomes very costly for the Government to maintain

th, huge staff of skille employees necessary to cover all needs.

The Governmental employment system is rather inflexible anid does

not allow' readily for the necessary mobility of resources. It is

very difficult torMotivate Government management to the same extent

as private industry management since by the very standards set for

Covornment employees,-monetary incentives can only play an ins ig-

nificant role. And finally the Government cannot, like private
industry, decide to. inVestradditional funds for a development

contract in anticipatioti of the expected technological fall-out

for other products generated or planned for'by the coimercial firma

In special situations 'the Government has however created facilities

for participation in major development efforts such as the Air Force

Space Systems Division or the Comodity Couaeands of the Army
Mteriel.Coumand. It has however alcost always been a close co-

operative effort between industry and those agencies. Only very
few exceptions are know~~

Smau:The Government has found new effective ways to maintain competition

for complex- weapons and space systems. Availability of the total
scope of skilled personnel has been accomplished by expanding funds
for. occasional duplication of efforts* Blapied time to system
operation hsbeen reduced by-a faster application of new technology
aud management metbotoly. Actual coat control1 has been improveid
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be~cause~ complnrison of cosL on a task basis can now be made on the

basis of more than one est imate.

Case 3: 1nce6tive Contracting:

One problem faced by the Government is that it ge ts more and more

involved in the vey detailed control and supervision of contracts.

This is'Very essential for all cost-plus-fixed-fee type of contracts

to assure that the contractor is indeed operating in a cost-

effective manner.

Increasingly a new type of contracting is used to insure emphasis

by the contractor on the area most important to- the contracting

agency. For example the armed services have placed-great emphasis

on expected end-product quality,(technical performance and reliability)

sonewhat lesser emphasis on time of availability and relatively li ttl

emphasis on cost of quality control throughout the defense industry,

(1for example, higher inspection costs have boosted the cost of

*. artillery shells in the previously mentioned Norris case by 10 /0 and

*a much greater demand for management of the lower and middle levels.

*The results were reltability ratings that assured the status of the

antiLba Ilist ic missile-system in the-expected state of operationAl.

!readineas, an extremely low hardware failure rate under field condi-

tions, lower maintenance requirements and preumably lower overall

system cost.

During the production phase. the incentive plan wax extended to cover
cost reduct ion, bu-ofrtepormhsntbeen overly successful

because of the fact that anticipated savings through cost-effective

production could not compensate for the high cost of setting up new

prodsicers and the risk of quality failures&

Ever since 1963, after a change in procurement regulations,, a new

type of incentive program has been used by ex-post evaluation of

contractor perfotwance.% Specificallyr the Navy in their-,-anti-submarine

warfare -program has made use of this program. A board .of evaluators



i crI-IL odt M1idI .1 set of pt )V mlu . n Iu Is and c r ii C ia; :,kL up.

After com~ple'tion of a task, or a serie~s of Lasksl vnlues n.*

assigned to each of the criteria and then computed againstx

... redetermined formula. The actual fee is dcrerminid- according

to the degree of performance effectivenear established and

applied to the predetermined percentage. ( -ee figure 1)

% of
Total
Contract
'Value .0

-Max imum Fee
Allowed

.15- - - - - - - - 15

10

Minimum Fee

Allowed

10 20 30 40 50 60 .70 80 90 :100

4of Ptirformanc' Effectiveness

(Figure 1)

Thie dif ficulty, of course,Is' the definition of performance standards

to measure with. 'Already significant advances have been made in

this area and it can be expected that measuring criteria will soon,

be .available to evaluate contractor performance in All areas.

Sumary: Cost-plus-fee incentive contracting is becoming the preferred method

in Government-;rivate industry contractual relationships. As
methods and criteria foir measuremetbecome .more precise and

relevant. governmntlt&participatio? h.ifl contract manageraent car,~ be



re.duce~d for an ove~rall incre'ase in cost effcctlvencs%.

Case 4: Spec az'daasnwhc , r oudbfrthL li~idares -n wichIt s, r wuldbepreferable frth

Government to own and operate facilities.

.While in most areas of large-systems development technologicral fall-

out can be produced for the developing firm, such as the know-how

gained to build satellites for NASA, can be exploited to develop a

used for the nose cone of a rocket is equally well-suited as the

material for all sort's of cooki ng wa re as demonstrated by the Corning

Cmipany. But unfortunately in some areas of technological developnen

no immediate fall-out can be expected and not even the normal requi-

rement for more pr&;uat for the operational phase, as is normal.

Specifically we could mention the area of rocket propulsion. Let us

first look at a typical demand curve for a new product during the

various phrses of it3 life cycle: (Figure 2)

QTY Aggregate Demand
for Product

Demand for
roduct for

Newly Developed
hpplications

M mand for Product

for Ori inal. Applicati .

R and D Development Produit ion Tm
Mhae, Phase Phase

0I

960

,4 
RandD 

Deelomwvt 

O.-0e >

(Figure 2)



Terei- is4 .1 Sirm I i in U ia I dv.iind U' r C he product t hrough dvv4 Ip:01,

oi* prototype. The he'avy demand is during the production pnhisu.

While use for the prime requirement subsides, aI4,ernatc Uses for

the product are-being identified and marketed, so that the. aggregate

demand for the product is sustained at high levels over a signifi-

cant time period.

A contractor can recoup total cost of development and realize a

profit during that phase, with expectations of more profit as alter-

nate product use continues.

Let us compare this now with the typical demand curve for a rocket

propellant:

QTY

Propellant !Engine Product ion Phase Out
Development Development tPhase
Phase Phase

- (Figure '3)

The requirements for the produtt are high during propellant,

development and even higher during engine development, with

very little additional needs during the operational phase.

Therb are usually no alternative uses for the product, ergo

there is no possibility'for a private firm to recover the cost

of development or make a profit*

4;In addition to the atypical'distribution of-*demand.. alternative

proplellants for a given purpose may completely scrap an existing-

1 1
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zlog'raim. Talco for kx'mipc th s~L1 o] id prope;11 h nn oosto~r de*vo' I cJ

by the Aerojct-General Corporation:. In a rcent test i 645,0OO

pounds of propellant produce.d 5.4 million pounds. of Of ust in a

75-ecndburn. ()The idea is to prove the great pot'ential use in
multi-stage launch vehicle systems to carry heavy payloads into
space at a cost per pound less than that delivered by clustered

liquid engines.

However, the Space Agency contends that nuclear upper-4tage rockets

ccupled with the liquid-fueled Saturn V booster,.will be capable

of lofting any forseeable payloads.

The outcome of the test h ot yet dN~...Iuated at the writing of this5
paper- will decide whether or no% the program will be &dequately

financed or discontinued.

It'is obvious that risks such as these are a burden which cannot be

carried by a contractor. In addition to the cost-recovery problem,.
it would-appear'Advantageous &!or the Government to own and operate

such a facility.

Summary: In special cases of product development,, Govet-nient-owned and -operated

facilities Appear to be not only economically feasible, but actually
advantageous in an econoudc sense*'

(8 LA Times, June 16, 1967, p.6, part II



* C-ONCLUS-ION

The effect of Government on private industry has been very evident in

*-a number of areas, but does not reflect the full impact of Government

* expenditures in percent of gross national product.

Examples:

. Wage and salary policies of the Government follow patterns established

by private industry.

. The Government does not monopolize - at least not on a large scale -

products or processes developed under Government contracts.

On the other hand, Government expenditurea have caused significant changes

in American industry:

* A large number of enterprises have newly been created solely or

prima i'ly on the basis of Government ,ontracts. Many of them have

grown into large industrial complexes, such'as North American

Aviation, TRW Systems, PRC.

* Methology, processes and products deieloped for or by the Government,

have been adopted throughout the American industry for a wide scope

of applications in the public and private sector of the economy.

Examples are (1) PERT - a Project Evaluation and Review Technique,

developed by the Navy for the planning and control of the Polaris

program. (2) The Systems Engineering Concept developed jointly by

the Aeaospace Industry and the Air Force for the Ballistic Missile

program.

* Pools of skilled resources have been developed flexible and mobile,

not only between industries and applications, but also geographically

to respond to the many varying needs of the Government.

* Development of industrial centers of gravity with v~st impacts Upon

the employment, educational facilities, land use and other aspects

of a given region, such as the centralization of the aerospace

industry in.Southern California. thG Manned Spae Flight Programin

Houston, Missil 'anges in Florida and'S~uthern California.



The &roving participation of:Government in the managerial. function

Thf'iidustry and the development of Government as anointreprencur .

-There are alto important problem areas which should not be overlooked.

* There are. definite limits in the economics of size. Centralization

; c-n only be justified up to a point.

* It'is difficult to provide incentives for creative entrepreneurship

in a system that is, too heavily dependent .upon Government inf luence.

* An economy significantly dependent upon Government expenditures could

easily' lose stability and stagnate or. expand too rapidly as a

-result of political decision-making.

in :uwnri*a idsrha dpe tel to the increasing effects of

pr s'.-ystm n o~nct~ sysem f satecapitalism. Economic

anid..sdcaihineshvecmabu through evolution rather than revolutionary

upheaval, Wihu h viaiiy-nthorough anlssof large masses of

s8tatistical data,'it is: not possible'to state, conclusively that the resulzs

Sof inicreased Government expenditures have caused .a change in industry th.,,r

har. both, caused a. better -deploymient and ~combinat ion of resources and a better

distribution.of income-.':Howver the -rise in,, pesnaliomsadgwt

of, GNP sa to indicate" a tkeo-a positive ef fect o the ttal economy.



COMMUNICATION AND THE MANAGERIAL PROCESS
(I August 1967)

Warrenby

Warren H. Schmidt

Dr. Warren H. Schmidt *received his A. B. from Wayne University, his B. D.
from Concordia Seminary, St. Louis, the M.A. and Ph.D. in psychology from
Washington University, St. Louis. His career at UCLA, which began in 1955,
has involved both administrative and faculty positions. He was Director of
Statewide Conferences and Community Services for University of California
Eixtension, and is now Director of'.the Master of Business Administraton
Program in the UCLA Graduate School of Business Administration. He haa
written extensively in the fields of human relations, leadership and conference
planning, and is co-author of the book "Techniques that Produce Teamwork."

I. Critical Importance of Communication in Management

Communication is the process by which we share our thoughts and

feelings. Since a manager, by definition, depends on others to.ca'ry out

his decisions and policies, communication is a central aspect of his job.

A manager is paid for not only identifying problems, making decisions and

giv-ing. instructions, -but aa.o okigaining acepkane=;k those..rwuctions.
so that they will be implemented. All of the time and energy which goes

into planning and decision making is worthless unless the decisions are

implemented. Recognition of this fact has increased managers' interest

in the processes of communication and influence.

II. Purpose of This Session .....

A.- To deepen our understanding :i61 what. is invo1ed i-, getting an idea

from one person to another. ".

B. To identify common blocks to effective ;ommiunication,

C. To explore ways of overcoming these blocks.

D. To better. understand factors which help or hinder comiunication in a

work sit.ia ion; . . .- . .-. ' . .. ..

These processes iwill be achieved through a combination .6f expeiinents,

lectures and discussion.



Ill. Perception -A Basic Aspect of Communication (demonstration and lecture)

Perception is a basic concept of psychology which managers need to

keep in mind in orderLto understand the complexity of communication. An

individual's perception of any event is determined by two major factors:

a) outside stimuli and b) his past experience which is evoked by the

stimuli. Since each individual carries with him a diffe rent kind of

past experience, it follows that each person will have a somewhat unique

perception of a 'single event.

IV.. Cotm A".wiof O0ne-Way and Two-Way Communication (Experiment and lecture)j

Ian exper iment of one-way and two-way communication, the followingJ

differences tend to emerge with predictable regularity:, a) One-way com-.

miication takes leas time than a. two-way process, b) two-way communica-

tion proides* 'significantly F'v-c -r accuracy of understanding, cl the
sender tenids to. over-estimate- the accuracy of his one-way communication

a.-qnd to wnie-estimatie the accuracy of his' two-way communication, d) the .
receivers are usually: =or e frustrated during the one-way conmunication
-process, and e) 'eceivers have more control over the pace and quality of.

two -way commrunication..emhsepo

Al ftestudiic-i d4 ofco .mmu3M4cation-ejasz the imprtance

of .'i fewbd ksyz.em: Ih4heals tes erto orrec~t Misunderstand-

izas wkcT amos ieviabl aiseinthis compleui process.

V0 The Circtilar Process of Commncation (a conceptual model)

TUefilwn construct diagram, although obviously over simpli-

fied, provides a fraxmiewiork. for looking at the' iite raction process between

:t~o or more persons: . .



telf-
Attjtud.s() Intentions Behavior
toward2 (3))vi
others Perception
-- - by self (8)•

Perception
by others (4)

of()Intentions Execaton

This might be described step-by-step as follows:

A. The individual has some feelings about himself (self-image) and has a

set of attitudes toward the others with whom he wishes to interact.

B. These feelings and attitudes become intentions toward the others.

For example, if his feelings are that his ideas are wanted and appre-

ciated, and if his attitudes toward others are that he would like to

make a contribution, we can predict that he will have the intention of

making positive contributions in a group situation.

C. These intentions cause our individ~1 to initiate some behavior toward

the others in the group. His behavior is governed by:

1. his intentions, and

Z. his -past responses to behavior from the other people. We might

think of this whole phase of the process as leading up to BEHA-

VIOR OUTPUT.

D. The behavior which is put out then passes through a screen which

exists in the others. This screen includes their :yalue systems, ex- 

pectations of how he should behave'in this .situation, and experience

with how 1e hap behaved in similar situations.

. The behavio. :. 'r- tis th- is th -vaiual e by t .e'

others in terms ox :thes z ictaon..... ..,_J .,... . su~poo

the expectations or to vary from them.

F. As a result of this evaluation, the members develop some intentions

toward the individual.

G. Thes e intentions again serve to r=tivate their behavior back to the
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individual, and so they initiate some behavior.

This whole phase might be called the BEHAVIOR INPUT.

H. This behavior goes through a screen which the individual has, that
4

is, his feelings about himself and his attitudes (the ones we started

with), and he receives feedback which either supports or modifies

his expectations.

VI. Communication and Organizational Climate

The degree to. which communication flows easily in an organizational

system is heavily influenced by the climate of trust or distrust in that
system. Dr. I. R. Cbb has emphasized this fact in.his studies of defen-

sive and indefensive climates. Gibb makes the point that every individual

has four primary and continuing psychological concerns:

A. Acceptance: (The degree to which the person feels accepted and re-

spected by himself and others).

B. Data Flow: (Detenrnining what influences he exposes himself to and

what data he shares with the people around him).

C. Goals: (Determining toward what purposes he is directing his energy).

D. Control: (How he' disciplines himself and influences his enviroarnent

to achieve his-purposes).

In 'a group or organizational system, each individual develops some

feeling about the extent to which he is accepted and respected. This

feeling then. determines the extent to-.which he expresses his ideas freely

and spontaneously or the extent to which he presents a "polite facade"

or bases his comnments on strategic considerations. f a group is made up

predominently of people who are playing a strategic game, the decisions

they ,make tend to be- :uperf-cial and to-ca.ry little commitment on the

part of those who made them. Such a group then tends to become apa-

thetic, requiring a control systemchairacterized by dependency rather

than interdependency.

The central 'implication of Gibb a -model is that the principle way to

* achievee a creative and highly integrated group is to develop a climate

of trust which then opens the way for easy data flow and realistic goal

3.0



fornation.

Vi1. Some Requirements for Effective Communication

A. An awareness that I am a person With feelings and that I can live with

the fact that my feelings influence me and my communication.

B. A tolerance of other people's feelings and an awareness that their

feelings, which may be different from mine, affect their sending and

receiving communications.

C. The intention as sender to build feelings of security in the receiver.

D. The intentiox as a receiver to listen from the senders' point of view

rather than evaluating the communication only from his point of view.

E. The willingness to take more than half the responsibility for the

effectiveness of communication whether as sender or receiver.

F. The conscious effort to build feedback into all communications.

G. The ability to resist acting on and reacting to my assumptions about

another person's reasons behind a particular communication.

H. A recognition that- communications at best are imperfect and the avoi -

dance of undue cynicism from difficulties or failureS. to communicate.

I. Viewing my own functions in the organization, as one of maintaining the

process of communication with people wlw .are fully capable of facing

and resolving problems. Having confidence in those with whom -I corn-

municate.

- ------ --
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SOLID PROPELLANTS: OSCILLATORY AND UNSTAB-LE -COMBUSTION
(8 August 1967)

by

- -No rman W. Ryan

Mr. Ryan, who is Professor of Chemical Engineering at University of Utah,
eaz'ned the B. Ch em. and Chem. E. Degiees at Cornell University, and Sc. D.
at Massachusetts Institute of Technology. He has been Chemical Engineer or.
the staff of.-the Retearqh) Department of Standard Oil Company arnd consultan'
to major chemical and rocket companies as well as agencies of the Department
of.Defense'in the areas of rocket propulsion. His research includes areas of
kheology,- gas dynamics, combustion and coiidensation.

GENERAL CONSIDERATIONS

when significant excur sions from the steady- state pressure level occur

in. a rocket. chamnber and we. cannot attribute them to something else, we attri-

bute,them -to comibustion 'instability.., Ais-the- combustion process is the means

of 'prodticing .sensxble;:, energy la the: rocket syiftem,., we presume that cornbus -

tion nraust somehow'amplify, pressure disttirbances - Oscillatory, combustion is

the. teirm applied .to instability. in -which the.-.presaure- oscillates -periodically or

§"quai-periodicallyi in: alil ids of instability we -can reprodtice for study,

~sci~awy cmbusion ispresent.

-instability, is a ystems concept ana. has ,no meaning in application, to
elementa ry processaes. -.. Instability can arise if -elementary processes that

pro c'eed aui W.d t a neoust9-y aie" 6oxupled; that is, .if! fluctuations in one can influ-

ence the otheirs..-k Instability does arise if adisturbance in 'one' process

pr-odu ces. an' ampifying..response -in one or, more others.
Combustion. itself, is no a leetry proRcess but is a set of coupled

sub-processes.6 If weflo he hitryo a rticle -of propellant, we note

that Iit start'suta 'C0 coz~ o.i aratur5 %ox reactive -materials; it is pre-

heated, may: undergo solid -phase 'reactions in' the -,final* stages of preheating,

then ehgages~ in a _complicated set. of reattin -and'diffusional operations at

thegassold iterace an fialliprcees *,to near adiabaic ' equilibrium

ip' jthe -gas 'phas. Thr-sfebc'o ee~eseisadenergy from the

ga s phase to the surface and par of dthe: 'ene gy to th~e sub-ofurface material..
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We see that the combustion process itself contains the necessary -- ,rre-

dients for instability--feedback and mass and energy capacitances. It

inte resting to postulate an isolated combustion process and ask if it ca

exhibit int-rinsic instability. We don't know the answer. j.Yfe do know that

under some conditionsjwe cannbt make the propellant burn, and some investi-

gators have suggested that under, certain conditions propellants undergo

oscillatory combustion at preferred frequencies. Suitable experiments have

yet to be performed. On the other hand, the subject of instrinsic instability

ma.- be irrelevant. The dominant view among investigators is that we can

explain all instances of instability as interaction between combustion and

other processes in the rocket system. That view will be taken in the remain-

der of this lecture.

There are two questions to be asked: "In what ways can combustion

interact with other processes in the system?," and "Under what conditions do

the interactions result in instability?"

With respect to. the first, we consider three kinds of stimuli that can be

provided by the surroundings of the combustion zone--heat removal or supply,

gas motion, and pressure. Heat removal from the combustion zone, by

radiatio- for instance, would reduce the feedback flux from the gas phase to

the gas-solid interface. As the reaction steps are strongly temperature de-

pendent, one would expect the results to be dramatic. It happens, however,

that simple thermal coupling between combustion and other processes, is very

weak in a rocket combustion chamber.. It may be aignificant in some exper-

imental burners.

Gas motion induced in the combustion zone by the contiguous flow field

can give rise to what is known as-velocity coupling. An instance of the,

effect of this stimulus is erosive burniig. A related phenomenon is the

variation of ignition time with gas velocity when ignition is achieved by

convective heat transfer. Gas motion parallel to the burning surface'

affects, usually but not always in a way to enhance, the mixing and feedback

processes in the gas-phase 'region of the: combustion process.
Finally, pressure, in an eect known as pressure couping, can in-

f1uence the rate of combustion by compressing the gas-phase zone, thus

32o



providing both com~pression heating and steepened concentration and te mpe ra .

Lu re gradients.. The ratqs of the feedba ck s ub-processe s are thereby, altered.

So also are prvses ure-,dependent, ehergy-limited surface. reactigns such as the

' - _

dissociative vaporization of ammonium perchlorate. Here we must be careful

to distinguish between the normal effect of steady pressures which is a primary

variable in determining the steady-state combustion rate, and transient pres-

sure, which is the symptom of instability.

To answer the second question concerning the conditions needed for the

response to result in instability, we find it convenient to think in terms of a

periodic- timulus, its characteristic time being the reciprocal of its angu-

l lar frequency. If the characteristic time of a transient stimulus is very

] large compared with. the greatest characteristic time of the combustion 3ab-

processes that can reskond, then the combustion process remains essentially

in a steady state dictated by the instantaneous conditions of constraint.

Put 4nother way, the response is in phase with the stimulus--a nonamplifying

* situation. As the combustion zonqs is the sole source of energy, the unampli--

fied transient will be damped out by the available dissipative processes in

the rocket system. If, on the other hand; the characteristic time of the
stimulus-.is very short compared with the characteristic times of responsive

sub-processes' :then the responsi will be 180 degrees out of phase--also a

nonamplifying, situation. If the stimulus and the response characteristic

times are of the" same order"OL magnitude, then we have the possibility of

amplificat on or attenuation.

If is of interest, then, to estimate the characteristic times of the

combustion'process. As an upper limit, we can take the time of residence

o propellant materialIn -the combustion wave; and that time is from 0. 5 to

50 msec..roamoium-perchiorate composite propellants, typically from 1 to

10 msec. The largest of the characteristic times is usually that of theth alWas he Slid.

prehea g.th. l wave ia the solid. Given by the ratio of thermal diffus-
iVity to the' square of'the •stsad-state brning rate, its value is typically

W i . ,. . ... . ,...-- r:r of :: b';

.rom lI ,.to 8 msc. We ,suspect that.thec.omibustion may be an effective. ampli-

fier signals ir thefrequency range of 000 to1,000 rad/sec.

Our ignorance of the nature of the surface and gas-phase events makes

A...
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cmating other characteristic times difficult. The mass -and energy transport

times in the gae phase would be the residence tlnze if plug flow conditions were

obtained. We would estim;.. a. time oft he order of 10 to 100 microseconds

and expect-- -sensitive response to stimuli in the frequencY:range of 10, 000 to

100, 000 rad/sec.

It is generally agreed that reaction times are very short indeed, one

estimate being 0. 1 microsecond. If oscillations at frequencies of the order
7of 10 rad/sec are amplified to significant amplitudes, they have not been

observed and: reported. Thz reactions are probably distributed in a chaotic

gas-phase region, and their effect is probably to accentuate the sensitivity

of the mixing and transport sub-processes.

Having identified two frequency regimes in which we would expect the

combustion process to be a sensitive amplifier, we inquire about the source

and selection of the disturbances to be amplified. Pressure pulses of com-

plex form, therefore containing components of many frequencies, are not un-

common. More reliable as a source is the combustion process itself, which

generates noise with a wide spectrum of frequencies.

The selection of frequencies to be amplified is made by the non-com-

bustion processes in a negative way. As these processes are attenuating in

nature, they :avor some frequencies simply by being less capable of absorb-

ing energy at those frequencies. If the loss, due to attenuating processes is

less than the gain due to combustion, -then oscillations will grow.

, The ideas that have been expressed .so far will be applied to two kinds

of instability- -acoustic instability and L* instability.

.ACOU8TIC INSTABILITY

Acoustic: instabilitf acquired- its name from the fact that the observed

oscillations are acoustic waves at frequencies determined by" the properties

of the gas and..the geometry of the gas cavity. The frequency range en-

countered in practice is about 5,000 to. 100, 000 rad/r ec, where one expects
the sensitive sub-process of combustion to be the feedback of energy..and

mass.

The gas cavity is sharply selective with respect to the frequencies
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observed. Many shapes of gas cavity have been employed in rockets and test

burners, and all the types of acoustic modes compatible with the geometries

have been reported. The combustion process is not so discriminating; it

behaves as a broad-band amplifier over karge frequency and pressure ranges.

The acoustical description of this kind of insta-ility attributes to

the combustion zone an acoustic admittance which i4 simply related to the

coupling function connecting gas generation rate to pressure. One obtains

one or the other of these quantities from the measured growth rate of the

pressure oscillations adjusted for the losses in the experimental system

employed. One of the interesting predictions of the acoustical description

concern the role of the solid propellant grain in the acoustical system.

It represents a significant sink for the energy of the oscillations at frequen-

cies such that it can vibrate in resonance.

The T-burner, a cylindrical, center-vented burner employing end-burnirg

grains, is the principa. tool for evaluating the tendency of a propellant to

amplify pressure-coupled oscillations. Bec ;use the instability seems to be

more severe in some rocket systems than in T-.burners, it is believed that

velocity coupling also contributes. There is not, at.the present time, a

suitable method for obtaining values of the coupling function from axperi-

me ntal measurements.

L* INSTABILITY

The phenomenon of L* instability occurs when LI, the gas cavity volume

divided by the nozzle throat area, is small. A second condition for its

occurrence is that the normal burning rate of the propellant be a small

value. The frequency 4ange observed with a small class of composite pro-

pellants carefully studied is about 200 to 1,200 rad/si c, where one expects

the sensitive sub-process to be the thermal wave in the solid.

The most severe form of this kind of instability is chuffing- -alternating

ignition and extinguin nent. As the propellant burns back, L* increases;

and the fraction of burning time in 'the chuff ycle increases. Oscillations of

characteristic frequency appear on the crests of the chuffs and grow in



amplitude until burning ceases again. As L* increases still more, stable

conditions appear. Even then, oscillations, which damp out, can be triggered

by a disturbance; and the frequency can be measured.

At the present time, the frequency of the oscillations cannot be predicted.

Attempts to construct a descriptive theory, at present in a primitive state,

suggest that the gas residence time determines the frequency.

SUPPRESSION OF INSTABILITY

Effectivc suppression of acoustic instability ii the frequency range

where it has been commonly encountered has been achieved by including alu-

minum in the propellant. The -most popular view of the manner in which it

acts is that the. fine alumina produced dissipates the acoustic energy in the

gas cavity. The particle size of the alumina is determined by the combustion

characteristics of the metal, and the damping effectiveness is. dependent on

particle size. At the much lower acoustic frequencies on, would expect in

very large solid-propellant kockets, the fine particle damping mechanism may

not be effective.

On the other hand, if at least part of the :effectiveness of the aluminum

results from a spoiling of the pressure-burning rate coupling at the combus-

tion zone, it is exerting its influence in the thin combustion zone gas phase.

At lower frequencies, however, the sensitive sub-process is in the solid

phase; and again we 'conclude that there is no reason to expect aluminum to

be effective. It is clear from experiments with experimental burners oper-

ating at low L* levels that aluminum does not~affect stability except insotar

as it influences the burning rate.

________, ______



ARPA Liquid Programs -A Critical Review
(15 August 1967)

by.

---. Forrest S. Forbes

Forrest Forbes is the Chief of the Liquid Propellant Branch, Propellant
Division, Air Force Rocket Propulsion Laboratory. He received his B.S.
in Chemical Engineering in 1951 from the University of Iowa. He began
his career at Wright Air Development Center, Wright-Patterson AFB, Ohio
in 1951; then transferred to AFRPL in 1959 where he managed the liquid
oxidizer research, development and evaluation programs including the

* effort that resulted in the development of chlorine pentafluoride. Mr.
Forbes has also acted as chairman, advisor, and consultant for many
boerds and comittees working in fields related to rocket propellants.

The ARPA liquid propellant program covered a very broad spectr,-

of propellant technology with the emphasis concentrated in four major

areas: homogeneous oxidizers, heterogeneous fuels, heterogeneous

monopropellants, and combustion of metallized fuels.

Many propellants and ingredients were screened for performance,

compatibiity-and physical properties. The promising propellant

combinations .were formulated; of prime interest were N2 F4 , C1F5 ,

TN and Compound"T" Attets to reduce the vaporand Co o d2)4 •

pressure of N2F4 were not successful. The most attractive mixture,

N2F4/ClF5 , from the -standpoints of'both performance and physical

properties, was reactive.

Mixtures containing sufficient amounts of Compounds "T", R'",

. or other NF materials having acceptable perforance or vapor pressure,

were too sensitive for practical use. N2 04 can be upgraded by about

10 seconds' with 307 "T"; the resulting mixture appears to meet

acceptable safety standards, but the availability and difficulty

3.1 . . .*. . ...i; " ;
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of handling "T" will limit further development. A low-temperature

N204 /NO gel was formulated that has acceptable properties 'and

*stability. It was successfully flowed at -30*F. legperformance

with hydrazine is 290 seconds.

Heterogeneous fuels containing aluminm, beryllium, AlE 3 2 and

Benl uere successfully formulated. The M~H-A and EDH-B compositions2I
have good low-temperature utility and rea~o.zable high-temperatusre

stability. These'two fuels, and a Be/H2114 ge-, are..now ready for

larger scale development studies.. ReR--based fuels exhibited high:

reactivity.'with MM although 2ome improvemint was made. Recent

Aerojet material -appears, howevler, to ~'.ourgaeautinrur-

ment. Replacing some of th. vydlide with beryllium meitil mrt

additional study because of the higher weight loadings attainable.

The use of agents tothicken, rather than to gel, may' reduce. or'elim-,

inate bulk expansion due to gas evaluation. Satisfactory fuels-can'

be formulated using hydroc'arbon-carriers.

* Several ~high-density heterogeneous .moopropellimtsbaeon

boron carblde appear to be very attractive candidA.,v-es for vrolume- -

limited applications. High -rg moorplat asedi on 'e2 liO

ndohrcmponents were asstifactorily fomltd -Some water

Ben-f ormulation.' From the combustion results nhe smaltsH

equipment It appears that.-the, burning -of .metallied1 fut, ihhih .J' .

, ~330 .. H



efficiency is possible. Since C* measurements require precise hard-

were dimensions, future tests should be conducted at higher thrust

level.-- -.-Both Al and AIl 3 propellant combinations appest~yery

4ttractive, although throat erosion may be a problem.

As expected, the combustion of H2F4PI and N 2F 4/ClF 5 mixtures

...with* hydrazine vent smoothly and resulted in high efficiency. The

data reported for-the BeE2 systems indicated high C* efficiency,

vhile 'for.Be gels, a lower efficiency. Sufficient variations. in

ieial-cwbustion efficiency under different conditions have-been

oere oiiCate that sutbstantial combstion improvement should

be Attigle-. Comabution studies of Be 'gels are being continted.

by Aerojet;-Ge6eral- Corp. under an AFRPL contract.

Th AP lquid propellant program will serve as a: guide for
uure. Prope~~ efors anpoellant mixtures were forimulated

a-d fom-uutbl.Saifcoyfr lations have been identified

".-andsol receiij further. ionsideration.'

VAI
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SHOCKS AND THEIR EFFECTS ON PROPELLANTS

Leslie B. Seely, Jr.-

Poulter Laboratory for High Pressure Research
Stanford Research Institute
Menlo Park, California

The subject of ghock waves is quite simple. An adequate discussion

of the subject can be carried on with recourse to no more than'the most

basic mechanical laws, and the major features of shocks can be analyzed

with mathematics no more complicated than algebra. There is considerable

merit in treating shocks in this simple way in order to set forth their

important properties as clearly as possible; the assumptions made will

'-'readily perceived. It is also possible to arrive at-the same result

(and gain, it is true, the- capability of considering ve6ry complicated

cases) by using involved mathematical methods and developing shock theory

from the differ-ential equations of compressible 'flow.- iz this case we

are apt to overlook the'true difficulties because'they are hidden *in the

basic assumptions -of dif ferential calculuis;, we assume that it is legiti-

mate to integrate equations Pdea'ling with.,infinitessimals to arrive at

equations governing finite differencds occurring at what I s f rom aW'

practical point of view adscontinuity in the variables.. -,.

Let 'us start f rom. an intuitive point'oi- view. 'e mut fi!stsitte

what we are cnieng A shock isa' &compressive wave of -xfini'cetuptue

The words compressvwaeo fi iampitude" ale0,o1LiF ra

*deal aiwout thed propeties,,of the 'sho~k 'or',ifstinde,,omv~ uioaamn

thatJ6,"volume, 'of th~e. mateirl in 4ich"tewv sta~igbcn

smaller. Thi's implies tel existence, :Vaprtitcemtoad~p bc.
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is bas.c to shocks but usually difficult to grasp by those -considerinfi

the subject for the first time.

A computer-generated movie was shown during the talk to illustrate

what must happen when a material is rapidly compressed by". inite amount.

The picture showed a 50 x 50 array of evenly spaced dots representing in

two dimensions the mass points in the material. it was then imagined

that a pirton compressed the field of dots from left side, moving the

-first row of dots to one half their, original distance from the second

row. In the second frame. the motion was continued and the distance

between the second and third rows decreased by one half. The piston

had-by'this time moved a distance equal to the original spacing between

two dots, whereas the effect of the compression, evidenced by the change

in spacin, had moved two dots. When the film was continued at normal

fraling speed,. the changed average light intensity in the compressed

region-i ndicated the increased density. .The front of this region

progressed ac oss the screen at a constant velocity in a plausible

representation. of a compressive wave of. finite amplitude.

At-the right side of the field of dots the wave was considered

to. encounter an absolutely.rigid wall. •This prevented motion .of the

l.ast, column of dots. It was noted .that the Piston had moved half way

across the field (compression .of two) at .this .,time, and that therefore

the particle velocity. (equal to the piston velocity) was one half the

shock velocity.

r' • :" : The.,representation shown in the movie was then changed, .to ire a

*. more compact representation of the phenom o by abandoning one spatial

dimension'..'. A singles row of dots.'can'be ised tto. represent the compressionj
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in full completeness although it cannot give as realistic an imprecsior.

*of-.Uhe-progress of the wave. A raw cf dots was taken VFm each frame

of the movie and placed one above another in order. (The number of dots

in each row was cut in half because the author was not as tireless as

the computer.) In this way the (x,t) plot shown in Fig. 1 was constructed.

The piston velocity can be seen as the slope of the left-hand edge of the

dots. The velocity of each dot is the same as the piston since we u.'-4

the piston velocipry constant. The front of the shock Is seen as the

front of the compressed region. It iA clear intuitively from this

picture that the compression is related to the distance between the

shock front and the-piston; that is, the difference between the shock.,

velocity and the particle velocity. The relationship Is:

U -U

0* UM
s

where V =the compressed volume ... 4...

U5  the shock velocity .

S'.

u =the particle velocity.

The subscript zero eest conditions ahead-of th hok

The shock sy stem treated here. is.bviiously auul'n~apiwF

flat-topped shock with constant velocity) i.: However,' it is-,th6 type. 6f:

system we need in experiments to. measure' the; compressive sokpoete

of materials.

In order to simplify our consideratios wepace::rtfreieae

on the .shock front and consider* the- naterl tAo be fo n oi h

shock with 1eoiy Uas it -1id C, ad~ tad,*.cY~~Sa



tunnel. The laws o~f conservation of mass and momertum are then applied

2
simply to I cm of a very Large plane shock. The volume of material

enterig this area in I see is U ,and the mass In obtained by multiply-.

Ing by the density p L Equating the mass flowing Into the shock

region to that flowing out of the shock region gives

which.1B identical with Eq. 1. Similarly,. Newton's second law can be

applied to the iiaterial flowing througfi the shock.

FTorce =mass *acceleration

mass *change In velocityj

Thef force is Ihe6 difference in pressure P. -Therefore,

P 0  p0  8~ -(U a uJ

or Pp (2)

sice P ':is auall'.relative to P.

Thsreainsibased on the two most fundamental laws of mechanics,

15 aspwerkful ais it is simple It holdsr eardless of-the energyprcse

tha ybeocuring in the ..shock

:Equation.; is- particularly useful for dealing'with'what happens, at

-interfaces between materials. noretoperfr shc xperiments we

ms nroduce shocks into' tetseies from other materials.- At. such,

or itrace aib' shck Is :r fle.cted eithe as:.a shock or. a r?afaction

deiendng. on the "shock wopegb~it ftese ie mterial . relative

to t he ecipressibiitoftem eia in which the' ahc was. originally

travei. -tican ndha been 0t da s a~d .xeietal ht'fr
.. , .
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4-ype of shocks we have been considering no separation is produced at the

boundary; that is, after shock reflection the particle velocity is the

same on both Pdes of the boundary. It also has been observed that the

interface assumes a velocity when struck by the shock and that this

velocity remains constant as long as the original shock can be considered

flat topped. Slightly more cf'mplicsteid considerations involving ther

conservatio-. -,s than those used to develop Eq. 2.car. demonstrate thAt

this must be so. For present purposes'we will assume that It to an

experimental fact that .

and P1 = 2

where the numerical subscripts Are used to discrimiat between the two,"

* aterials forming the interface..--

Because of this important behavi or of Interfaces, th -usefulness

of-Eq. 2--is'greatily.,enhanced. For the' same reaso In, interface rbl'emff

should be plotted in the,(P~u )plane. Written in thefoa <

use -to deerin

the equation can be6sdt eemn th shock presisureland partcl

velocity. in* the test specimen . .The ptocedtre is Idcated in irg: 2 LITe. upper,.positively 'sloped curve- 4i -*he lcus of ll pemibC shcke

states, in the material of the shock generating.systemin thsase. brass)-.

Ti has .previously. ben obtine n saalbe nt trtr

The pointt B i the' tate Oint ofn the shock In the bwrd-ii bebr* h

intr3ce with the test -specimen 'is ,enccwtered'. I't ma bedtrie
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in each experiment by one shock measurement on the brass. The negatively

sloped line through S is the locus of all state points that can be

reaoed by expanskon in the brass starting at point S. Now if we

measure the shock velocity U induced in the test specimen by the

shock In the brass, we see from Eq. 2a that a line' can be drawn with

alope P4 U through the origin which will contain all values of P

mu'ad u attainable in the test specimen as the result of a shock with

velocity U .The Intersection of this straight-line with the expansion

curve of the brass is tha~ only point at which the relations (3) hold,

A udhref ore. the point .1 is the desired state point in the test.

Thus,. one. shock experiment producing a particular shock velocity

Ithsample enables us to plot, one point in the (P, u )plane.

Byprorxing 'te experimentswt hk'9zrin systems designed

-to proc shocks of various s trength we :can generate other state pointsI

trjh ecimen material. 'They will bi cc a positively-sloped curve

th~~htheahinwith curvature. concave upward similar in shape to

the- damc caupession for brass shown In' Fig. 2.such a curve is

cal~ helugnot'rv or the'substance in question., -I t can be

. transposed to: the (P,V) -.plane -by use.,*f Eq.,2 which is the moare usual

Oltne in -whichi to..Oplot it.; V6'.haef'so: f ar, ot 'inivoked~use of conserva-
ofenergy, bu oy itsugm~o a

'~~. tion use additioa popertieso h uo~o a

bedvelope. In 'Particular, an expression :for. the internal energy of

th shocke ma,.torial can be-;;obtained. ~

*.There -.are ,,at least :three experimental- designs for performance of

shoo6k aijiriments -to: yiel-hk v'elocities

-----a- "7



1. High explosive shock generating systems with the pressure

-- 'adjusted to the desired value by the "mismatch-attejhator" system.

These shocks are not precisely flat topped, but accurate experi-

ments can be performed, particularly at high pressures. ...

2. High explosive shock generating systems employing a '"flyer

plate." This system is capable of generating flat topped shocks

for periods up to 5 gsec.

3. Light gas gun systems in which the flyer plate is the flat

end of a projectile. This system.is particularly accurate In

the low pressure regime.

In addition, shock measurements may-be made of parametersother than

the shock velocity. The particle velocity may be measured and used with

the Hugoniot of the adjoining material in the shock-generating system to

derive the pressure or used with a simult&neously measured shock velocity

to derive the pressure independently. Alternatively,,quartz or manganin

gages may be used to record the transit time through t1e specimen and in

addition record the time structure of the pressure pulse if the wave in..

fact is not a simple discontinuity (as we have so far assumed).

In summary, the theory of shocks Is simply derived from the most

basic physical laws. True, we have' nduced -the eimpllcity by our assumpf-t.

tions, but this induced simplicity ,is appropriate to the problem of.

measuring the'dynamic compressive properties (Hugoniot curves) of

materials. In brder to measure the .Hugoniot curves of..nev materials,

we must in fact use plane fronted,. flat-topped shocks.', The.:objection.-"

might be raised that in practical camse"of Interest, we are nroted .. ,

with thin irregular fronted shocks with lai steep preasur. gridien t "be)h .d
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the front. This is true, but nevertleless the measurements should be

carried out with the simple shocks to which our analysis applies. There are

two reasons for this. First, the sinple dyfnamic compressive properties

of materials must be determined before we can calculate how fast any shape

of shock wave will move in them or how shock reflections will occur at the

interfaces between them. Second, it is much more difficult to mal:e measure-

ments on a thin shock than on a flat-topped shock because the thin shock

changes .continually in velocity; no steady, state is possible. It must,

of course, be admitted that eventually we must deal with the thin shocks

that are of interest in many practical situations. At that time we must

obtain enough information about the expanded states of the materials to

nredlct sound velocity at all points in the flow, and when we consider

free surfaces of the materials we must study their dynamic tensile

properties to predict spalling and similar effects. But of primary

and prerequisite importance i; the measurement of dynamic compressive

properties. The detailed shape of the Hugoniot curves can indicate much

about shock-induced changes in the materials.

. .-. 4
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Figure 1. Plot of Mass Points in the (x, t) Plane. A shock is shown
* .moving through a compressible material and reflecting from an in-.

compressible wall.
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