UNCLASSIFIED

AD NUMBER

AD830971

NEW LIMITATION CHANGE

TO
Approved for public release, distribution
unlimited

FROM
Distribution authorized to U.S. Gov't.
agencies and their contractors;
Administrative/Operational Use; FEB 1968.
Other requests shall be referred to Air
Force Rocket Propulsion Laboratory,
Edwards AFB, CA 93524.

AUTHORITY

AFRPL, per ltr dtd 27 Oct 1971

THIS PAGE IS UNCLASSIFIED




AFRPL- TR 68 42

Bel
e
:'m
W ns)
0D
a

.
-

m wm ROCKET ?Ramsmﬁ LABORATORY
SCHNTIFIC AND ENGINEERING
ssmm ABSTRACTS-1967

Edlted By

Co

LAWRENCEJ EDWARDS

~ CHARLES M. STONE, LT, USAF

'FINAL REPORT
ncnmcm REPORT AFRPL-TR-63- 42
Februnry 1968 |

THIS DOCUMENT 1S SUBJECT TO SPECIAL EXPORT CONTROLS AND EACH
TRANSMITTAL TO FOREIGN GOVERNMENTS OR FOREIGN NATIONALS MAY»,
BE MADE ONLY WITH PRIOR APPROVAL OF AFRPL (RPPR STINFO)
EDWARDS , CALIFORNIA 93523

AR FORCE ROCKET PROPULSION LABURAmav? C tmee e
AIR FORCE SYSTEMS comManp  ~ MAPI &ad o
UNITED STATES AIR FORCE . ©-. R
~ EDWARDS, CALIFORNIA o

- BESTAVAILABLE CoPY.

= &OOSO”TJJOSD 340 |




AFRPL-TR-68-42

&
i

'Y

~ AIR FORCE ROCKET PROPULSION LABORATORY :
SCIENTIFIC AND ENGINEERING SEMINAR ABSTRACTS - 1967

Edite Bv

LAWRENCE J. EDWARDS
and

CHARLES M. STONE, Lt, USAF.

~ This document is SubJect to spech export controls and each transmzttal
to foreign governments or foreigh nationals may be made only with prior
approval of AFRPL (RPPR-S'I’INFO), Edwards, Ca.hforma 93523.




R ATIOIEE N ST ~ L ERR T S R A RINDE I S Y )

o e o ias e e e dn e S % e

4 ) ) - N -

NOTICES

Wlun U. S Govexnment drawmgs, spemﬁcat:ons, or other data are
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FOREWORD

This report is a compilation of abstracts énd papers

presentcd at scientific and engmeermg seminars conducted

by the Air Force Rocket Propulsxon Laboratory,, Edwards,
Cahforma, from 19 J’anuary 1967 through 23 August 1967.

“ This report ha.é been reviewed and épprovéd.

Colonel, USAF : o
Commander, Air Force Rocket Propulsmn Laboratory
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- ABSTRACT

Opportunities for'persohal growth through intellectual étimula:ion'

”aﬂd the acqﬁisition Qf'neﬁ knowledge should be available to scientists,
.éngineeréjénd manégeré regardless of their fielﬁ of'exferienc:_or geo-
: graphical location. Such opportunities ggé regdily available when
colléges and universities are locgted in the immediaté viéinity.
H§Hevéf, at tﬁe Air Force Rocket Propulsion'Laboratory (AERPL) the
" pearest university 1évgp§roximat¢;y two héursvdistanf‘by agtomcbile.
Accordingly, in Septembér 1564 a'sehiha: progran was initiated as a

_ lecture series for the scientists and engiﬂeers,« In the first three
.' -yedr8; ovér'lco ieminats vefé cohdﬁcted oﬁ a wide range of 8ubjec£s

?dealing with both technical and managementnhspgcts of research and

;idevelépment. The emphasis in this progrém has been on subjects re;‘

‘lating to the‘éisﬁion and the_céreer,developueﬁt requitéments of the

Laboratory personnel.

© . In fhe first three years of operation, many of fhe“§¢min§r spegkerQ
have Seen'pfovidgd»by<UCLA'ou.¢ontrq;ts from AFRPL and havé‘inﬁluéed
autﬁotities from vétious.goverﬁment'égénciéé, universities;and 1pdustry;
- In‘addiﬁidh, Labotatpry‘égtacnnél served as‘Spggkérs'fbr'thé,p£og¥§m onl
" subjects ranging ffom techniéal discussions on‘in-hﬁusg experimental

stndies to-réviews of management and planning gctiVitigs.-
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RECENT ADVANCES IN SOLID PROPELLANT DEVELOPMENT
(10 January 1967)

6);

e . _ by
: - Grant Thompson

Mr. Thompson receivéd i'tis B.A. Degrée ih Chemistry in 1950 and Ph.D. in Organic
. Chemistry in 1953 from . aiversity of Utah. Formerly with DuPont Company
doing research in the field of organic and polymer chemistry, he is now Manager
of Propeliant Development at Wasatch Division of Thiokol Chemical Cor_poration.
INTRODUCTION
- A .so]id prof)’ellant .focket inotor is well ‘known for simplicity of désign and
operation. This repufa ‘ ;gn has been adeguately demohstrated over the years with
thousands of motox 'fi-ripgs,‘ Recenfly, the reqnixemeﬁts dictated by missions ‘t‘t.;at “
"solid inotors; are being called Sn to ;perfo:j:-m .hav‘e_. become :‘ﬁtoie complex and the
désighs are therefor‘e.less simple. As azresult the}fopei]ant properties that are
. | | o now beiz%g specified are -\;eryv-_sophisticatea and fi:’herefore much méfe JdifFicult to |
meet. | | | | |
It is x;lece‘ssary fo}: some mssxons that the sohd motor have on-»off capab:.hw
and the propallant must have propert:es that wi]l allow it to extmgms'h and reignite .
read:ly. Other apphcat:ons spemfy thxotthng thus requm?xg yropellant to possess
a lugh burmng xate- pressure slope. Some missions ma.ke it »manaatory that the
- exhaust plume havo St radar attenuat;on or 1ow radar cross seci:mn‘ thus electron |
- densities, aftev.cbm-nmg and etc.must’be xcontrolled. Motors :Eor vo‘lume hmxted
| apphcatmns mMa y use ena burnmg gnam ﬂes:g:ns reqtnnng very ing‘h burnmg xates ana
v

" yet mamtzmmg stxuctml m'begnn aver mﬂe temperature etctremes. ‘I‘he msnal

excellent propetﬁes \of fhe 50113 propeﬂants :mnst ‘be mammmea w}ule obta;mng '
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these special properties.

' Bmders

| trzethyleneglycol dmxtrate (TEGDN) or tnmeth-yolethane tnmtrate (TMETN)

/7

Compo ite and double base are the two common types of solfd propellants,

oth having their advantages and ‘disad.va'ntages, Composite propeliants are safer

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

axe cheaper, and are easier to case bond, ' Double base prcpellants, on the other

. hand, 'deliver a few seéohds more of specific ifnpulse in aluminized propellants,

and are more effectwe w:th the hytL1de fuels p*m\anly becmssa perfcrmance
optxmzzes at h1gher bmder levels | |

There are many cons:deratzo’\s that are taken mto account when selectmg

a new pxopellant mgrefhent or when decxd.mg whether a new propellant can be useful,

: A'These mclude propexues Lhat affect performance, uch as heat of formation or I sp’

density, and burn‘mg'rate. Compatzbmty of a x(ew mg‘eed:,ent with the other ingredi-
ents m the prope]]ant or the compatibmty of a new propellant wzth liner and

msulatmn must be stud.ted. The procesaabzhty of the propel]ant has a large mfluence

on the propellant selectmn, as well as mechamcal propertxes, agmg and sa£ety char- |

actenstu:s. Cost and agnla’bxhty of mgrechents must not be neglected

T

The bmder system for a sohd propellant has several nnportant functions, It

S
b'»

provnles a contmuou.. matr:x for the sohd oxthz°r and fuel thh suffxcxent strength

| to mamtam structural mtegnty durmg handhng, storage and operatxon. It also sex-ves _

The double base bmder consmts p::manly of ,mtrocellulose and an enexgetzc

':.mtrato plastzcxzer such as mtroglycerme (NG), dxethyleneglycol d:mtrate (DEGD\I),

(n

2



Stabilizers such as nitrodephenyl amine are used to inhibit the decomposition of the
mtrato compounds. The nitrocellulose which is a h.gh polym;r is swollen by the
plasticizer to yield a viscoelastic gel which is somewhat thermoplastic since it is
not crosslinked. Recent work has improved the mechanic;al properties by cross-

lmk.ng the nitrocellulose witk isocyanates through the free hydroxyl groups,

The most commonly used binders.( 2)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 extendéé and crosslinked, chemically, with curing
agents to give a network which is at least partially three“dime-‘nsionél.: Random
carboxylated hydrocarbon polymers which are cured with époxideé at';;i aziridines do
not give the vltimate in mechanical properties because of their &ng&g chain ends,
Carboxyl-terminated hydrocarbon polymers gwe better mechamcal propertzes ard
much higher gel fractions than the random carboxylated polymers when trifunction
epoxides and aziridines are used because the dangling chain ends aré‘:;lim'inated.
Hydroxyl terminated hydxocarbons.which have' lower viscogities a{:' t:ﬁe same molecular
weight than the carboxyl analog are cured thh wocyanates to nge u;ethane linkages,
Polyurethan° propellaats are prepared by two methods' (1) a hydroxyl-termmated
polyether is reacted with an isocyanate or (2) an 1socyanate termmated polyether :

or polyester is reacted with diols and/or triols,

A hydrogenated polybutad:ene binder yleldq the hxghest theoretxcal T
sp

performance with ammonium perch lorate and ‘aluminum while the polybutad;ene type

(3)
is a close second, Polyurethanes yield slightly lower I p, ‘values and the opt:xmum

values shift to lower total solids, N1tratop1ast1cxzed polyurethane or polyesters




- and double base propéllants optimize for Isp at much higher binder levels but

‘th\, poak values are not as h1gu as with the hydrocarbon system, Since the

mtratoplastzmzed propellants optimize for I sp at h1gber binder ievels, this
allows thei'n to accept high concentrations of light metal hydrides and still
be processable, |
- Oxddizer |
‘Perchlloratesj ere used al.mo'st exelusi_veiy ae solid osdaizers and, of the
“p'erchloratee_, ammonium perchlorate is used for almest all propellants, ‘Because
' afnm‘oniuni perchlorate ‘i's nen-hygroscopic safe to handle, available in large
' qwntxtms and cheap, 1t has been dxffxcult to. find a higher energy ox1dzzed o
'replace 1t even m a few of t:he apphcatmns. |
| Recent emphaszs has been placed on mtromum perchlorate (NP), hydroxvl—
" . ..__ammomum perchlorate (HAP), and hydrazmmm d:p::rchlorate (HP2) since these |
B mtenals have feyo:able_heats of vao'rmatmzn and ;easoneble thermal stabxhty.
| - All thfee are'hygreECe;éie, but NP deceinéeses m the -éteseﬁce of tnois‘tiire'whieh'
makes it more dxfhcult to work wl‘-n. Compatibxhty of the oxxdxzers with bmders
f'_".has been a problem but sohd progress has been made HAP and HF2 can be used
. A,mth either ﬁxnctxonally term.mated polybutadxene omders or with functxonally
termmated saturated hydrocarbon binders, NP requn:es a saturated hydrocarbon
B :" 1 'b:mder and even then great pams must be taken to remove trace mpunt;es from
- the bmder. |
g e v (1) - _
Theoretzcal calculatxons show that NP y:elds sxgmﬁcantly hlg“et I %

‘7 15 sec) than NH CIO for an alummxzed system, thh beryllmm the mc:rease
o 4 4

4




- stable than alurmnum hydnde, but it is also expenswe and lugh spemfxc nnpnb:v

is only about 6 sec, with aluminum hydride the increase is 24 - .- and with Bei!z,
10 sec, From the reported heats of formation for HP2 and Kau, it is predicted

that theoretical performance will be between ammonium pergﬁlorate and NP,

A fuel as used in solid pzjbpéllants is a reducing ageht that improves
perforrance by increasing the enthalpy bf system or by decreésing the molecular -
we’ight‘-qf ti;e gaseous pr§du¢ts or both, The fuels are usually metals or metal
" hydrides with thé ixﬁportant-ones being aluminum, beryllium, aluminum hydride and
béryllium hydride. Of these; aluminum is the only one used in an 6perati‘ona1 solid
rocket motor, | o 3 . ;
Since alummum is cheap, ‘readﬂy availabie, mert and yields non-toxic exhausf
+ hicher

an omnm L . | e -
lugll“ yu;u&&su.us LCE Ted ARECTILL Dy

products, there has been reluctance tc accep

appears that it is more desu:able to increase the sme of the motor rather than

' usmg a h1gher mergy:fuel. Berylhum can be used in place of alummum in e1ther E
compos:te or double base propel]ants rather easzly but cost and toxzc:ty of exhaust
products have apparently prevented 1ts use in an opetatmnal motor, Alummum .

| hydnde does not have );he tox1c1ty problem of berylhum but it is expensrve and the | | i

thermal stab:.hty of the mater:al is borderhne. Bery]hum hydnde is more thermallx

’1:E1c1enc1<>s have been elusxve. Good speczfxc 1mpulse efﬁcxenmes have been achxeved

recem‘:ly in double base propellants. Beryllmm hydnde, pf ccurse, suffers from the '

- same tox:cxty problems as barylhum.
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F_Lh'\ :ques of Propellant Characterization

There are numerous techniques of characterizing solid propellant which
have been developed over the years. This discussion will be limited to the more

recent promising technigues, ' &

Extinguishment

Propellant extinguishment has recently become an important characteristic
which must be evaluated according to the extinguishment method being used. To

evaluate the pressure deflagration Lmit {P ap o= pronellant a 5/8 in, diameter

strand is burnad in a large bomb of essentxally infinite L* (4) The pressure is
reduced slowly (5 psia/sec) while re'cording p&:essure and. luminosity time traces.
P a is the pressure at which the luminosity drops to zefo. The validity of this
test has been verified by many motoxr fi.fi;ngs.

~Tet;hniques have also been devised tp"’lstudy propei]ant extiﬁguishment using

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

second nses a variable volume device that can change L* as the propellant burns,

Plume Proyert:es

The radar attenuation and reﬂectmn charactenstxcs of sohd propellant
exhaus.t plumes are very important consxderatxons for guxdance and trackmg of

m1ssxles using solid propellant motors., These properhes are mﬂuenced by

propel]ant flame temperature, afterburmng, alkali metal mpur1t1es and chemx-

jonization, Technigues of méasuring and improving these charactérzétics have

been developed,

L —— o d———




Processability

The ability to cast propellants into motors is becoming more and more
-eomplex as propellant total solids increasé and grain ﬁésxgns bec&mé more unorthodox.
It is seldom that a simple viscosiéy from ‘a' Brookfiela insttumerjf: wﬂl predict pro-
pellant processability, To completely prédict the pro;}ellant flow cﬁarz c‘ceristicsA
it is necessary to measure fhe rate of shear as a Euncf.;ion of both éhear stress and
temperature. In addition, a knowledge of the process life (pot ﬁée) i;s essential,
so that perfect motors can be obtained from the castmg. The Swers Extrusion
Rheometer and the Brookfield Viscometer can be utﬂzzed to obtam lﬁhe desired

informztion,

Mechanical Properties

With the trend toward higher propellant loadmg den51t1es :m motors and the

use of plastic cases, the need for reliable gram structural analysxs is even more

important than it has been., The specxﬁc mat:er.a; propertxes whxch are requn:ed

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

strain to define large deformatxon and failure propertnes, (2) equﬂibzxum modulus

relaxat:mn modulus, Poisson's ratxo, and multiaxial propertzes t defme the visco-

elastic functions; (3) coefficient of thermal expansxon, speczfxc heat glass transztxon

temperature, and thermal conducthty to denne thermal propert;es" (4) creep modulus

to define slump properties: and (5) dynanuc modulus and fat:gue to‘defme cychc and
dynamic properties, Only the more recent methods of-measunnggp:opertxes such as

these will be discussed,

- Uniaxial properties are de“-ermmed by defommg the specunen at constant

rate of deformation at various tempetatures and strain rates and measunng the

7.




} E load through the specimen, 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 versas time. A Smith type

R

failure envelope can be defined which shows umax:al propertms of propellant
mdependent of temperature and time, The effect of motor operatmg pressure

can be determined by testing under pressuxe 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. *

- ety RaanT T3 T AN

The molor grain experiences biaxial and triaxial forces and since the

multizxial field product on a uniaxial specimen by pressiurization 1s n_bt the only

e v ——

fnultiaxial field experienced in the motor, some multiaxial testing must be per-
formed at ambient pressure. |

The biaxial rail test has been shdwn to have a true biaxial ﬁeld at the
center of the speczmen and it is commonly uvsed %o obtam correlatxon between
| biaxial and uniaxial datz, Pressure can be-’n;\posed durmg the test;‘to more
z nearly smu.late muicy opera zion. A more recent method uses a hollow sphere
i specimen and deforms it in either a baxzal or triaxial ﬁeld Tlus method has
| advantages over the biaxial rail.t:est

Poisson's ratic which is the ratio of lateral contl:rat:twn toﬁ the axial
elongatzon is known to decrease with increasing strain, It can be aétehnmeci( K

by elongating a cylindrical bonded tab~ end specimen and determmmg the change

-in c:-oss-sectxonal area thh an Cpscan or optxcal rrucrometer. Tlus mstrument
pto;e::ts a beam of light across the speczmen and the change in volune 1s s detected

by change in the shadow cast on photoelectrzc cells,
S 8
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Cyclic loads below the failure strain causz a decrease m the vropellant

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

__effect of these repeated loads upon the motor graiméapability;tﬁ_vtherefore, fatigue

testing is performed, The tests are made at a const&nt cyclict ;train and the
strain vs, humber of cycles to failure plotted to show propellant capability,

A recent promising technique for the pred.tc’cxon of agmg life of propellant
as determmed by mechanical properties is based on a superposxtwn method, This
method utilizes uniaxial data obtained after aging at several tempm:atures for
various periods of time, The Property time data are superposea to nge master

curves of uniaxial propertzes versus log storage time, Propett;es after long term

storage at lower temperatures have been successfully predicted using this method,

Hazard Tests

Illustrative Example

Because of the increase in higher énetgy materials in the prbpellant industry,

several tests are performed to ascertain the potent:al hazard of the propellant or

(6)

its ingredients, Two relatively new techx-..ques are worthy of dxscusszon' one to

determine frzctxon sensitivity and the other to determme det : bility. The frzctmn
sensitivity test is conducted by pul]mg one stnp of an assemb ?'corlsxstmg of two
thin metal strips with the sample sandw;ched betwcen the strx _hé_usé of a

seismometer with the standard card gap detonatxon test l\as zmproved results.

The development of a solid propellant that can be readxly_uextmguzshed by

pressure deflagration limit (P 1) techmque is a good example of how a propellant
(9)
is developed. A set of requzrements wluch mclnded aPp dl of >15 ps:a were

9
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established as targets for the program. A theory of extinguishiﬁent by the P
mechanis™ ..as proposed and experimental, work was conducted along the lines

that the theory predicted would be most useful -A pﬁopellant was developed with

a? dl of >30 psiz and cnaracter:.zed by numerous tests mclndmg a 150 1b, motor

firing.
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FLUORINE TECHNOLOGY
24 January 1967 -

by
Hans R. Neumark

Dr, Neumark received his Ph.D. in electrochemistry from the Technische Hochschule,
Munich, Germany. ‘He has been with Allied Chemical Corporation since 1938, where he
is presently Director of Government Lihison. He has directed activities in the field -
of fluorine propellants and nuclear energy and initiated the production of uranium
hexafluoride. At the conclusion of World War II, he visited Germany as a civilian
axpert with the chemical warfare services to study fluorine installations employed
in the German war effort. Dr. Neumark's present position includes the corporate
coordination of research and development contracts with DOD and NASA in the field
of rropellants and special materials such as plastics and refractery metals,

Fivorine, the most powerful chem;cal oxxdmer, has been of mterest to the
rocket engineer for almost a decade. In addition to its mpenor specxf;c nnpulse,
major perfcrmance advantages are high dens:ty and hypergoh city wlucb ehmmates
the need for a separate ignitor system. The use of ﬂ"onne asa chem;cal oxidizer
permits maximum paylcad capabilities using existing booster configurations. A
brief history of the element fluorine is presented, and a descriptié_n is given of the
physicai and chemical properties of the element. Fluorine reacts with practically -
all organic and inorganic substances with the exception of metal £luorides or fully
fluorinatad incrpanic or orgaidc compounds such zs sulfur hexaﬂnonde or tetra-
fluorethylene.

The manufactmre of fluorine from initiz1 laboratory stages carned out in
1886 to present large-scale multi-ton commerc:al opetatmns are dxscussed in detail,
The basxc raw material for fluorine is calcmm fluonde or ﬂum'spat which is treated
with sulfuric acid to form hydrofluoric acid. Fluorine gas is then produced by
electrolysis of a solution of anhydrous hydroﬂucnc acid and potassxmn bifluoride
subsequently liguified by reﬁzxgrahm The majox m\puntzes contamed in fluorine

gas are HE and CF w shich are solids at liquid fluorine temperature and havz to be
13




B s

reraoved prier to the liguefaction step in order to avoid plugging of lines and

orifices in rocket engine systems. The only other impurities aye oxygen and

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

Present liquid fluorine specificiations are 99% F minimum,
e

The tasic design of £luorine ‘.:aaké and of tank ?hsu.cks fo;:l the shipment
of 5,600 to 25,000 tons of liguid fluorine is describcd. .}

In spite of the }ugh reactivity of fluorine, man,' 'n.etals axzd materials
are compatible for handling of gaseous and ligquid fludrine without difficuli:y.
Most common metals can be used as well as fluormated hydrocafaons undey
certain specified operating conditions, . Temperature and flow velocxty are
mncrtant factors that affect the compatibility. T?e flow veioczty has little
effect on the corrosion of metals, however, it is ext:remely mtportarnt in the
case of plastic materials, Research studxes carried . out at elevated temperature
indicate that nickel has tne highest temperature compatibﬂztyi ollowed by monel,

aluminum, stainless steel and steel. The reszstance of all materzals used in fluorine

service depends on the cleaning 2nd passzvatmn of the system.“’Th'xs is one of the

most critical steps in all fluorine oneratione and rannot be o ___ -'___r:-__; 2d, Tao
purpose is to remove the last traces of foreign matte: and to fbrm a passive

fluoride f£ilm on the metal surface, Inbrxef after applying a standara cleamng

method, the passivation pro\.cdure consxsts of slowly- dxsplacmg"the.mtrogen n

the system with gaseous fluorine, If at an possible, nt is reoomnended the

fluorine pressure be raised to the workzng pressure level cf the egmpment.

In addition to cleaning and pasnxvatwn procednres, theve]ﬂmg spemﬁcatmn

for tanks or any equipment in contact with fluorme u of ext:reme xmportance

Welding must be carried out by the tungsten inert gas process, ana no back-up

sirips are permitted. X-ray examination of the weld must shaw no m:acks

I



TP PN 1, ~ . . . “ .
Hadercu™s or lack of fusion, Maximum porosity of slag inclusion parameters are

:-'.pecifi':-d.

Recommeandaticns are made for materials of construction to be used in

syscem coiaponents, ¥or piping and fittings carbon steel can‘be ur-~d for gaseous

PR
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fluorine service and s..amleqs steel 300 series, a‘ummum or monel for liquid

service, Carbon-ste-l or bronze-body gate e.x;a globe valves are reeomniended for
faseous servire ana packi.:ss valves of the bellows type or. packed valve; with
tetrafluorethylene packing for liquid service. Valve plugs and seats should be
of dissimilar matericls such as stainless steel, moncl, 2luminum or copper. For
gaskets soft 2luminum or copper is recommended in gaseous or liquid fluorine
service. Liuvrid fluorine pumps have been designed and demonstrated by NASA and
many rocket engine manufacturers. ‘ | |

Onc 1ajor concern of personnel unfamiliar with the handlmg of fluorine has
been the safety hézards associated with the use of the oxidizer. Expez_'ienee.has

shown tnat this concern has been unwarranted., Over a hundred million pounds of

‘fluorine have been produced, handled and used during the paet two decaties, and
during the last 0 years of industrial eslperience no single serious mju.ry caused by
fluorine has been repoxrted either by the mdustrxal producers or the Atomxc Energy
Commission, If proper precautione are taker, ﬂuorine prcved to be no’ more diffi-
cult to handle than other reactive or toxic chemicals commonly used. There is no
protective clothing tlat affords complete protection under‘ ell condxtxon but for

. short intervals of contact with low-pressure gas or spl.ashec of liquid fiuorme,
neeprene gloves, coats and hoots are recommended Safety éhsses mu‘\st be worn

at all times. Face shields preferably made from traneparent ﬂuormated

polymers are recommended. The most important point to remember is that all
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protective clothing should be designed and used in such a manner kth'at it can be

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

: . ff _flu_'orine. The harm€£ul effe;ts on the v‘hdr‘nan b_ody. are essentially pon-cumulative,

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

Y detectible in conf:éntrations as low as 20 parts per bﬂﬁon whigh 1s considerably
below the safe working level, This characteristic can be considei%ed as a built-in
alarm system which makes it impossible for personnel to inhal: éangero-ts con-
’centrations of fluorine unless they are unable to escape the area of the gas
contamination. In contrast to many other toxic prépeilants, 'the?éffeéw’: of fluorine
on the human body is clearly predictable, It is limit:ed“to the luhgs and has no
insidious side effects on other organs of the blocd str'gain and the ;1ervous systerﬁ.

Evaluation of animal toxicity data suggests that exposﬁré to 12 ﬁpm flucrine for

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

should be tolerable for short single exposures from the comfort,étahdpoint:. The

’

very latest information is presented on short-term animai t:oxxcxt-y tests with
fluorine from 5 minutes to one hour which were carriea out in 1966 at the Depart-
ment of Pharmacology, School of Medicine, University .of M:amx,VFlonda. As a
result‘of this investigation it is expected t':hat’ the p;;'c;;sently rec_;;m‘n;ended EEL |

limits will be reviced. There are various commercial detecting déviqes available

4
3

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

analyzer is based on the reaction of fluorine with the quinol clatli’_-rai;e containing

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

ey ey ey o

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

MSA analyzer. Other detectors have been developed oxi the Iaborat:tory scale but

/6




are not available commercially.

N

Accidental spillages of liquid fluorine can be controlled either with
water in the form of a fine spray, or fog, and smaller spills can be decon-
~taminated 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 and halogen fluorides such as CIF

2 3

énd CI}S‘5 are being considered as oxidizers in the rocket program". The coma-
patibility with metals, handling and safety procedures are very similar for
all these oxidizers. Oxygen difluoride is in a different category regarding its
toxicity, Since it is less reactive and irrite;ting than fluorine, tt can be inhaled
| urﬂcndwingly in dangerous concentrations. In that reééect it canbe compared
with the boranes. Because of its higher toxicity, corciderably more stringent
precautions are required for the. handlirig of OF,. 'For‘decontamix;ation of OF,
water is unsuitable since it does not react with the compound,but dilute
ammonia solutions are recommended for that purpose.

It is concluded that fluorine can be readily p;roduced, shipped, stored
and handled if proper precautions are taken. The present state '_-of the art
permits the design and development of fluorine engine propulsiq';j. systems and

ground handling equipment through a straight-forward engineeri;@g approach,
("
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ADVANCED THRUST CHAMBER COOLING
Clifford D. Coulbert
THE MARQUARDT CORPORATION
e : YVan Nuys, California : &
February 7, 1967
Mr. Coulbert received the MS in Mechanical Engireering at UCLA where he spent
some years on the research staff. He joined the Marquardt Corporation in 1953
and is now Manager of Advanced Technology Programs in the Rocket Systems
Division. His research encompasses spacecraft rocket engine cooling techniques,
including applications of pyrolytic graphite and related materials.
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 priméry reQuiremew;i for cooling
during firing, the design of thrust chambers for lauinch. space of tactical ap-
plications pose additional special problems rélated.to (:l) long ti;ne storage on
earth or in space, (2) starting agd intermittent operati;)n or thrc;ttling, (3) shut-
down and postrun soaking in a space environment, and '(4) entry lait high velocity
into planetary atmospheres. S

quthermore, the various cooling concepts may be used sgi:aifately or
combined in different ways for each of the thrust charﬁ;er coméén&#ts, -such as
the combgstion chamber, the nozzle throat /a-nd the expé;zsion no;tzlet.

The objective of this lecture is to p'x.-;gent the_,rax;ges of api;licability and

the limitations imposed on these various cooling concepts. New'f'materi.als.
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composites, and more sophisticated combined cooling designs are providing
increased cooling capability for the advanced high energy propellants including

fluorinated oxidizers and metal containing fuels.

=
\ A

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 éhoice determines the c_onéiaustion gés temperature and
composition. Several propellants are excellent coolants "(such as hydrogen) while
others are thermally unstable (such as diborane), and Fhe combustiép gas
ronsgituepts vary widely in their compatibility with candidg_te thrust ;hambe r
méterials. Typipal operating characteristics ahd propellant choice‘é
asgociated 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 te’c'hnique becomes
limited or material capability must increaqe or coolin.g techniques may be
combined. Factors which increase the severity of operating condit.i”ons are:

. Increased run times

. Higher chamber pressures

. Hotter propellants

. Chemical reactivity with strgcfufal mateftis'als

. Buried installation or chamber outer wall
temperature limits ' o

. Throttling and restarts
These are desirable directions because .t'hey usually provide greater

mission capability, increased payloads, high specific iméulse, etc.
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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 séveral cooling

_~techniques 28 a function of chamber pressure anﬁ“}as temp;rature. Increased
gas temperatures are attained by going to hotter'propellanéé, | such as from
cold gas to monopropellants, such as peroxide and hydrazih'elt'o LOX/RP,

N, 04, Fluorine and on to the OF , and metal fuel combinatibns‘including

lithium and beryllium systems.

Typical propellant flame temperatures and exhaust pf_éducte are shown
in Figure 3. Temperatures above 7000°F will exist in hxgh performance
systems. Temperatures approachmg 960001? may ‘be attamed in lithium
combustion.

A more detailed review of the‘advantages én& limitat‘ians. of elach cooling
concept is presented below. Of course, the limitétions de;;;ribed may be
overcome as materials improve and ccoling techra.'iques aréi§C6rﬁbined.

. | O
Radiation Cooling _ . S

i
Wl

The equilibrium temperatures reached By tl;e walls ofa xiefractory
metal thrust chamber cooled only by 'radia‘tit.m to the aurro:%;;xﬂihgs may be
exrressed in simplified form by thé férhiliar steaély-stafe éiauéf_ion

a/A « BT, - T ) w eq-rw?g + T )

.A graphiral preeentation of thxs relatidhshil;‘"-is ahowniir;."f‘igure 4.

Where conditions permit steady-st?te opera£ion, ra‘di%‘t'iqgi—cooled
engines have th(; advantages of lighMeight, simplé structuxﬁ;‘. ?'a.“nd loﬁg
operating life. They are gapable of high-frequené'y; ‘pulsing%'ti)r;ariable-thrust

operation and are not subject to dimens‘ional'changé during 6peration.
2l ’




Experimental heat transfer rates in small thrust chambers can be
controllied by injector design (leading to film cooling or combustion

etratification) to permit chamber pressures well above theoretical limits.

- . -

&~

'I‘i;e %haracteristic limitation on radiation cooling is availability of
coat.ings'azgd materials that can operate at equilibrium temperatures above
3000°F in the combustion environment. Disilicide coalted refractéry 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]gqt gases c§htaining ﬂ@orine
products, the most promising materials arp-"fhe carbo_ns while siiicon bearing
materials are not usable. |

Regenerative Cooling

Regenerative cooling has long been the com.rentional methoc.l‘: for cooling
liéuid rockets. The coolant(s) (one or both cf the propellants) is i(are)
circulated through cooling jackets or through contoured thin-wali;d tubes that
form the chamber walls.

The metal walls operate at relatively low temperétures (<.2000°F)
compared tov the gas temperatures (450(9—6000°F); heat fluxes raxjxge from
1-10 Btu/in. %~ sec. Basic advantages are: 1) continuous long run times are
possible, i) there is negligible heat loss from the propulsion cyc!le due to
cooling, and 3) with fnodern fabrication techniques, the chambg:;str.ucture is
rel#tively'light compared to typicahi uncooled structux;e;

Three factors describe the nature of the operatiné limits fqr
regenerative cooling: pressure, fabrication iimits, ané cqolant h’gat capacity.

The results of specific studizs of chamber pressure limits v8. engine thrust
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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 available progellant supply pressure,

1

which must be greater than the sum of the chamber pressure, the propellant
injector pressure, and the coolant circuit pressure loss. Propellant supply
pressure, in turn, depends on the reeult of a system weight bpﬁmization,
and whether the propellants are pump-fed or pressure-fed. The upper-
left line which limits minimum thrust depends on the min.imum practical
coolant passage height at the nozzle throat, assumed to be O.‘060 in. for
this plot. (The heat flux capability of the liquid propellants is directly
related to coolart pressure and velocity; velocity may be incvr‘eased by
decreasing the flow area, subject to preésure loss and fabric;_atibn limita-

tions.) The lower line which limits minimum thrust is detef:mined by the

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

N204, the bulk temperature limit is the saturation temperature, whereas for
fuels such as pentaborane, hydrazine or RP-1, the limit is the thermal
decomposition temperature which would cause solids formatifén. or an

explosion; e.g., the coolant-side wall temperature’}limitatio. for Aerozine 50

(0.5 N2H4-0.5 UDMH) is 500°-600°F. For hydrogén, the 11m1t is determined
cnly by the required temperature &ifference {to achieve he‘at;‘;f‘au‘ns'fer) between
the wall and the. hydrogen; the lower curve in Fig. 5 1is drawé fpr a hydrogen
temperature limit of 1000°F. These coolant temperature li'r;;ita_tions
determine how much of the thrust chamber area can be cooled In Fig. 5 the

thrust limit curves are drawn for the case of cooling the chaihber. the

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

23



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

> e e

versa.

Specific design conditions could alter the locations of these regenerative

- .
- N

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

regenerative cooling is best suited to high~thrust, pﬁmp-fed, main-
propulsion engines. Current design studies indicate that chamber pressures

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

B e L e

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

Ablative Cooling {Char-Forming Plastics)

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

R AR R £ T e B 8 R

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

coslant. {This technique has been extensively usedy to protect re-entry
vehicles.) For engines using N204/hydra£ine blends and OZIHZ propellants,
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 viscoj;:is protective
{ilm of molten silica and to the iavorabie structural and insula;ing
qualities of the char. Numerous thermodynamic processes axfié involwvzd:
heat absorption, heat conduction, resin depolymerizétion, sili'l_t;:a-carbon
reaction, transpiration cooling, evaporati§n, radiation, etc. A variety of

L

analyses have been developed to account for these phenomena ‘:_ai"nd

facilitate calculation of charring and surface recession rates..

An anzalysis of transicent temperature response data on several

ablative nozzle firings at the NASA Lewis Research Laboratory and at

Marquardt, and & comparison with a slab heat ~onduction analysis carried

X4




out with the IBM 704 digital computer,(,,-assuming‘ only conduction heat transfer,

T revealed that ihe experimental char depth and transient temperature response

could ke predictgd approximately, neglecting the other phenomena. The
“Torrelation of a large amount of data has producééé the following relationship
between char depth d , an effective thermal diffusivityet, and run time 8:
d= 2.0(c0): |
The successful prediction of surface recession rates on go 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 applicaticns involving fluorine.-containix;'g oxidizers, the
carbon reinforced phenolics have proved superioxi' t§ the siiica-phenolics.
P Newer carbon composites such as carbon fiber based gz"aph:ite or pre-charred
and impregnated carbon fiber materials appear fnost promiﬁing.

Heat Sink Cooling

\

The primary limitation on this transient heating approach is the run

S

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

B e ahaalt

1) the melting, subliming, or softening temperature at whzch the material
/'
would flow or erode rapidly, or 2) the temperature at which the oxidation or

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

[

i

materials should have'high heat capacity, high thermal conéuctivity, high
structural temperature limits, and compatibility with combi_istion gases.
Pyrolytic graphite, isotropic graphite, and tungsté,n top thef";iist for use with

high-temperature propellants. Oxidation of these materials is the crilical

o T P e

. problem with all combustion gases containing CO'Z and Hp0. :Surface coatings

AATEH Wik g

for graphite and tungsten offer only a paftial solution to this problem, since
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varlable coatings are limnited to temperatures of less than 4000°F

Effecte of various parameters on heat'-:;ink run time capability are
shown by Fig. 5. A dimensionless heat-transfer éaraniéter, hri/k, is
nlotted against a di.mensionlless run-time parameter, ca'.e/riz, for various
values of the wall-thickness to inside-radius ratio. t/z;. Here 8 .is the time
rcquiréd to raise the wall temperature by an amount equal to half :_the
initial temperature difference between the gas and the wall. The limiting
or "envelope' curve represents the locus of points for which incfeased wall
thickness could not increase the run time parameter; in other woz“ds, for a
given value of hr;/k, this curve gives the maximum valae of &€8/r; achiev-
able 'regardleas of wall thickness. 1

For example, if o%B/'riZ = 0.1 is desired, nothing would be gaine;:l by
making t/r; greater than 0.67, and the maximum hr;/k that could be handled
ior 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 combustion chambear (t/ri ~> 0.1), the run time parameter is
inversely préportional to the heating parameter. For very thick walls,
which might be acceptable only in the nozzle '_throat, i.e., workiri‘g along the
envelope clurve, it i seen that the run time "can be increased by a factor
near 5 if the convective heat-transfer coefficiex;t is halved.

" The over-all conclusions from Fig. 6 is that the ‘inert 'heat' sm.k

approach is applicable for emall engines with low to moderate chambar

pressures {low h).( " The usé of limited film cooling to extend run time mav

he attractive for spdcial applications. Theoretically, run times for heat

sink nbzziéﬂ can also be extended through the use of endothermic materials,

-
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such as subiiming salts, lithium compounds, and low-melting-point metals,
which can absorb large amounts of heat through a phase change. The

endothermic materials may be impregnated into porous refractory wall
—_— o T E i

S

materials or used to back up the wall‘é 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 alpng the walls. This layer of liquid or
gas absorbs heat and thickens the effective boundary 1aye‘r..‘i thus reducing

"the heat flux to the walls. Cooling films may be supplied from several
sources. One source is a propellant injector d'esigned such‘t‘hat a separate
supply of {uel is injected along the chamber walla during fj.ring, thus
producing a fuel-rich boundary zone. Alternatively, a fréétion’ of the fuel
or oxidizer can be routed directly to slots or holes in the ’;:hamber wall
just ahead of the critical nozzle cooling area. Qz:, a sepa;".ate supply of
coolant (liquid, gas, or solid) can be metered separately or controlled by
the heat flux (causing melting, expansion, or e’vaporation)'..:to pfovide flow
through slots or holes in the nozzle surfice. Cooling of tﬁis' latter type has
bgen studied for solid-propellant motor application. |

Transpiration cooling may be thought of a.sz.a specia;;"case of film cool-
ing in which the slot or hole spacing l;ecomes very small (porcus surface).
Many of the same design consideréf{oﬁs apply, Sut the avgjilible analytical
design eéuations differ. Coolant sbo_tbx'r‘ces are usually 1) p;ess'ure-fed fael,
water, hydrogén, or other amolant or .2) a materiél such at.s' cépper, lithium,
or a subliming salt with which the porous refractory wall luaas’ been

imprepnated. Transpiration cooling is most applicable to'one-shot, constant-

7



thrust engines due to the problems of flow control and shutdown effects .

Thete zre no inherent limitations on the coolant caoaf)ility, run time,

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

P

3 1.}.&‘epellan§3‘ or‘_;an‘ inert flrid is used as a coolant at the anzle throat, there
e . - "“ .

- may be a performance penalty (Inp less, where coolant flow ie coi%nted as

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

A 8D
‘ well ahead of the noxzle throat may completely mix and react, thus caus ing no

N

loss,

P Apphcatmn to engmes is hmzted by poss:ble coolaat waste m ‘atartmg
and resxdual flow from ccolant passages after/shutdown ; Pluggmé of film

, ¢ oolmg paasaées or tranvpuatmn media may be caused by exther thermal

decompos;txon_ during operatmn or by freezing between firings.

: 'Currcnti researc‘n on the practic appucatmn of transpxratmn coohn5
to h1gh ch.‘mber Ppressure engmes has lead :0 the development of tranapxra-

t"mn coo‘led wa_'_ns composed of a stack of many thin discs with multiple slots

i on the surface of each disc.

Combined Codiihg Techniques ard Advanced Concepts
There are several propellant syeteme.fer which né‘ comple!:uely‘
satisfactory cboling technique £or' reasonable "Jrun tiines "has yet Héen'devel-

- oped. Examples are f:.uorme -based ox1d1zers, such as OFZ and ClF3, used

with fuels contammg such me? als as boron, alumxnum, berylhu.m, and

lithium. - 'I‘hese preopetlants give comoustion gas temperatures in"ithe‘6000°-

8000°F range, and the combu‘ztmn products may be hxghly eroswe and

¢ orrosxve on the available refracaory metals and carbldes. Throat_ heat

2

fluxes may fa.ll in the 15-25 Btu/in. secoxid gange for»fa’f*chambe

as
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| at 5000°F, so that they must be cooled to'somewhét-ilﬁwer temﬁératures.

of 60'0 Psia (and increase with pressure, of course). At these cc;nditions,

|
'

the very best inert heat sinks would reach tempe ratures of SOOOOF in less
than 20 sec. The other cooling techniques, which do not involvl’gi a
performance loss such as regenerative,. ablativei._ an&_jradiation;z will not do
the job alone; some form of film or transpiration coolihg is req;ire&.

When film or transpiration cooling is required, thg dbjeclgivé is to
minimize the required cosolant flow, whici& depends‘ on ‘the surfa.:("::fe area to
be cooled and a}so tﬁe wall temperature. ) ']"I'mhereforé, .‘the enAginve"jsurfaces
should be held at the highest temperatures consistent ;vith 'str'u(;{u;al
integrity. Materials with the highest températur‘e caéabilities %ré the
graphites, tungsten,. and the carbides ofvhafnium .an‘d_'t;antlalum.'év,"':'istructurally,

i

graphife and tungsten are capable of operétion abopve 5000°F (t}';e structural
capability of the carbides has nct been debmo_nstrate'd):,r but all o:f}:..thé;sé

materials are subject to oxidation and erosion by the (:ombustic}_n ga'ses even

'

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

generating coolant films either on a trahg_;ient or stea'éiy-state b sis. Develop-

ment problems lie in the areas of refractory materialT'formulafibn, nozzle

design and fabrication, coolant selection and supply te?chni'ques"ﬁ'? -Péfticular

problems include passage plugging by coolant o;.coml;ustion pr;_&_iddc;ts,

coolant distribution, starting and shutdown phenomehé’, lirnits on run time

and thrust variability, and thermal expansion and seaiingproviiéibhs.

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

from the article by the author published in the JOURNAL OF SPACECRAFT
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AND ROCKETS of March, 1964. This article, '"Selecting Cooling Techniqués

for Liquid Rockets for Spacecraft" 210 includes an extensive unclassified
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q/A

NOMENCLATURE

2 -

‘nozzle throat ares, in. : &

TNPPYY

combustion chamber cross-sectional area, 10.%

nozzle exit plane area, in.2

heat-transfer coeffipiéﬁt,B:u/hr-ftz'ok
specific impulse, 1b£/(1ibm/sec) a
thermal conductivity, Btu/hr-£t-OF

heat flux,'BFu/hr-ft? |

insid. radius, in., ft

'gas recovery temperature, °R

~wall teaperature, °R

effective heat sink éémperatu:e,j°n.

wall thickness, in.

temperature difference ;etween gas and wall
time, uec‘

exterior w;ll emissivicy .
effactive thermal diffusivity, 1n.2/sec
char depth, in. | |

Stefan-Boltzmann constant, B:u/f€2‘°na'hr
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ROCKET PERFORMANCE PREDIGTION
AND ANALYSIS

SUMMARY :
by i
R. §. Valentine _
— : {February 14, 1967) ° <

Dr. Valentine holds the MS degree from the Univeraity of Illinois 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
Flaid Dynamics Section, Liquid Rocket Operaticns. He holde 12 patents and has
authorcd extensive publications. .
Rocket engine performance is determined by the potential of the propellant
system, the 9perating conditions and the physical design characteristics of
the thrust chambsr. The variations between the ideal periormance of a perfect
engine and that actually attained by a real engine is the result of such physical
conditions as boundary effects, heat losses, curvature, finite reaction rates,

two phase flow and non-homogeneous mass and mixture ratio distribution.

Perfect Engine Concept

Liquid rocket performance_caxlculations‘are greatly simplified if
viié assumes a ‘‘perfect engine’ conditinn, i.e., perfect injector, chamber,

and nozzle cperation. For this model, specific impulse is oniir a function of the

propellant combination and the combustion products, because complete

- combusticn of the propellant and ideal expansion of the combuéitiou gaseé are

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

(1) One-dimensional flow
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{2} Adiasbatic and reversible flow

(3) Chemical equilibrium among the combuntion products

1hfoughout the entire expansion yrocess. | S #

{4) Equilibrium multiphase flow

(5) Homogeneous composgition of combustion products

{6) Complete combustion

(jn the basis of the above conditions or assumptione, thermo-
chemical calculations can be made to determine the composition ind B
properties (density, temperature, pressure, and ve.iocity) of the combustion

gases at any point in the expansion process.

Perfect Injector Concept ' '

' The perfect injector concepi rep{esents the maximumvperformance
attainable in a rocket engine assuming ideal performance up toAt};"e. throat,
but taking into account expansion nozzle ldsses for a specific coﬂfig-ﬁrgtion.
and area ratic. For thir concept, the foilow?ng conditioﬁs are ap;:licable.
(1} Three-diramensional flow /
{2) Boundary layer effects (friétion and hedi transfefs
(3) Finite reaction and relaxatio’éz rates ‘

(4) Nonecquilibrium multiphase flow

(5) Homogeneous composition of combustion Product;' .

{6) Complete combustion

The first four of the above conditions represent deviations from: the
firat four conditions of the perfect engine coatept, and the temai:iing two
vonditions are identical to the perfect engine concept. These deviations will

result in the following performance loss definitions:
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{1} Nozzle cursature and divergence pérformanceiloas - This
cepresents the dificrencs in performance betweer thé cx}e-dhr;;naional and
t:§1'ﬁze-diragrxsional ‘low conditicns, | . e

: (g} Elcxszndary'lgyér performance logs - 'f,his r‘eprféaents the
e:‘s‘ifi'esr.!?fx;tef‘in,perfc«r’mance Setﬁéen iseﬁt:ofic ‘and ndﬁ}a'entrop'{cfﬂow due to

R’

fx%;zct‘_ignAaﬁ;l heat transfer effe@:ts .
| g (3} F.inite rate péirforniancé; l;jo'sls - This;_:repre‘s_el%s the dif-
fe;eﬁce in’?pefiormance betwe'pn total shiffiﬁg- equilibfium exp\#m&ion and
#é)ng’gkilib}ﬁuxn expspgion ‘be{:auee of fm,d:e reaction aml relax%fion rates.
o {4) Gaag/Particle ﬁow pérf&r:;xanc.g loze- This ?<1%;p}esents the
J diffe:ence% in periurmance be‘.:;:e:en equilihriu'.m:an'd noneq\nhbnm-n multi-
phase cozf:bzistion product ﬂcw | |
- P,ca:i‘Eng_i_n_f_goncent
'ifhe real engine' cbncept cqééiéers speié:iific xmpulaeto be a
f@ctiah o£ the propeilant combinatiou;:-:fixé' injectdi‘/é:h.ambér destgn 2nd

operation,” the combustior prodects, and the nozzle expansioni.design and

qperationif‘l For the real engine concept, the.foliowing condit

s

applicabie:

>

(1) Three-dimensional flow
(2) Boundary las)'ér efiecéis.,ﬂ_-

(3) Finite reaction and relaxation rates;

= {4) Ncnequilibi'iz;m muitip_iia;e flow
{6) Incomplete eehergy release
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combustion products.

-the energy of dissociation in the residence time available. Thi

The first {our of the above conditions are identical to the perfect

injectof conditions and thus can be accountedbr by thé-perfo‘rrnance locses
defined in the discussion of the perfec! injector concept. The rgma.ining
two cggditiqns: Lowever, represent deviatidns from tpé last twéconditions '
of buth the perfect injector and j:erfect engh;e conditioim, and, as such,

s e
will vceult in the following performance lo;s definitionsa:

(1) Mixture ratio distribution performance loss - T;fhis répresents

the difference in performance between homogenecus and nonhoxﬁogeneous

“(2) Energy release performance ioss - This represents the
difference in performance between complete and incomplete en_é;rgy release.

Sources of Losses

The periormance losses which determine the perfoﬁnance of a
real rocket engine are the result of the physical conditions no’te?i, and their
mutual interactions. Fer example, consider kinetic 16sses, which occur

when the rate of recombination reactions is insufficient to allov'v’»reco_very of

 phenomenon
.s a iunction of the chemical species present, and thus the mixture ratio.
Therciore, non-homogeneous mixture ratio distribution will have an effect

on the overall kinetic loss. In addition, since dissociation i_s"'téixiperature

“opendent, 2 reduction in encrgy release efficiency from the theoretical

/

:naxirmum will result in a2 lower stagnation temperature in the chamber, and

‘n turn, lower kinetic losses. Similar interactions exist between several of

Wt

the other physical ef{ects which influence perfoarmance.
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As 2 result of these interactions, .a logs can occur in the expansion
nozzle because of 2 condition which exists in the combustion chamber. For
. /

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

N

best parameter for evaluation of performance il'"I3p,- éﬁich contains the over-

all effects of losses irom each source as well as the interaction éﬁecu.

Effects of Operating Variable
| The magnit;xde of the periormané; losses which result from the
physical cox;ditions associated with the real eﬁgine concept is a function of the
operating conditions. Lossevs such as boundary effects, finitg rafe and two
phase flow effecis are a function of the thrust level. The preu;;e level ard
area ratio have a signific.ant influence on, for example, kinetic iénen. 'I‘.he
los; r.ésultin‘g from non-‘homogeneous mixture ratio diatribution;’may change
' by an order of :magnitude as the overall rhixture ratio of the engine is varied.
Because of the:se factors and ‘tl~1e interactions mentioned previouﬁly, the
performance of an engire over a wide tb:pttling range can exhibi'_'t. char-
acteristics which would defy prediction by use of c* and CF as péi;x'formance

pararneters.

Experimental Measurements

/

Performarnce related parameters which can be meazured in

experimental tests include thrust, chamber presaure, ambient pressure,

thréat area, exit arez, weight flows and tempefaturea. - These pérameters,
with the exception of chamber pressure, can be used to ;determinji-é the actuval
measured Ié'p of a rocket engine with sufficié:;:t information to coévert it %o
vacuum performance. Chambér Pressurc, Or any parameter dex“-:ived from
it, zan only be used for coméarative testg on identical units or for engine
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balancing. It is not generally useful for evalvating absoclute performance

1(:‘.'(:18..

Design Constraints

For each propellant system, set of operating conditions and
: - &

—

’

envelope the:e is an optimum injector/chamber,nozzle designf_i}which will
maximize performance congistent with sat\isfactory stability a:nd reliability.
Tradegéffs between high steady-state performance, transient i)erformance.
cooling and factors affecting stability must be made ’consiatexi:tfwith system
requirerriénts . Ceneral statements can be made ho}#?ver abont the
desirability of é;zen mixture ratio distribution, i:hé ;elationa}vép betwegn
pattern design and chamber volume requirements a?xvii the efie::ts of mass
distribution cn compatibility and stability. Thes; general rulfs can be used
' R .
as preliminary <':riteria for establishing chamber length, noz;jie area ratio
and length, contraction ratio, choice of element design, and h?draulic
characteristics of the injector manifolds.

Performance Stardardization

Recently, a comrhittee of tr.e. ICRPG Performancé‘: Standardization
Working Group has undertaken the task of selecting the best :ii‘i’railable methods

ior evaluating rocket engine performance. The committee has tentatively

chosen the interaction theory approach discussed above as its:recommendation for

;- o

a propcsed national standard. The problems associated witha standardized

\

procedure include choice of calculation method for individual‘glo'ues_ and insuar-

ing that best methods are available to all users.’ T!i_é goal is o devise a work-

ahle program which will allow performance prediction withiﬁi‘;ﬁ)% of the true

value for systems operating at steady a_'t‘iie at cver 100 1bs. shrust.
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Nuclear Rocket Engine Reinctors

-

and : - &

Engine/Vehicle Integration

The aim of this lecture is to survey the physical bases of nuclear

‘rocket reastors and to show from these bases the motivation for or

reason why nuclear rocket reactors, engines, and vehicles have the
characteristics which characterize thern and differentiate thein from
chemical rocket engines and vehicles.

This is accomplished at three successive levels of nuciéar rocket
systems. First, a summary is given of the principal features of nuclear
rocket reactors, with emphasis on their characteristics as irising from
basic physical principles. This background is related to deta:led ergineer-
ing characteristics of current nuclear rocket engine programs. Next, a
survey is given of engine/vehicle interaction effects and integration preb-

- lems, again emphasizing fundamental physical bases and limitations on

integratior areas, illustrating considerable differences from chemical
rocket practice. Finally, constraints in operational employment of nuclear

~rocket vehicles are reviewed and mrectzons for their best use mdzcated

In order to accomplisgh this it is necessary to examine. these
features in three different frameworks of analysis and des:gn. (1) Flight

‘Mechanics, (2) Reactor Physics, and (3) Radiation Leakage and Shielding. "

Overall s)stemb and integration aspects are discussed as a.ppropnate ior
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,: T1965.
Chapter, payge and equation numbers referenced further in these
notes are to FNF as a source.

See also Clizpter 7, FNF.
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1. Flight dMechanics.

!-fqn’ation (2-6), . (a} Mass-ratio equatio:. with gravﬂy loss terms
{2-65) (g sin 01 b 2

—_— . - X . - &

Use to show unfavorable features of nuclear

rccket vs. chemical for (grcmnd) lannchin.g against
gravity fields,

F.quatioh (2-69), (b) Same equation with drag, turbme-dnve. and
{7-11) and Table 7-3 back-pressure losses. :

Use to show unfavorable features of nuclear
rocket vs. chemical for operation in atmospkere,
and for need for highly efficient bleed-gas or
topping cycle turbine device (gas generator not

competitive).
Sec.C, Ch. 2, (c) Performance analysis eqdatioﬁ""relating engine
2. 72 ff., and ‘ system internal parameters to {mass-ratio equation)
eqs. (2-135, 137) - ballistic externa! performance parameters.

Use to show rationale for "minimum" Teactor
specific mass (\ ;). shows favorable features of
nuclear rockets for use in orbit or "ree-fall"
launching vs. ground-launching, and illustrates

' greater allowable Ig, and easier reactor develop-
ment (higher A.) for 0pt1mum low-ao operation.

Egs. {2-138 to 142) (d) Same equation but with shxeld + engxne mass
and Table 2-7. as parameter of interest. : :

: Use to show effect of shielding on manned space
oy operations and 1mpossxb1hty of shadow shielding
over 4.

2. Reactor Physics,

i

(2) Basic one-veloc: 7y flux shapes. a.nd reflector-

L Sec. B-1, Ch. 4, savings equ.atxons.

B eq. (4-31) and ¢, . T
and Sec. C-2, Ch. +, Use to illustrats need for reflectors to achieve
eqs. (4-118 to 121). low fuel loading, and flat fission density distributicn

, {and thus optimum heat exchange performance. with
. minimum specific weights, Ar). ;
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(Cont'd) 2. Reactor Physics :

Eq. 4-161 and
Table 4-10

Ch. 4,

Sec. D.

Sec. A and

Eqs. (5-1 to i0)

P. 270

Ch. 5,

(including engme) throw-away ¢ oncept..ﬂ.

Sec. B;

Sec. C. p. 312 ff.

(b) Time-dependent reactiyity equatibn, with
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.

(c) Nature of cross-sections, energy dependence,
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 need for 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 "speedmg-up .

Radiation Leaka}e and Shiélding.

{a) Operating leakage and dose rate equatxorxs. .
point sources. :

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

(b} Post- shutdown radxatnon. power and dose-rate
equations,

Use to show need for coohng, and dxfﬁcul ties '
of operational use of nuclear rockets for manned
surface landing missions, and of post-sh\.tdown in-
flight maintenance, etc. Difficulty of long ~-time
cooling and reactor re-use; the modular stage

{c) Leakage radia: ion interaction thh matter;
heating and actlvatxon from neutrons, gammas. in
and from finite sources.
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(Cont'd) 5. Radiation Leakaze and Shielding.

Use to illustrate tctality of engine/vehicle

integration problems and fupdamental differences

: ’ ‘ of nuclear vs. chemical systems with respect
those problems. Appropriate materials choices

k from activation point of view, heating rates in
vehicles, tankage, pumps; test-stand, etc.
structure and associated pump system design
problems and shield requirements. lonization of
air around air-launched vehicles, and conseguent
e.m, communications problems. Shielding .
requirements for crew, use of chemical stage
propellants as shielding, comparison with solar
flare shielding, to show crew shicld needs are
generally satisfied by requirements imposed by
sources other than the reacior, and satisfied by
materials on-board for purposes nommally other

- ' than shielding.

In general, the main points in conclusion are:

A. Nuclear rockets are best used in orbit
launching for inter-orbit transfer, and least
. effectively used for surface launching or landing.

‘B. Many engine/vehicle integration pfoblems are
. entirely different with nuclear rockets from past

' experience with chemical rockets , and.careful
attention must be paid to all of thnse. Past experi-
ence does not provxde any sure guide for their
soluticn, but sclutions are seen for every majoz
problem area.

C. Nuclear radiation imposes new constraints on _
the use of nuclear rocket vehicles relative to those :
evolved for in- -space application of chemical rockets.
New methods rnust be evolved and adopted different

from but just as practical as those developed for
aon-nuclear systems.
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THERMAL CONTROL OF SPACE FROPULSION SYSTEMS

7 March 1967
by

F. C. Svenson -

- AN
—— - - . . &

Mz, F. C, Svenson, who received his BSME from the University of Cinciﬁnati;

is the Supervisor of Apolle RCS and SPS Technology, Research, Engmeermg

and Test, Space and Information Systems, North American Avization. de is
responsible for the thermal analysis of the Thermal Control Systems £or the
Command and Service Module Reaction Control Systems and the Service Propul~
sion Svstem. 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.

Tﬁerml 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 missions by the proper choice of optical propert:ies on the rocket éngine
and adjacent spacecraft structure. Since thxs range is relatxvely narrow, the ' -
cptical properties have been selected to reduce the net envzronmental heatmg
thus eliminating any cver temperature problem. However, this built-ix_i‘_jcold
bias must be eliminated by the addition of heat from electrical heateté-during
periods of earth, lunar or spacecraft shadovzing.

In order to size a thermal control system optxmarxly with respect to
weight and energy usage, extensive thermal models raust be develoPed to

. describe the heat transfer to and from the ccmponents, pr0pellant tanks

helium bottles, rocket engines and adjacent structure. These models w!uch

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

49




PURE—

N

_thermal analyzer typs computer prograrﬁs. Every use of_spa_cecraft'j
c;rientation is required and should be used to. aid in thermal covnt‘tol..:::':A
thermal contrcl roll of 1 or 2 RPH imparted to the spacecraft durmg
< most of the mission greatly reduces the {:hé’z'-ml_co_xitrc&_requiremeﬁts. )
One of the major heat losses is the rocket enginé.‘ 'Becaus.e 1t is
designed to reject heat during firing periods and has a gréat aa:nount_::";sf
exposed surface area, it can be responsible for losing over eighty péi‘cent
of the heat lost from the propulsion system. Present engme desxgns ' 5 o

gencrally do not consider this factor and thus have not been optzm:zed to

reduce the heat loss during non-firing penods.

- The thermal control of the feed and pressurization systems:"’fiiave"
&

been achieved by passive techniques conszstmg of opt1ca1 prope:r:"y selecnon

use of high thermal resistance for structural mater;als and spac.ecraft

orientation constraints. However, thermal control of the engines requxte

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

'optical property seleciion and spacecraft orientation 'constraint's,.’

/
Propellant Temperature Range

The temperature range of storable 'ﬁh);'per‘golic proéellants in the ,t‘:anks
of large and small pressure fed propulsion s&stems is abdut 40 tc 8

temperature range of the propellants in the lines is about 25 to 175°E for S

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

g
ranges cf propellant valves vary from 20°P to 225°F dependmg on t:l-‘%e'engme.

The temperature range for the tanks preser.t: no senous thermal conh:ol

problem although wider limits could reduce spacecraft orientation cgnétraints. i

Kye
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The temperature ranges on the lines and engine valves do result in the

addition of clectri~al heaters and many spacecraft orientation constreints.

Use of propellants which have wide usable temperature r anges would

reduce the thermal contrel requirements, possibly 1 esulting in passive methods

el o s S o E '
with no orientation iimits. Development of engines with wide temperzture
ranges for the propellant and valves could eliminate the need for electrical
heaters,

Spacecraft Orientation

Zvery use of spacecraft orientation relief shquld be made to reduce
the thermal control requireraents on the propulsion sysi:em. Durmg #pace
flight a steady roll of 1 to 2 revolutions per hour will stabilize almc;;t all
comppﬁents between 60 and 82°F with existing optical coatings. In ;rth
orbit.‘a random drift mode nun—-synchronou; with the period n.'say be _;atis-
factory for eliminating an active thermal control system. -Howevef; the
limitation of Optjcél coatings may require that all the solar heating;ossible
be supplied to the rocket engines, This would also be true of lunar o’zi'bit or
orbits of other planets, In orbit, it is quite difficult to i:alance the i’heat
lost during shadowing with that gained during solar heétiﬁg without i.fmposing

unacceptable oricntation constraints on the spacecraft, Still, prope_'“: mission

- planning can provide spacecraft orientatiors which will minimize the'f._'thermal

control requirements.

Computer Programs

Several computer programs are required to aid in thermal an?lyéis

of propulsion systems. These programs are a general thermal analyzer

.'J,
~




program, ¢ radiosity program and a view factor pr..'ogra'm. The #hermal
aralyzer program is built around the thermal-electrical analog; using an
electrical network with current, electrical capaci::c’n-s, electrical resistance,
ard voltage drop replaced by heat £low rate, thermal capacitance, the #.-
ciprocal of thermal conductance, and tempe_rature‘ é;op respectively. The
radiosity program solves a radizticn network to dé:termine the interaction
of radiation on several adjacent surfaces. The results of this program in
the form of thermal radiation resistors are input to the thermal analyzer
program. The view factor program defines the configaration or view factor
from one surface to another. The cutput of this"pfog-ram is input to the
radiosity program. This program is not necessarily needed asl‘.'f.there are
extensive tables, equations, and charts' defining the view factér between

various surfaces.

Thermal Properties

/

The thermal properties used in the thermal model mus“f be as
accturate as possible, A model consisting cf hundreds of resié?ors, capac-
itors and nodes has the possibility of fairly large érrors in px:éd.icting
temperature.s. 1£ the basic data used in the mo&e} is also in g;:ror, this
can result in prohibitively large errors in the predicced temp??amres. In
addition, correlation of large therinal model with test data i;'extremely
difficult even if the basic data is coxrect. |

The optical properties, contact resistance and the res:_:;;stance of
super insulation are scwe of the properties with the grea*:es;:':%vaz;iation.
Any of thi:se that are required for the calculation ;af an impo;tant

recistance within the molel should be substantiated with laboratory

T ——— —— v [y,
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“test data,

Thexrmal Control of an Entry Propulsion System To-

Thermal control of an entry propulsion sys :em ;'during earth entry
‘or entry to some other planet was excluded as par: of this subjedt. Howcver,
"l‘re'fmal control of the system during spac efhght mustebe consxdered 1£
the prepellant is held in the tanks during spaceflight, the thermai control
problem is significantly reducéd. Th~ tanks can be sufﬁciently iﬁsulated

to eliminate *he need of actwe thermal control, The temperature range of

the propellant lines, components and engme can be easily expanded for a non~

opera tmg system.. Thus, any: .thermal con*-rol of propulsmn components

outs1de the tanks should not be needed.

!

‘Prior to entry the entry propul.sion._systemican f.:be heated'_._t’:o.the

required minimum temperatute by solar heating or the'v use of electrical

é | heaters. In some cases befofe activ ating the system,’{:the 'engineﬁf'vaIVes
B -

are used as heaters and prov:tde sufﬁcxent heat to warm the engme, mjector

‘,

> ' and adjacent propellant lmes. Heatmg t1mes prior to entxv of 13 to 20

mmutes with a total of 54 watts of heat from the valves of a 00 pound

thrust engine is sufficient for certam ‘spacecrafts.

Tliermal Control of an ACS fer Space
Thermal Con crol is requu-ed of att1tude control systems used dunng
a space mission, The heat lost during planet or spacecraft sha 'aowmg must

be added by electr1ca1 heaters or nuclear. 1sotope heatmg Present systems

use electn‘cal heaters because they can be eas11y turned off durmg the

."‘ o

perzods of engine firing or extensive soLar heatmg In trans-planet fhgh’cs,

passzve thermal control can be readily acl'neved by 1mpartmg a small 1 to 2 rph
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roll riite to the spacecraft. Hov.u:-ver,"durmg orbital conditions heaters
; | - with thermal switches ar : required. A power level of 18 wa%ts rexr 100

pound thrust '.ngmc may le requzred based on a duty cycle oE 60% Contin-

uous heating would be mos-e reliable but prol'ub itive orzentatxon canstramts
- ‘:' "

would be needed to prever.t exceeding the maximum tempera‘i;ure limits.

For man rated spacecraf:., these heatérs and thermal switéﬁes must have
“redundarcy. In addition, monitoring information rc%ust be supphed to the
astronauts. The propellant tanks ahd _components?should no?: neéd an active
therﬁxal control sysfem. Proper selection of thé;mal insugtioéi and optical
propertxes should enable the feed system to thhséand any ti;ermal transient

up to 10 hours., Transients longer than 10 hours should be ehmmat\bd by

P mission plannmg.

Thermal Control of a Main Propulsion System.

(- Optxmum thermal control of a 20,000 1b thrust propulsmn system is

- dtff*cult to achxeve. The tanks and components can be easzl controlled by

thermal insulation and spacecraft orieritation, 'Ho@rever,_’ th ihea_'_t loss from

; the engine can be excessive and diffid.{it to defme .Theréforie,? s‘ophis{:icarted

vy ety R S T A AR
TR ; 3 ; 5%
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thermal analysis is required of the éngine and 'adjaéent spaéébréft‘_t s_tructixre.

T
Ve

?g‘ i This analysis can require a therma’l model with a n’etwork havm'g ovew.50C.

5

At

~ Advantage

nodes and running two to fm.r hours on a 7094 for a smgle missi .
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ig about 96 watts based on 50% duty cyclc. These heaters would also have

to have on-off contrcl and must have redundancy for man-rated vehicles,

Conclusion
__Thermal control of propulsion systems is an imp ortaht consideration

in spacecraff design and mission plarning. The primary loss of heat 1s from

the exposed rocket engines. Therefore, early recognition of the thermal
control criteria in an engine and propulsion system design program can
result in significant reductions in the thermal control requiiements. g

W
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ABSTRACT
PLASMA PHYSICS AND APPLICATION TO ROCKE TilY '

G. W. Sutton’
Avco Everett Research Laboratory

v

A piasma is an electrified gas with the following propertiee' 1)
partially or totally jionized; that is, an abundunce of charged particles;
2) ¢lectrically neutral on the whole; that ig the number of negative
charges equals the number of positive charges, and 3) a Debyeilength
much smaller than the macroacopic dimensions. Tbbrequirement
insures that the plasma wiil be electncally neutral on size sciales 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 ie done in electron physics. The lecture will consider the special
propertzes of a plasma, its interaction with electric and magnetic fields,

and the modes of wave propagation through plaama. and uses for plasman
of interest to rocketry.

The various methods of ionizing gases will be reviewed. lonization
is caused by collisione between molecules, atoms solids, or photons in
which sufficient chemical, kinetic, or photon energy is transférred to
. one of the bound orbital electrons, freeing it from the coulombic ettnctive
field of the nucleus. As a special case, electrical or photon énergy can
be given to free electrons, which gave them sufficient energy ‘to ionize
neutral particles. Thermal and non-thermal ionization will bei discussed.
Electro-chemical ionizaticn wxu also be discuued euch ae used’ in the
"Q'" machine.

N

in general, the propertieu of a plaema dep.nd upon thre: iengthe-
the me=an-free path, the Larmor, radius, and the Debye length and in-
addition the Magnetic Reynolds number. .Two cases of mean-free: pathe
will be considered: very long mem free patha. and. very short mean '
free patha S - s

When the mean free path in a plasma’ is very long the electricai
conductivity of the plasma i3 very large and the plasma can be considered
to be '"cellisionless', This plasma‘ia characterized by avery: large magnetic
Reynold number. Expressions will be derived for the electrieal €onductivity
for this state. With the addition of & magnetic field, ithe charged particles
gyrate around the magnetic lines of flux.: The adiabatic invariants for such
a gas will be derived, which form the basis for the "magneticiboiile”, The
limits for escape from such confinement will be derived. Themddition of
various fields such as electric, gravitational, and magnetic. fielﬂ gradients
leads to various drifts across magnetic lines of flux but the mimbex of
magretic lines of fiux enclosed by & grating particle remains Constant.
'~ The conatancy of the sum of the magnetic pressure and gu prenure will-
be shown.
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The presence of many collieions of electrons with heavy particles
yields 2 different regime, in which the mean free path is much emaller
than dimensions of interest, The plaama is then ¥est described by the
velocity distribution function which is obtained from solution to the
Boltzmann equation. Several examples will be given of equilibrium
states, including the distribution in an electric field, Debye snielding,
and Langmuir probes. The non-equilibrium states are usually cen-
sidered small departures from equilibrium and give rise to typical
phenomena of the transport properties of electrical conductivity and
thermal conductivity. . The dc electrical conductiwvity will be derived,
and the tensor conductivity in a magnetic field. Ion slip and ambipolar
diffusion will be iliustrated. The electron momentuin equation and energy
equation will also be given and used to obtain the electr 1cal-fconductivity
and electron heating. ¥

Wave phenomena in plasma will be discussed. The phenomena of
acoustic waves and electromagnetic waves become coupled on a plagma
and their properties are altercd. In addition, in a highly conducting
plasraa, "in the presence of a magnetxc field, a new wave discovered by
Alfvén (1947) can propagate. Some of the basic properties of these waves
will be discussed, including electrostatic longtudinal waves {plasma
{requency), electromagnetic waves and their mteraction with magnetic
fields, cyclotron heating and Alfvén waves. - -

For typical flow problems, the usual energy a.nd momentum equations
of gas dynamics must be modified. .Usually, the magnetic Reynold's number
is small; so that induced magnetic fields caa be neglected {an exception is
the Hall accelerator}, These modifications are given: the additzon of the
Lorentz force in the momentum equatzon and joule heating in the energy
equation, These terms make it possible to achieve plasma: prcopulsion by
interacting with the Lorentz force, and MHD electncal power generators, in
which the joule heating term is neg: Ltwe. » _

With the Lorentz force in the directzon 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 ¥ x B direction, then‘the J..orentz force
retards the flow, and energy in extracted from the, gas. CE

The Hall effect (tensor conducthty) is. usually not neghble in such
devices and can decrease the effective electrical ronductivzty of the flow.
This canibe remedied by suitable electrode geometrxes. of v hich sevaral
will be given as illustrations. -

It is shown that the Joule heatmg can cause the electron tempera ure to
exceed the gas temperature.. This has important. apphcatione for increasing
the electrical conductivity of the gas for MHD electrical _power generators
and accelerators : o .
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The remainder of the lecture will consist of examining the applications
of plasma physics to rocket applications, One of the most important is the
attenuaticn of telemetery by the exhaust gases from & rocket. On the other
hund, 2t low altitudes the exhaust is highly turbulent and gives rise to
turbulest sczitezing of microwaves, A more recént discovery is the use
of electric fielde to increasing burning rates of gaseous fuels, Direct
uses of plaama physics for rocket application are the plasma propulsion
devices. Two will be discussed: the J x B sccelerator and and arcs of
which the Hall accelerator is a special case, in which the magnetic field
give very hign efficiencies and specific impulses. The totsl thruste are
very small, co that this device is very useful for station keeping of
synchronous satellites, It is possible that controlled thermo-nuclear
reactions may be useful for propulsion, but the success for achieving CTR
with fusion has been for limited. On the other hand, combustion fired
MHD electrical power generator has achieved aperational status on the

_level of twenty megawatts, and should be capable of rauch larger sizes.

This gives rise to the concept of using a gaseoys (Rankine) direct nuclear
cycle in which electrical ensrgy is generated in an MHD generator, 2nd
then used for propulsion in a large J x B accelerator. This last application
appeafs tu oe technically feasible-with the existing knowlédge of reactive,
generators, and J x B propulsion devices, o h - S




- | ELECTRIC PROPULSION FOR SPACE VCHICLES
(21 Maxzch 1967)

by
Rudolf X. Meyer

Dr. Meyer, who received his M.E. degree in 1945 from the Sv‘ﬁss Institute of Technology
and his Ph.D, degree in 1955 from Johns Hopkins University in mechanical and aercnautical
engineering, is director of the Plasma Research Laboratory, Laberatories 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 T.aboratories, Inc.
and Ramo-Wooldridge Corporation, Fields in which he has worked are plasma physics and
imagneto-hydrodynamics, fluid mechanics, particularly internal aerodynamxcs and hydro-
Jynamics, deszgn of aircraft gas turbmes, and propulsxon.
i‘NTRODUCTION

The development of electric p:r_opulsion is motivated by the need foz;__"'space vehicle
pr'opuleion systems with exhaust velocities fai greater than those attainable with
chemical rockets or nuclear heat-transfer propulsion. For a fixed thruet, an increase
in exhaust velocity results in a smaller expenditure of propellant mass. Depending on
the particular mission consideted, ‘the ratio of useful payload to_initiali mass of the
rocket is co'rfespondingly increased,

The concept of electric propulsion has a long history. It Was considered by R. H.
(,oddard as early as 1906, but engmeermg developments dxd not matenahze until the
late fifties, F1rst flight tests were conducted several years ago by both NASA and the
1.5, Air Force. NASA has operated successfully an electron Bombardment type engine

cena ouborbxtal flight. A contact cesium ion engme developed unde: an A:r Force contract

produced a thrust of 2 mlb in a ballistic test of 30 minute durat:on.

Most. future apphcatxons to space velucles env;sage thrust levels o£ ‘only a fraction

of a pound correspondmg to acceleratmns of 10 -4 g oz less. Chenucal or' nuclear boosters

are therefore needed to put the ve!ucle first mto a low alt:tude orbzt from which it can

a scend slowly in a spiral path untxl escape velocxty is reachea. The tnne requxred to eater

a new orbit about a near-earth planet would exdeed several months, and nught be as long

6/
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Antic:pated power requirements for future planetary missions are of the order

of & few to hundreds of kW, deperding upon the application. Nuclear and solar encrgy

—Hources are bei‘ng considered. The successful épph’ation of electric propulsion

hinges largely upon the development of light-weight power comkruon devices, The
weight of the propulsion unit is typically only a small fractwn of the combined
weights of energy source and conversion equipment, and therefo:e often not of
or1tvcal importance. however the effxcxency with which elect:.;zc energ, is cenverted
into kinetic energ\, of the propellant ig crucizl, sinca i da:ec‘\:ly affects the wc:ighi_

cf the power gource.

OPTIMUM SPECIFIC IMPULSE

The evhaugt velocity is conventionally expressed in terms of the specific

impulse (I, It is likely that electric propulsion sﬁtexﬁé‘ wzéh an I sp ranging

\
[ ]
pl

: f.rom 1000 to 20 000 sec will find wide apphcatxon in fu‘cure space miesions, The

optimum I depends mainly on the mission (mcludmg the txme allowed for the

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

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

stahilization of satelliteg and for lifting ¢ tellzte= £rom

synchrcrous orbit., An i sp from 3000 to 20 000 sec is opt:1ma1 for extended missions

within thc solar system, Systems with an I lower than optxmum are pmahzed by




thrusters of this type are the electren-mombardment (Kaufiman) engine and the
contact ion engine. Both of these thrustors are relat:vely highly developed at
vpresent,_anc." have demoqstrated lifefimes which appreac}x thgé_e needed for opexr-
aticnal systems, and good efficiency, at least in the higher tenge of specific

impulse. ° " ' o

1. Electron-Bombardment Engine: - ..

The wopellant (usually cesium or mercury) is ionized by electron :mpact from

electrons emxtted by a \.n.ntrally located cathode ard accelerated towards a "yc]mdm—

cal anode, The ionization efficiency is greatly mproved by the use of a_n aaaal
magnetic fxeld which provides a part:al contamment of the electrons, reducmg
thereby wall losses. The acceleratzon cf the 1ons takes ptace in the small gap between

two screens: (ex :ractor and accelerator electrodes) to whnch a h1gh electnc po*entxal

dxfference 1s apphe The elec trodes are desxgned in such a way as to nummue

erosion through the mechaniem of sputtenng by the mpact of ions, par cularly aiso
~ those resultmg from charge- exchange. ‘

2. Contact-lon Engine:

Historically, this was the fn:st electric thrustor type to unda:go engmeenng

dcveloprrent 1t differs from the electron bombardn.ent engme mostly

. ,b. \. .

mechamsm which is employed for ionization of the propellant. Iomzatmn 1s ac}ueved

R
2
\«

runctmn metal surface, such as tungsten. Contact mmzatzon is essent lly restricted

heated mmzer is the prmcxpal pawer loss sustamed oy thxe t:ype'of thtustor.
ﬁe..

The resultmg ion beam is space- charge neutrahzed by the mjectxon of electrons

63,
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1. Arc Jet:

oy ! by ] - S | C e - . . .
CP i Chrly promising device for hpace-c_:_harge neut:ralization is the recent)y

developed "plasi hridee.® ' -
<

PLASHA PHOPUISION

Plasma propuision is likely to bz less efficient ingche range of highI , but
Sp

offers the advantage of a wider choice of propellants with good storage and hand.,m_;;:

(naracteristics, Other anticipated advantages are a zgher thrurt per unit areu
due to the absence of space charge limitations, and possitly a wider useful range

of sprcific impulse,

l'D

The propeliant is ac ed either by means of expanding an arc-heated plasma
through ¢ supersonic nozzle {arc jet), by irnparting a rr_tomentum"'_'to the pla.ma by
means of magnctic fields (crossed-fizld accelerate Z rail avcelerator, etc.)or b
a combinatinn of both methods. As a consequence of the high partlcle density, the

f
Debye shielding distance :s small comnpared with the -physical dimenéions. Except

for thin sheaths on electrodes and insulatoi-s, electric forces are therefore absent

and play no role in the acceleration.

Tie usual com1gx“ntxon is coaxial, thh the two electrodes 5eparated by an

“annular gap across which the arc stnkes, and through wl—uch th prepellant flows.

Th« inner electrode is usually the cathode, made of tu;\gsten or Qme other

refractory. Liguid-cooled copper oruncooled refractory metalsiare used for the

anode. In one version, the arc is confined by the throat region formed by the anode

2nd strikes to tne diverging portion of the nozzle, resulting in an increased voltage




magnetic ficld, In the cabe of polyatomic propellants. the energy required for
dissociation represents an important loss mechanism., Due to the relatively low

density, recombination i the nozzle is incomplete. 1000 to 2000 sec specific

bl
-

impulse has been obtained with gases of low molecular A\.ve-ight::.‘~
In the so-called MPD arc, magnetic forces add greatly to the acceleration.
Thesc are produced by the self-magnetic field of the arc current, or else.jlby the

magnetic field of a golenoid.

2. Crossed Field Accelerator:

Characteristic fol: tPlese devices is an externally applied magnetic field,- with
lines of forc'e substantially perpendicular to the‘discharge curi;ent. The'i:esulting
ponderomotzve force is perpendmular to both fxeld and current and is in the direction
of motion o£ the plausma. The propellant flows through a charmel bounded by two
clectrodes facing each other. Magnetic field et;:e.ngths of several thousagd Gauss
are typical.

3. Rail Accelerator

The electnc discharge takes place between two parallel plane conductors (rails)
or two concentric cylinders, The magnetw field associatzad thh the dzscl.arge current
drives the cxlrrent fron along the rails, In one mo;le of Operatxon, ’che space between
the electrodes is injtially filled with gas at a low pressure; the movmg current front
then produces a propagating shock wave, which’ compresses and 1omzes the gas. In
other devxces of tl’us type, a putf of gas is admxtted through a fas" actmg valve, or
by subhmatzon of a sohd propellant and is accelerated by the dzscharge """Maxxmum

velecities correspondmg toa spec1f1c irpulse of 20 000 sec ana h1gher have bbeen

obtained in pulsed operation.

4. Travelling Wave Acceleratoz:

The principle of operation is somewhat analogous to that of an induction motor.
2y | |




A time-varying magnetic field is produced either by multi-;phase wihaings, by

scquentially switched coils, or by means of a transmissidn line. An attractive o

4

feature of.' this type accelerator is the absence of electrodes and the possxb;hty

of 1sola'cmg the plasma from the walls by means of magnetm fields.‘ .

The lecture terminates with a discussion of }aborato;"y experixﬁéhts with a

Space-Charge-Sheath thrustor. In this device, cesium ions are acc;iéréfed in

the gap between a porous tungsten ionizer and a virtual éathode' fo

clectrons gyrating in a transverse magnetic f;eld The magneticbfxeld_ strength

(2500 Gauss) is such that the electron cyclotron radius 1s comparable to the length

of the acceleratirg region (approxlmately 1 mm) On the other hand the mn

¢ yclotron radius which is of the order of 20 cm, is large compared to the charactenctzc
scale length (1 cm) of the magnetic field. A number of expenmental and theoretxcal

proolemq arising in testing this thrustor wxll be dxscussed
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INTRODUCTION : S ‘e-.:%"-

Soiid propellants are structural materials. Today s rocket motors must be de-
signed to meet a variety of mission applications, many of vhich hlve placed increas-

ingly severe demands on the structural capability of the propellanf grain. Although

it is generally recognized that ballistic requirements dictate nnny aapecta of the

final grain configuration, structural limitations have become more apperent in recent

years. Quantitative measurements of the propellant'a.phyei al and mechenical char-

acteristics have become as important to the'deoign engineer ao'the’comouotion laus

may be to the ballistician. Unfortunately, -the baoic“character of;the naterial is

such that attempts to measure ita mechanicel properties have pos d: erious experi-

mental and conceptual difficulties, Techniquee of engineer.ng s ructural analysis

&,

have developed to the state where reanonable predictiona can be_made of loada and

deformations in such atructurea which mny be composed of ninety percﬂnt of this

been greateat

L}

unusual material. On the other hand, difficultiea in‘ nalyai

in those regions vhere critical conditions are moat likely, auch; s grein diacon-

tinuitiea, corners and bonded interfaces. That is, prediction o atructural failure,

where failure is most likely to occur, ia in many caset the leaa satisfactory pro-

duct of the structural integrity annlyais.a

There has been substantial progreaa in the devolo 'ent of sethods . for aolid

propellant material characterization over the past decade, however. The propellant f'

large errors can be expected if aaaumptiona of 1ineari§y and iaotropic behavior are

reta ined

The loading environment which e propellant grain muat survive includes thermnl
R gt
4‘

cycling, handling and vibration, 1gnition p:eaaurization and acceleration. .Many
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of these conditions may prevail at the same time, such as the imposition of small
cillefory stressea on a grain whicﬁ has been subjected to- -large thermal stresses.

The rtsultant deformations may be much greater than a few percent, so finite strains ’
mugt be ccnsi&ered. The rate at‘which the ﬁaterial is deformed in some of these
cases requirea the recognition and proper accotnting of fts time- a:uitcrhperaturc—
depeﬁdent‘proberties. | .

The generation of a practicel'propellent.feilure criterioﬁ has beenvthe obiect
of ertensivecetudy for several feara. it aﬁpeafa that no‘completely;éenerel
analytical criterion is fortucoming, but significant advancea in the experimental
cbaracterizat‘on of ultimate properties in multiaxial stress fields prcmise more
reasonable empirical guidelines.

High-speed computer technieuee have provided the means by whichiﬁnterial
properties loading environments and geometry may be considered for ‘a large .
number of grain configurations. Also, as an important adjunct it must be Tecog-
nized that propellant mechanical properties change with time and exposure, ‘and

'»«

any failure criterion or iesponse characterization applicable to unaged material

.e

must also account for these changes to be of any significant value in eatabliahing

operational dnsign limitations. Many miasile systems must undergo repeated

exposure to thermal extremes as well as a wide range of vibrational frequencies

and accelerations and are expected to survive for many years withoutfintolerable
changes in reliability or operational teadiness.
The following sectiona ‘draw from a very large number of published docnments

‘and reports ae well as private eompunications with
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however, only the unclassifiel literature has been surveyed. Sevetal basic séurce

documents have been used libe:ally. These lnclude: the Intetagency Chemical Rucket
Propulsion Group (ICRPG) Mechanical Behavior Manual ( 4&3 ), Solid Rocket Struc-
tural Integ“ity Abstracts and the Bulletins of the Joint A'mw-nhvy-ﬂir Force (JANAF)

Physical Properties Panel, the ICRPG Working: Group on Mechanical Behavior and the

JANAF Surveillance Panel.
TESTING

A variety of tests are currently conducted to cha*acterize the mechanical prop-

erties of solid propellants. The nature of the test, test mode, and environmental

conditions employed depend upon the end use of the data obtained.i Certuinly,

large portion of all testing is conducted fbr quality control purposes' to determine
}

batch variability, and as a check for groas formuletion errors._

chemists are guided by the recognition that some "standatd" test

leo; formulation

"indications of the practicability of experimental propellants. ‘In general these

tests are used for relative comparisons d _e, rather than for f

stress and ctrain capability, On the other hand if the tests are

tions and interpretation of results. The specific test ;
paper will be discussed in terms of their usefulneus fo b
above.

THE UNIAXIAL TEST

This test is by far the most common'in'nae'today. ANAF tensile

f;‘" B "4.; o
The“so-cnl@é

specimen has received rather wide acceptance for constant atrain e: eeting siuc»

1957. ( 55 ) Figure 1 ahows this specimen with dimensions”

of gripping javs for use with any available tester.» The specimen.%is been prepawed

by
L
2
S5
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by die-cutting, éssting, or milling. The lstter procedure-usually provides a superior

PO

specimen, avoiding the irregularities in dimensions and conposition normally produced

bty the other methods.

It dss recognized tather early that although the JANA! specimen:has the obvious

4advantage of preparation ease in large quantities, certain- precautions must be taken

.

in order to provide meaningful property data. Since ‘the. specimen tends to extrude

out. of the jaws when a load is applied strsin data based:on jaw- displacement alone

tend to include substantial errors. Figure Z is an illustration of ?he extrusian

phenomcnon. "Various techniques hsve been developed to provide a mor accurate

measure- of strain in‘ the JANAF specimen. One approach is to make a train measure -

ment which is independent of the jaw dieplacement, by optical or photographic methods,

,:

and to compute an effective gauge length for the specific formulation?of interest.

Unfortunately, the effective gauge length (EGL) varies with strain and ‘test conditions

for moct propellants snd a plot ‘of EGL versus atrsin must’ be used Tﬁ_correct for
this variation. |
Other techniques for a more satisfactory measure of strsin in '

of the JANAF specimen have been developed.- One inexpensive and simple‘method is

s

the use of a: clear plsstic film extenoometer vhich is attached to th gsuge section

nf the specimen. A mark on the face of the specimen is pul1ed psst g%enly spaced

lines on the clear film and the recorder chart is pipped manually as% he mark passes

sFigure not available)
each of the Iinas. Figure 3 illustrates this technique. Various. other ‘methods are

;Steele and mith At
- (Figure not available. )"

shoun in Figure 4./

also used, such as a spring clip strain gauge developed

11‘

-

or the more elaborate extensometer designed by Farris( 25

At present there is considerable effort -t 5develop"a tensile specimen'vhich

does not exhibit a variable gsuge length. ﬁbﬂ“ £ end-bonded .
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sample: ¥Flgure 5 shtus some of the specimen‘eonfigurationa pregsently in use or under
development. Tue end-bonded specimenas hav: been qulte satiafactory for response
megsuremente in many cases, but the tendency to fail at one of the bonde& joints makes
many O0f the configurations unacceptnble for ultimate prdferey deteruinations. A
specimen which has shown conaiderable promise is that developed by . Saylak(77 ).' The
details of this specimen are shown in Figure 6. It is cast in a cylindrical mold and
steel waohers are bonded to the ende with an epoxy glue. Figure 7.111ustrates the
improvement in the variation of eff-ce;:e gauge length with atraintehen this config-
uration is compared with the JANAP specimen.

The uniaxial test is widely used for quality controi‘and fqrm;iation testing
for obvious reascns. The JANAF configuration is not likely to be ieplaced for these
purposes, especially since the bscklog of information relative to eke formulation
art is composed primarily of data from th;s specimen. Grain strucéﬁral analysts
require more preeise information, howeeer, and when uniexial data ih obtained for

/ =
their purposes more elaborate and time-consuming tests may be condﬁhted.

TEST MODES

This discussion applies to various test COnfigutations w\ethef uhiaxial or

mult:axiel and is reiated, in general to commercially available testing machines

with controlied jaw displacement rates. The cﬁaracterization of v coelastic mate-

rials requires testing conditions over wide~temperature ranges and’ at;times,'a

range of strain rates. Although material propetties ure’ diseuasei a some detail
in a later section, it should te recognized that the general appli_ bility of time-
temperature equivalence principles provides the convenience of- temperature variation

vhere very short or extremely long time testing would. be imprectil:v>
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Inficonetact jaw—displacement—rate test mode :s moscégrequentlyiemployed. This
meets wost of the reéquirements for mass testing such as in the quality control sit-
urtion, but various test analysis methods have made it qoite suitable for designm as
well as research purposez. ‘Disﬁlacement rates frou 0.2 to 20 inches per minute are
normaily employed, but somebtesting equipment provides recsonably controlled rates
upwards of 10,000 inches per minute. Extremelyvlow rate tests are rery time consum-
ing, of course, but some specialized equipment has been designed to'sroduce strain
rates down to 8 X 10" inches per minute.(a).f | _..

Constant strain for stressvrelaxation testa, and conutant load- creep tests,
may be conducted in gimple deviges, In theae.teats control of temperature is quite
critical ainee‘the results are usually applied'aa a spectrnl reﬁresentation for
ecructurel analysisz or research purposes. Figure 8 illustratea a mnltistation

(Figure not available,) :
crevp tester with sutomated data recorders. Strain and load endurance tests are con-
ducted in similar davices, but the conditions existing at failure and time to failure
are normnlly the only data required. The endurance tests are used frequently'to

e

supplement the congtant displacement rate tests for routine evaluation -purposes.
Other test modes such as constant 1oading rate and variable strain rate have

bcen emplcyed on a limited basis as research techniques to inveatigare such phenom-

¢na as the path dependence of f&ilure, but no general description of these tests

van be provided. Of course the. entire area of dynamic testing and Eatigue employs

2 variety of specialized test conditions, but these will be discussed in a later

section'devoted to that topic,

PROPELLANT PROPERTIEo

‘Some of the more unusual propertiea of solid propellants result from thelr basic

composition.3 The two general categories of double-base end composi ﬁrubber-binder
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propellants have many sub-categories, but no exhaustive'éompilation will be attempted
here, It should be sufficient to recognize that most modern propellants consist of

a deformable binder phase and & crystalline salt filler such as ammonium perchlorate
and ;;uelly 8 powdered metallic fuel such as aluminum Table I givea some typicel
compositions for both composite rubber-based and compoaite double-baae systems,

A very brief outline of the methods of production of the two. genetal propellant
categories is in order at this point to provide a minimal background‘for follouing
discussions. Much more detailed 1nformatioe may be found in the éecompanying articles
in this sgeries.

Composite rubber-based propellant ingredients are usually mixed together at
somewhat elevated temperatures (ca. 100~ 160 F) go that a reaaonably fluid and wmi-
form mixture results. The filler materials are disperaed in the low-molecular-veight
polymer (ﬁ = 2000 ‘000) and other liquid ingredients, and the tesultant mixture is
poured through de-aerating devices into an evacuated mold In mnny instancea the
mold is the motor case which is suitably fitted with a casting mandrel and lined

ﬁ

with an insulating adhesive., The motor is then cured;at elevatedﬁtemperature

(ca. 140-160°F) for several hours, The propellant graiﬁ retains’%he'geometry of the
mold after cure and, therefore, many predetermined ballistic charactetist;cs are

built-in, The grain is somewhat rubbery over a wide temperature range and is

dimensionally stable within certain physical limits. The abili:yﬂto;deform without

rupture, and to recover, is quite important since any cracks or dﬂboﬁds which
develop wouid result in additional burning surface and an uﬁptedi%fable chamber

pressure during motor operation.
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< _ TYPICAL SOLID PROPELLANT FORMULATIONS

R P

HYDROCARBCN KINDER COMPOSITE

f Aluinum Fowder ‘ ; 21,1

E Nitrczelluloas S ' 1?21;9
% nitreglye:rine o C 29,0

Triacetin : ';': ’ 5.1

- Stabilizers
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TRGREDIENT , ' WEIGHT %

g Ammonium Perchlorate ' ' : . .70.00
l Altm!nmn"Powder' : | ‘ 116.00
% Poly (butadiene-scrylic acidaac:ylonitrile). o ‘ f11.78
% Epoxy Cuifstive S S i 2,22
% POLYURETHANE BINDER COMPOSIIE : v
: TNCREDTENT - ' o WEIGHT %
Ammoniuvm Perchlorste o ' ©65.00
Aluminum Fowder ' . .‘ -".:"17.00
Polyalkylene Glycols ._z‘ P - ;12.7%
Ibiiéocyaﬁate § ‘ ' | ? 2,24
é Trloi ! ' ' o ' ' o i 0.43
? Additiv-s and Plasticizer ' : Q:Z;GO
COMPOS ? 7& DOUBLE--EASE. ‘_
: Amaaor {um Perchlsrate L féo.a

vt .5 o e,
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-ress-linked polymeric '‘binder., It 1s to be expected that many - the mechanical

properties of the final cured propellant will be dlctateé;by binder'characteristics.

/

Ancther important consideration is the afféct of filler, oue to its physical yrese:cg
3 will as the degres of interaction with the btnoer. |
Composite double—base‘propellants are pfoauced by allowing an Energetic plasni-
vizer, such as nitroglycerine,'to swell and coalesce partlcles of alhiéh-moletular-
weight polymer such as nitrocellulose. The 1ngredients are dispersed by one of two
proceseges in general use. The first is.a casfing technique in which the bagic in-
yredients” are extruded and cnopped into emall granules, and these are poured into
the motor case or nolo.. The plasticizer (solvent) is 1 ttoduced into the evacuated

granule- contain’ng mold under pressure wlth some vibration to aid Ln the elimination

Lof bubbles. The second technlque utilizes a slurry of small premixed granules and

o
.

plasticzzer which i3 then poured into the grain mold. In each casei curing is

accomplishcd at elevated temperature which aids in the diffusion of lastici-er and

subsequent swelling of the polymer. The molecular forces which develop are sufficient

to provide rigidity to the final propellant grain, but are secondar‘.ln nature and

do not provide a con:fnuous covalently konded netiork such as that fbund in suhber-

based systems, The individual granules in-double-nas pLopellants : evloentifiable

cven after swelling and curing, although their b-\ndarxes are somewhat diffusa. The

precise curing mechanism is not completely understood for these propell&nts, but the

.‘._,, .f'

material properties msv be controlled by variations in the time-temperature curing

vycles,
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granular media than merely filled rubbers, Certain specific differences between the
5;u£1~-b35t bindcr and the elastomeric binder lesd to‘;ome differences in behavior,
but many of the resulting properties show similaVitieso The relationsbips between
bulk properties and microstructure in the rubber-bssed systems are much better under -

il:he"‘gououng dis-

gtocd than those o£ the double-base propellants and, therefore,
cussions will focus'primarily an tbe fotmer category.i-\ |
¢ Do

Flgure 9 is a schemntic representation of a uniaxial stress-strain curve uith
c¢ertain common mechanical property definitions indicated. The gtadually dec easing

sicpe and platesu region followed by diminishing stress just before rupture are

typlcal features of the composite prcpellant stress-strain curv: This behavior is

readily unde*stcod wher. one considers the microstructura] proces
. (Fzguro not ava:leble )y
the material is deformed. Figure 10/i1lustrates the so—called'

. uhich octur when
ewetting' phenomenon
which occurs in all composite solid propellsnts to some extent en a load is applied.

The motion of particles imbedded in the matrix produces suffici’ tly high stresses

ia the vicinivy of the bindar-filler interface that rupture occurs and the binder-

fillzsr btonds wiy be pulled loose. The initial point of rupture may be in the

bind-r phase( 1

but In many casas the tear propagates'to the filler surface
and th. Interface is separated. ,

As dew:tting takes place the reinforcing efferts of the’ filler ‘are reduced and

a dzcreasing modulus results. When this process hss proceeded as fs\ as possible

any continued deformation is sustained by ‘the binder until the aple‘breaksi,
onpellant behavior is widely varied with respect to this process, however.

Differences in formulation or even differences in teaL :ouditicns may produce very

loca!ized devetting and yielding, or the process mﬁy occur un f“ mly thxoughout

the specimen. Obviously a local'yielding;condition_confuses'th interpretation
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of test results bated on force and jaw displacemen= curves.

Whenlmicroecopic deutruction occurs within propellant samples, whether by de-
wetfing or by the formation of #mall cracks in the bindeki an overell volume in-
cresse ray be observed. This phenomenon is shown in Figure 11 by means of a plot

of volume chenge against straia. ‘

~ The dewetting process may be observed with a microncope if sone means ia pro-
vided to- strain the semple during the ooservation. Hilzinget (&1 ) has produced
wany excellent phctomicrographs using this technique. Various techniques have been
employed cO monitor the voluxe changa as a’ function of strain in propellant samples.
Rainbird and Vernon ( 74) Smith (90 ) ana Stedry and Landel and- Shelton(97) have shown
general dependence of volume change on strain using simp'e dilatometers. Kruse 49 )
exomined - the rrte and texpe*ature effecta on.Poisson's ratio obtained from unifaxial
tasts conducted in a dilatometer, and Fishman and Rinde(28 ) extended ‘this ‘to in-
clude several piopcllaat variations as well as humidity affecta. thensive inves-
tigations of devetting have been conducted: by Farris(25 ) who has ptovided many rc-
finements of the strain-dilatometer. Some of the basic design featuree arc shown

. (Figure not available.)

in Figure 12 /. Various media have been employed as- confining fluids, including

silicone oils, air und nitrogen. Some of the earlier work in this area per formed by

Svob et. al (101) made use of aimple static buoyancy meaeurements at var ious strain

levels.

One approach whaich does not utilize a confining fiuid has been developed by

Saylak(79 ). This technique involves an optical system uhich continuously monitors

the latcral strain in a uniaxial specimen. The specimen must neceﬂ arily be of

'circular cross section and, obviously, the volume change computation requires

uniform dewetting throughout‘the sample.. This method is not ;ate-tandrten1peratnre-

the




fnited sines po wechanical attachments or fluids ere in contact with ure sample., A

sehomatle dingram of the laveral strain device i3 showm 1n Pigure 13 Suriznd and
,{1100)

slvas duscrile an zlectro-optic device which focuaea‘vn a-reccgnsﬁidt patch on

Jiie iest surface. A motor-driven slit is interpoced between the téfgét’ahd a fine

prical gratinn i the instrument.. The precision of this: instrumegf ié reported to
epand primarily on the quality of the optical- system and grating. é
Some efforts have been undertakea to study propellant diletati;n 1n mnltiaxial
stress fields and even in small totor configurations. Farria(z4 ) haa conducted
fimited invez tigarions along this line and has made apptoximste correlations between
untaxial end multiaxial tests. | | :
Generally applicablé mathematical repfesentations of:thé.dilagioﬁal bchavior
«f propeliants have not been developed, as might ba expected however ?ishm&n and

(7))

Hinde have derived empirlcal expressions for the formulacionajuthh they st sxdied. ;

these relationcships glve reasonable deecriptioﬂ'of uni&xiél,behavidf over wide ranges

‘ T
< .
K (

of straia, time and temperature for a number of testing'modea. Equation (1) is

repregentative of cne of the generalized expresaions for the polyurﬂthane and poly-

butadiene formulations gtudied. Lo

n
fog “/io = Alleg U + B log t/b, - C(log t/ )2
T .

winre: Vo = fnitial somple volume
V = samplec volume after time ﬁ
., W = strain envrgy (area under stress-strain curve)
bT = time-temperature shift factor

ana A, B, and C arc constants for each formulation.

Figure 14 illustrates the relationships betweea valume‘changef;nd'test condi -

ticns for thig formulatlon,
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Althoa;h davetting has been, and is cutrantly, the subject of much discusnion,
its 1mplicatiorn witi:s respect to motor por!brnnnce are- not clcat. In soma cases the
propellant burn ratse appeare to b« a te;ulat funttiou of volume changp as shown by
Saylsk(75'). In othor cases ths onsat of oxtunatvu deuntting hal bocn congidered
an oparatxonal failure conditicn. It is quite ltkely fhat repetitive environmental
tycling -ny ‘lavolve dewetting to the extent that the a-onnt of dcuotting per loading
cycle mny be 4 reasonsble nanouro of danngc to otructu:al cap.btlity and may be '
applied to cuuulntive dannge concoptc. Coloday(u ) hat shown thlt low-frequency .

streas-atrain cycling below thc tniluto linita of the nntortnl produces a general

I

softening until somo “equxl btiu-r conditton exicta. At lonuuhat elevnted tempar -
atu:aa there appoars to be “rohenlind” o! tho rclnxod cyclod mutotial and the orig-
inal atreea-sttain cuxrve mey be rcaonoratod.‘ The iaplicationn of this to strength
capability of the cycled nnterill it not dofined at thiu timu bnt a general dis-

7

cusuion nnd tentative Approach are ptccantcd by Tornoy and Britton(1°3) bosed on

a firat-ordar rate process aaouuption for thc rohoaling procent i
ux:rnxw. ggzmc | Py T

Although the uriaxial test hna traditionnlly reccived the mout nttention, 1t

is 3cueral y tecognisod that luch tests llonc nly be insufficieny'to characterize
adequltely thc ncchnnical cay.bility of tolid propcllnntc. Thi ccpecially

true in the ‘case of ultimate ptoporty doteta!nltiono ub.te a chan;e in load apnli-

cation from one cxis to ccveral at once -ny ﬁavo a sttong effec the relative
ranking of propellants accordin; to thoir bronking ctrain-. Binc‘ the conditions

usunlly .ncountered 1n solid roctat notorl load to th. davelop-n&t of multiaxisl

streoa fielda, tests which attclpt to atiuullta thalc lﬁrlll fi

o
EEY

pacted to roprcaent wore cloacly the ttu. eapnbility orlthc I.tct

s/
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Multiaxfal test grometries and test conditions may be anelyzedeith reference
to three orthogonal piincipal stresses ds sﬁown in Figure lé' |

The—var{ous octants in principal gtress space are d%scribed by considering

onditions of temsion (+) and conpre351on ( ) and their combination. Convention

usvally takes the upper right hand octant extending out from the page in Figure 15
to be rhe tens Lon- tension-tension () octant, and, similarly, going diagonally
dowmward and backward through the origin the (---) octant is reached.‘

Figure 6 illustrates several test specimens which have been uaed(As)
~1n the multiaxial characterization of solid propellants. The arrows in the figure
indicate the dir:ction of load application. The strip- tension or strip biaxial
test hag been employed rather extendively in failure studies. It can be readily
gssen that the prﬂpclladt is constralned by the long bonded edge sc that lateral

contraction is prevented and tension iq produced in two axes simultaneously. The

sampie is free to contract normal to these axes. The ratio of‘th two;principal

~gnslie strusses may be varied from O to 0.5 by varying the bonde
The stresses and ctrains which dcvelop in the center of very long strips are

reisted as follows:
0y =20y, 03=0

é-s:"él:ézzo

dﬂd ‘ \
ro. R g1
1 2 4 ;
SO N S |
2 2 2
7 . EZl_MCTi = S ;
3 9 4
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vhere ’T-'i—, q’z and fT’S are the principal shear streusses, and-Poisson'o ratio is 1/2.

. The dianstral compreesion test is per formed by comp/reseing a thick disc along

= .dlameter of the specimen. A diameter- to—thickness ratio'of approximately 3 1is
‘ (I‘1gure not available.)

‘ preferré?. Figm:e 17 /¢hows this test, including grid limss and gaugea for measuring

the aLtains developed as the sample is compresaed between the tester platens,

i )

The attets field which is developed at the center of t:his test: specimen is

compression— ension and taking the y axis to be the compression axis the compressiw

‘stress, 0"y is given by(31 (‘3‘)
i-6 F | o : O o :;
Ty~ e | - . @

where d " sample diameter
t= thickness

-Py = Compressive force

and’ the'tensfle’stress normal to the axis of compression, a, is éiven by

G-re AR __ ©)
The correspo;idiog strains are . | '
2, (V) S |
€y~ Free A L o W
: - ‘,2 F 14+ 3V) - . P . '
and & = ¢ : o L SR (5)

where y) 1is Poisson s ratio and E is the modu‘lus.

e ; S B A '
5. T”..xm | [(1 -y )(2?_..1'r)+2(1+ )’)] A (6)




The simple sheur test, also shown in Figure 16, was designed 1n the "chevron”

'!..-

configuration to eliminste premature tensile failure at the’corner b éen the lead-

ing edge and the ceatral plate, It 13 apparent that the propellant;lﬁ"fﬁooe corners

N

will be in compression during mest of the tesﬁ. :
Another biaxial test which is not shown here utilizeo‘ﬁithin dia',onmatertal
which isvrlamped around the edge and'inflated by-aif. The preaaure ndftﬁe radius
r are menitdred and if the disc is circular the atress field ‘is ,L
i =K

X y . 7)

. :1, .
4 complete description of this test and certain variations is gtven Sy spangler (93 ,94)

and Long, Rainbird and Ve!:non(58 ),

Triaxial tests usually involve much more elahorate teating equipment and mote

precise measuring techniques than those normally employed for uniaxi 1 and biaxial

measurements. One of the more widely employed teats is’ the so-called
Peat( 32, 57 ).

;"poker chip"

In this test the faces of a thin circular disc are bonded to

(Figure not available.) - ' :
rigid plates as shown in Pigure 18,/ The specimen is loaded by axial di‘placement .

+.f the plates, vcrmal to the face, and the lateral conetraint induce ‘vtriaxlal

ztress in the sample. The triaxial stress field approximates hydrosggtic (equal
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fleld is obtained with e thick—walled sphere. If the sphere wall ia "thin a biaxial

tia bonded plates is reported by Harbert(39 ). Figure 19 shows the stress-s:rain

curves geieratzdé by external measurement, ss well as the failure point determined

. by the center load cell.

A unique and considarably more elaborate multisxial test employa a thick-walled

,

: hol ow ephere test specimen which may be preaaurized internally or externally with

2 nearly incompressible ilquid., Pigure 20 illustreteq the essential features of the
(5)

tegt device as deacribed by Bennet and Anderaon

<

The apecimen»is prepared by

‘custino propellant in a mold fitted with a aand-polyvinyl alcohol mandrel Anside -

tha sphere which mav be easily removed after curing. A constsnt-displacemen*-rate

inutrument drxves the pistor to pressurize the chamber and apply large deformations.
The piston' 8 total displacement volume is transferred to the specimen. It can be

scen  that simultaneous internal and extetnal pressures may be applied‘and go ad-

Justed to provide & variety of ntress fields.u The stress and strai are ‘measured
in the hoop and radial directions at the internal boundary of the sphere.

For an externally gpplied pressure, a compression-compresaion-compression stress

comptesnion-compresoion field 1s: produced If the pressure is applied intetnally

a triaxial tension tension-compresaion state is generated,and similarly, 1£f the

wall is thin, a biaxial tension-tengsion £i=1d is obtained.} A nearly uniform stress
leld is produced over the entire specimen. The aupporting tube is surrounded with

e low modulus material to avold stress concentration and premature rupture in this

vicinity. The relative magnitudes of the atreaaes ‘are varied by changing the

- thickness of the ephete. One additional feature of this test is ability to examine

the »ffects of pressure on the mechanical properties of’ propellant.

. ’,1":’ s

various test modes such as congtant strain and conatant streaa may oe determined

Obviously the

X
-

by vegulating ‘the pressurizing system,

=+ e o i, et o A P §



(86 )

An apparatus described by Sharma ~utilizes a tubular speéimen which may be

strained iagitudinally with internal pressurization, Loading rat so be varied
— ° “

a-d straxns are measured by clip gages. This’ device permits characterization of

propeliant- like materials in various biaxial tension-tension and biaxial tension

compressica stress fields. A schematic diagram of the apparatus s.shown in Figurc 24.

/

Unilaxial tenslon testing with superposed hydrostatic pressur

(10 7) (99)

by V-rncn, and Surland, Boyden and Givan

ss been described

ests pr vide responSe and

failura measurements in the triaxial compression or tension-compression-conpressLon
o¢rants,

DYNAMIC TES -r'mc

A wid- vari =ty of dynamic tests, testers and specimen configurations have been

Table

refetences.

(14

As pointed out by Britton
r-s-arch stodies pertaining to:
7~ Vibration analysis of structoteéi-'
2- Propeliant viscoelestie Béhgsibé

3- Oscillating‘combhstion S
Ge! Internal attenustioo of sﬁoésaﬁ%vesl:

. 54€ FarigUe life

. 3
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{b) Relatively high amplitude tests (strains approaching uniaxial rupture)

for a time suff1c1ent to cause deterioratioh and u1t1mate fa;h:.re.

—

Time to failure
at a given apphed stress or strain amplitude is uetermmed
A general description of the fundamenta? rela.t1onsh1ps governmg the dynamic

cos o {36,27,89
response of. lmear viscoelastic materlals may be found in several sources( )

and will not be repeated in detail here. It should be su£f1c1ent to note that, in
general, smuscudally applied strams (stresses) result: in smuso:dal stresqes
(strams) that are out of phase, Measurements may be made under un1ax1a1
shear or d11at10na1 loadmg cond1t1ons and the resultant eortxplex moduh or com-
pliance and loss phase angle are computed. Rotatmg radms vectors are usually
taken to- represent the stress and stram behavmr for graph1ca1 analysls on a
complex plane. Complex stresses (6’*) and strams (e "<) may be written as:

'0’* = G‘a coseyt + i sincwt (8)

E* = €, cos (wt-8) ¢ i sin (ot -5) ey

Where:

o3 ?tre ss amplitude

(1

€ strain amplitude
J‘ - l:.bs's phase angle
W = eircular frequency

t = time

*

E* {w) : e s {(10)

€

3*

and in termis of its components

E% (@)« E' (@) + iE (@) (1

go




whert; E'(w) is cailed the storage modulus and E"(w) is the ioos niodulus. The
ratio B"/B' is equal to the tangent of the loss angle. The dynamic compliance D =
é*/g, and storage and loss complunce, D! (w) and D"(w) mny be deﬂned 1n a
similar m;oner. These symbols are usually applied to oniaxial loadiag._ The designa-
tions G*(aJ) and J*¥(&) are normally employed for complex shear modulus and com=
pliance, respactively. | v

Dynamic measurements can be made using either free ot forced.vibrationn, snd at
resonance or outside of resonance conditiona. Sinoe the- matetial is time and tem-

. ﬂl

perature dependent, characterizaztion over wide ftequency rangea may be greatly

simplified by applving the WLF (116) equatiou for time-tempetatute'equivalence.

This relationship haa been found to be 3enera11y useful 1n'many propellnnt studies

wvhen used with caution under conditions which have establiohed valid ty.'

Sample shape and size are of conaiderlble importance when aelectingﬁdynanic

test methods for solid propollantn. Preparation must takefaccount ow aurflce

conditions and precise dimensions. Usuallv calt -pecimens etain lyuer-rich

surface layer ond should be avoided. Additionally the aample dimenaions should ‘

may be distributed in several uayn,such aaf

"4/."
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rrfcmfracttref'.-"‘; the bindér.as well as binder-finv* dewetting. 'ﬁxe generzation cf
hoat zay be- q.siteysim lar to - thnt: experienced in the reputed ﬂexing of rubber tires.
During ihe gyplicatim cf eyclie’ loading, a.,cert:ain' porgéign of. the»_ mechanical energy
of each cyc];.e 42 loet as héata If theheat;ca'hnot-ube trt;hafézted t:.) i:he surroundings
a% a sufficlent rate, the tempera’ture of thé' material viil riée. |

| 'Ihyewtgy which is lost- in each cycla when ‘an alternating efxeu is- applied te
a viscoelastie ratetrial may be expressed as: fbnowa'

a
w', ;:ﬁju‘ D"G; 2 uta B o ) I ‘ ' ' (13)‘
Whete D" is *he 1'vss compliance or the out-o:-phase component of the dynamic
compliance. Th-; rate is given by ’ :

o ¥ e ‘:;."_-- ;a H: | - I,. L
u ‘= 1'20)13"6' 2 R s (14)

ﬁhich fo;: N cyc}_es gi‘_v‘es Y . '. . =

A vivid examplc of the reaultant detetioration of a aclid propellant grain s

| 3:3106 cycleﬁa

The ptov llant degraded

.,

wi *be gtain. Alf.naugh the enetgy loss pet cycle my appeat u 2"

m:du,.us.'. Thm may iead to larger deformations at a g:lven input vibrational fcrce

-

P2

e — . a1 T—— —— e e




if thé mass iz not amplitude restricted. Since th: heat éeneration_in 4 linear

vi rcoelactit materizl increases in proportion tc the second power”of ‘the strain,

the process may tend to run away, tnless there ia a cotrespondingly large decrease :
in the loss modulus. S é;:

(8

Schapery 2) has examined steady-state and transient temperature diatributions
resulting from energy dissipation in viscoelsstic slabs snd cylindets subjected to
cyclic shesr loading. The temperature dependence of . the dissipation was introduced

through the asgumption of thermorheologically simple behsvior.w A non -linear heat

'conduction equatior resulted, and coupled processes for heat’ conduction and mechan-

@
g

ical deformation were treated by two variational principles. (83)

.”s wpery snd Cantey
studied thermomechanical phenomena, placing particulsr‘f

thermal instabilities. An experimental examdnation ofisolid propellant subjected

to steady-state sinugsoldal shearing was conducted usingispecime _‘insulated 80

that heat transfer was one-dimenaionsl., Losding was eccomplished in constant

applied strain experiments and. in forced vibretion uith[inertia here the ‘attached

tecovery.: These items will be discussed in ‘a latter section lealing specifically

%

with the problem ‘of failure in- solid propellants and~ ”l ;" 3 "sijrnéﬁah-;

lative damage.‘




(2ol 3 HEESS S S A 4

PHYZICO~CTBMICAL CHANACTERTIZATION

Hhile neébanicai’testing;of all types prevides a general descriptfon of the
".

ulk properties of solid propellents, it 1s difficult to make generalizations or

even extrapolations vhich mey be used in a‘predictive'feahion; when the content or

typa of'eolid'filler‘is cbenged;ior curativa ratios arefaltered;'there is no simple
forreepondingfmaterial property'éhenge wbicbﬁcen be defined baaed7on mechanical
teatingvexﬁerience. if filler contevt and type are held constant it may be erpected
tbet many m-chsnical properties are governea by . binder crose-linking. Double-base
formuletione are particularly confounding with respect to variations in degree of
"ctxe" because a continuous chemically croas-linked network is not formed. Pseudo-
equiribrium modulus measurempnts may be employed to characterize tbe extent of
gellat_on in Lhese materials, but only an "equivalent" Zross-link density ma) be
computed.; It ts not at all clear what benefit in a. predictive sense, “is orovided
by eucb measwements. ' o | o

Considerably more satisfactory results bave been obtained with composite

rubber based ‘propellants. The binder croes-link density and solﬁiraction may be
detetmidcd by employing modified swelling and extraction techniques ‘common to the
field of pfijmer e'renCe. The complications introduced by the measurement of such
parame*eraiin the presence of very high filler volume fractions ere significapt

but re:ertheless useful tethniques heve been worked out. The determination of

crosu~link dennity in composite golid’ propellanté bea been destribed (47, 3,62)

whare bcth swollen tension dnd compresaion methods were employef% Previous efforte’

utiliztng‘"equilibrium" modulus measurements or volume swelling' echniques encount-

ered,oomejcbvious difficulties. Equilibrium measurcments are practically impoesible

Gy



te obtain. since the gradual dewetting of the binder-filler comp031te structuxe

contributes & relaxaticn mechanism with vory stubbo:n and non-reproducible -harac—
1
teristies. Hhen high temperatures and very long tlmes ake employed

> aome chem1cal

changes are poasible, but a cignificant factor is the change in moistute concenc.:
Ihe moistume effects on solid propellant properties can be cons1detab1e and’ uill be

discussed in the ‘section on "Aging"

Volume sweiling measurements have produced errativ reaults even under the noSt
carefully controlled conditions. One important contribution in this reggra is -the

woerk of Bills and Salcedo( 8 ). *hese investigations showed that_ omplete rolon

lease is’ ackieved. Some thermodynamic problems exist,.however; whe such tech-

niques are employed to . provide a quantitative measure of%crosa-link aensicy. First,

equxlibrium swe ling is very difficult to aehieve since the frag-

~




rubberlike elasticitv(1 S) resulting in the following expression~‘
(ra'\)kTO\ 1/;\2) g ' (16)

—— s - &~
vhere Vo is the number of effective network"chains per Unit volume, k is Boltzmann's

constant T the absolute temperature and )\is the extension ratio. Mooney( 68)

(75

va'zn have developed expre831ons which result in a two~constan* descrlption

whxch more hearly approyimates real behavior. -For eimple tension, this ic:

where Cl -+ 02 are empirical constants. The first constant Cl, has been relateo

9 kI of tne statiatical theory expression, and 02 to var:iowz deviations frcn
5 T

the nodel behavio. such as chain entanglement and molecular interactions

A plot of cr/(;\- 1/;\2) against 1/7\ usua’ly results in a straight line, at

i

small strains, with 2C,

lt_

; 88 the intercept and 2C2 as the slope.' This treatment is.

commcnly referred to as a Mooncy-Rivlin plot. Obviously, if the slope of the line

T

% LN

is zero, the material may be represented ‘by the etpression fof "ideal" rubbery be-

havior. Gumbrell Hullins nnd Rivlin‘37) have examined the tensile properties

of uarious rubbers in the swollen condition. They showed rhat

ero slope could

be obtain»d in a‘Moonev-Rivlin plot, after only moderate swel]ing Lndependent of :

the qwelllng aulvcnt.

'-.'x; .
&

The application of such techniques to solid propel ants ha

x

uut reproduc‘ble results depend on the attainment of tomplete bin ler flllet re~

7

Lease*and an adequate measure of the binder sol fractxon. Preliminary swelling

.v:

nrop«-llant ‘ere required. ,

the sol fractinn. This determination is then applied as a correction‘in the

&
o

R

'qé'f




T SR

Arubbéts is

computation of cross-link Jensity. Tn2 force-deformation rei;tiohship for swollen
where F is the force, A is the unstrained umswollen cross-sectional erea and v2 is
the volume fraction of rubber in the swollen gel. A torrection for v2 is requited
for large sol fractions as given by Bills and Salcedo(8 )

i

.V Vst -V _ R |
v," = A ,‘ o 19y

where Vp 1s the volume of sample; Vst, the volume of so vent 1n the swcllen aample,

V » the volume of extractable polymer (sol), and v £? the volume ftaction of ruyﬁer

in the sample.

,-s:'_; oty

The average cross-sectional area of rubber in filled samples has been the sub-

ject of much discussion . o . Ina filled system which swolls to a. foan-

like material, the average croas-section of effective rubbet~1sﬁgiven by the~

initial sample area multiplied by the volume fraction of rubber in the sample and

by the area fraction of gel. The volume fraction and area frac ion are identical

in multi-phase solids. (17)

Swollen-tension methods using various sample—gtipﬁing techﬂi ues have beeﬁ




o foiliwing expraocion wes employed

-

L 23

A [sa]
Y

9 L. ‘1“ i A - & Ry
— Va lo <& o h 4 (20)

=1

;

vhete ho is ti:e hei;ht and Ao the crosg-sectional area of the un&eformed, unswollen
sampie, «nd 8§ 1s th: slope of the force defection curve. BSeeley and Dyckes(ss )
heve periorwmed compression tests on swollen cellular elsstomers based on similar

techniqued.

FATLURZ CRITRLIA

Structursl ansiyeis of the solid rocket cdse-graiﬁ system using experimentslly
determined prepellant response properties may permit a?completé description of the
cesbined stresses zud resultant deformations, but a statement expressing the ability
of the propelient to withstand these stressés 1z 2lso0 required. Such a statement,
which reiétes the physical state at which failure occurs to. some materiel parameters,
iz calied a funilure criterion, The criterion for fajilure permits a prediction of
the margi&s of safecy to be exﬁected undet motor operation and handling conditiors,
and defines the loading regimes where abnor@gl operafion will oqéuf with intierable
frequency.,

The condition termed "failure" may be defined in éevefai-vﬁ§s. An operational
deflnition'might involve any deﬁiation from;the requiréd motot_bailistic per formance
such 22 motor presgure, total burn time, bufhing rate,“etc, Sev;rél of these ab-
rormalities mey be velated diréétly to graiﬁ structﬁra# 1ntegrif§;' Obviously, a

crack or umbond of cufficient éize, which. is exposad td the hot combustion gases,

‘mzy restlt in a catastrophic pressure increase or premature burn-through to the

case wali, However, it is quite possible for small chdhges ih‘bﬁrn’rafe or minor

pressure fluctuations to cause mission failure, Since most solid rocket uses .

0

93




rely upon a pre-progracmed thrust-time operation governed "by the to}tral burning

JL*fate mid-course thrust correctiocns may be impossible.g Other definitions of

failure might 1nciude: the first visual crack WhLCh f)rgg} 4amp1e rupture into

two or more pieces, the maximum stress point on a atress-strain curve, a naximum ,

acceptable volume increate, or pethaps a 1arge modulua change tesulting in grain

sldmp or bOnd rtlease.

An important consideration in all failurw stadies is the influence of mate-

rial variability. Statistical distributions of failure incidence

and properly .accounted for 1f reliability limzts are to be set.

stress and strain capability. Statistical distributions permit tn

specimens. Both breaking stress and breaking strain of naturel ubb

(-_

and styrene butadiere elastomers

ponential distribution

@ =] - exp[ - exp ‘A (x .y*ﬂ




sev gtrain), vospectively, It should be clear, therefore,_thet although the follow-
iu; discussions may bu concerned ;,th rupture stress or ruﬁture strain, the inherent
| variebiitty tn rupture processes ar well as that of meteriils in general, requires
that 211 dieerete voluvs be viewed as mean velues of a distributed oopulation.

he verioua approaches to the establiahment of failure criterie for solid pro-
pellants mey be divided roughly into two categories. Firet; gimple relationships
maYy be develored which relate ectdal motor failures.to lagoratory tests. This pro-
duces g pragmatic criterion which may be quite useful when the appllcation ie limited
to thso spec*fic waterial, motor design, failure mode, and loading conditions which
pravel 124 during the initial correlation testing. Secondly, an enalytical criterion
nay bc.generated which may be represented in the geometrical form of a "failure
suerface”., Tﬂé surface represents a boundary in some specifically defined space
coordinate s§§cem between safe mechenical states and unsafe states.

The fir;t category has been traditional in the-solidvrocket industry and varia-
ticns on thie:approach have been many and diverse; The second category is appeal=~
" ing in the «éhsé of iis generality and possible mathematical rigor but has been
hamoered in ite devexopment by the experimental difficulties invclved. Until
vetry reCently, hovnver, most fallure relationships have been based on a single
1eedlng hletory cr "flrgt stretch" cond‘tions.n .J_.

One of tne slmpleon criteria specific’ to the internal port cracking failure

mede 18 based o2 the wiaxial 8traiﬂ CaPabiliLY in simple tension g

s

\..

material properties are known to be strain rate and temperature dependent tests

gre conducted under 2 variety of condi fons and a so-called failure envelope is
ernicrated, Strain at rupture is plotted against e vsriablp such as reduced time

&r.d any strein requircment which falls outside of the envelope 'ill lead to

/00




and Wiegan

rupture, and any condition inside will be considered sate. Ad hoc criteria have been

proposed <¢uch as that of Lande1(53 ) in which the faiiure strain C? 15 defined as

the“fatio of the maximum true stress to the initial mpdulus where the true stress

ig defined as the product of the extension ratio and the engineering atress, i.e.,
6;/2 = Xy G/E = € . This relationship has been shown to break down at atrain

rates and temperatures below that at which the strain- reaches a maximum. Milloway

d(6 ) suggested the criterion that motor strain should be less than half

of the uniaxial tensile strain at failure at 0.74 miné;.‘ Thisicrrteria was based
on forty-one small motor tests. ‘ o | f. :

The unfaxizl failure envelope developed by Smith( 1) has proved in be one
of the most useful devices for the simple failure characterization of many visco-

elastic materiara. This envelope normally consists of a log-log plot of tempera-

ture-reduced failure stress versus the strain at break. Figure 22 is & schematic

representation of the Smith failure envelope. Such curves may G generated by

A

plctting the rupture stress and strein vdlues from tests conductedoner a range’

of temperatures and strain retes. The rupture 10eua moves counter-clockwise

arcurd the enveicyc as the temperature is’ lowered or the atrain rate 19 1ncreased.

Constant strain, constant strain rate, and constant load teata n- amorphous un-

( 92 )

filled polymere have shown the general path .ndependence{'f the failure

envelope. Studies by Smith(93 ) and Fishman(28 ) havefshown ;dependenee of
the rupture envelope, however, for solid propellantsA: o

Some investigutors have shown a preference for‘plottiné-s ain at maximum
stress.rather than rupture strain on soirdjpropetlan aiiu'e' v.iopes.. This

is based upon two considerationa' first, the onset of racking Y localrzed

101




4 near the ranimum stress peiut, and secend, this woluc
? polu

£.ETEUenIs 8 10T concervative design limit  Strain at meximum stress data
rrawrelly rho wlass scotter in %he'vicinity o the maximim strainiportion of the
fnilwe onvelope, Limited evidence is algo'&vailable which indicetes the psth

tsosndence of the cavelope generated in this manner may be comewhat less than that
vi 2 wuptura 3cuméa;y. |

ie uﬁculd be noted that un axial tensile ctiteria can lead to gross imaccuracies

vian zppiled to situstions vhere combined stresses lead to failure in nultiaxial
girese fietds, Oft:n the assumption is made that cbmbined etresséa have no influ-
ence Lnd thot the moximem principal stress governs the fallure behavior. A some-
what improvaed a,».o.ﬁh applied to blaxial tension conditions relies upon & prag~'
wrzic Yblaxial corriction factor" vhich is appli&d to uniawial data moaitying

the strain vaildes to account for the 1nf1uencc of “*-bfued stresses, Sucn factors

‘axaz besel upon extensive testing and comparisons for a single material using uni-

exial, atriw‘biaxi:i or, perha?s, analogue motor tests.

& %,00},
FRTOS

Majerus 12 approached the failure bLehavior of highly filled polymers

by a ‘thermo modyramic treatwent in which the ability to resist ruptuf? is related

i
¥

to the'propellnnt's 2dility to absors and dissipate energy at a éértain rate,
&n energv'criterion “hich foquirev kuilure‘fb be a function of both stress and

girain wu3 originally statec by G ¢riffith(35 ) for brittle mnterials and latev

(76}

adapted to porymers by Riviin and Thomas . villiama(111> has applieo an

encrgy eriterion to viscoelastié materials such as solid propellonta where appro-
priate terms are included for viacous-energy dissipstion.
A ceablnaztion «f an gncrgy ‘criterion and the feilure envelope has been pro-

(219

poced by Darwell, Pirker and Lesming for various double~-base propellants,



fotal work ro failure was taken from the area beneath the stress-strain curve,

but the blaxi.l feilure envelope was seen te deviate from uniaxial behavior de-

o o I &
pending on the partlcelar propellant formulation. Jones ‘and Knauss(as ) have
gtmilerly zhoun the dependence of failure properties on the stress state of com-

posite rubbar-based propellants.

In order to visualize the stress states at which failure occu?s, a feilure surface
may be constructed. The six stress components may be reéolved intb~three orthogonal
principal stresses; any stress state which exists in thé spaceucoﬂtaining origin
will not cause failvre, and conversely, ahy state outside of this sbgce will lead
to failure. & mathematical deseription ¢f thé surface ‘would greati& simplify
matre~s, sincc the wost convenient stress field could be‘chosen fof?lnboratory
testing, and the entire surface’could be descfibed from a single féilufe locus.

Such surface3 have been digcussed at length by Blatz( 12) and Williamsfeg al (110), and
the feilure surisces associated with various failure criterla by - 9everal authors
(38,108,53,104). Nbdnl(ég ) has reviewed eight failure theories wnich ‘have been

proposed for matericls (mainly metals) and Marin(ﬁl / discusses si;{of these in -

a more simplified muaner, Simply listed, these are: (1) maximum principal

stress or Rankine theory, (2) makimum shear or Cuulomb~Tresca critetion, (3) max~

fmum strain or St. Venant's theory, (4) maximum strain energy theory, (5) dis-

tortion cnergy or Veon lMigses-Hencky theory, and (6) the internal frigt‘on theory

«hich is a 2peciel case of #ohr's theory.' | o |

Mehldahl(ﬁ3 ) dzpicts several failure surfaces by photographsﬁgf‘various
three-dimenzional models, Figure 25 is an illustration of three.s€éhiéhffsces
{ 166 )

tuken from refz=reancc ' which shows geometries which are sjﬁmetriéal

i
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FOUE T s s o onporal, @y o= 07, = 0“3; end coitaining the agsumption that th .
trizw.al cooyras Tan ootoat shouid bo open (Mboczuse hydrostatic _compres slon carsoc
Loy Y Lol ie oo the ordinary zonse™)

IS SR , - R . : ‘G‘

St oo o concept of & fallure sulfuce in princival gtiéso space scems (o :
pooviia o Cazer rilve dufinition of the vltimane cepebility of materiale in any
Grres. suata, it swouvld be receraized thac in veclity there may not be cne uvalque

surface for each material. Paillure In soiid propallants e not only influinced &y

the sovess stats, but also by the deformation history., Since 2 glven stress stute

can b rodcned L guy nucber of stress-strain pathe, a given feilure surface mey
i (86} {45

exist for cack specific loading history., Sherma and Jones and Knauss

O

have wreduced trices of failure surfaces by maintaining the principal strain ra:
at QQaivalant vziues for tho varicus tests conducted. Little has been suid or deae
about ihﬁ ganera. problem of multiawisl straie ratéé nd associated multfaxisl
etfesués. & thoory haee been proposed by Zakﬁl 6 for polymeric materials in which
soth rats cnd moltizxial effects are included, but no experimental verification

has boen attemptod, Figure 26 is e representation.of parabolié-failure gu:faécu in
principel S£TMQ§ cpace, coaxisl with the space diagonal. ghe two surfaces are
shour. .t¢ fllustrite the possibiliey of qgééral sur faces which might result frowm
changes in tha w.terial or the test conaiéiona. Such surfaces need not be
conccatric ag ghowng in fact, it would aeem poasible that significant

deLer ioration cculd change the basic failure modz of the msterial, and therefore,

the size and shone of the fallwe surface. p

0;! er coordinete systems may be used for fai lure aurface reprnsontations in .
asddivion to streus space., Blatz and I(o(l1 ) indicate that either stress { cri)
spaty, otrsteh {}\i} space, or invariant (Ii) space may be appropriate. Stress
space 1o post coamonly employed because the failure surfacc concept was origlnally
arplied to matels, for which atress and atrain are more simply telated. Visroelastic

waterials on the other hand may show a multitude of strain values at a given stress

lewe: depending on test conditions,
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Itodgat be ponsible for some materials to produce a tnique failure surfice

rroviding miavuros o ceuld be conducted under “first streteh” conditiona in

(165)

siata.of equliibriva, Tschoegl » &t the time of this'wrltwng, is attengting

te produce seperimental surfaces by subjecting sweilen rubbers to vatioug nulti~

axial stress viates. the swollen condition permits failure messuremente at muct

slz and thé time dependence of the materizl is e§sentia11y
eliminatad, S:udig; nE this typé will be extremely useful in establishing the
oundations for ewreanded zfforts inte failure of composite matericls,

The general iu;pplicability of the various classic failure thgbtiea to solid
wopzllante hos beor nored by numerous invéstigators. Jones and Kgauss<~&5) rave
shoun apuroxinate z;reexent with the maximum tensile stress rheor“ in the triaxial
tension atress octunt, while dats in other regions indicated an internal friction
type of criteria. '}igure'23-ahows the surface constructed by thcsé authors for =
cemponite rubler-p.isd propelleat. Experimental mappirg of failure cutfaccs for
solid prupellents Lios been aottempted to a limit»d extent, but difticulties have
boen encounterad, copacially im the seven compressive octants, thn various
analyticul criterin are compared to laboratory data it becomes extfemely diffi-
cult to Jdistinguish i most'appropria&e criterion in the (+ + +) gétant. Scatter

in the foilure dats way Se great enough to include several criteria at once since

the differeaces in g octant are not large. In the other octantl, how ver
thiere can ba substavitial dlverg;nues of the analytical failure boundaties and

the distincticn shonld be much easier, A few investigetors have Londucted uni-

097)

axial ard bianial costs usder superposed hydrostatic pressure. Vernon

Krusehs{;), ard Svriand and co«we:xe*s( 99) have discovered that cettain
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ity exiilbit higher strain capability and tensile strenith whan
£ XTOI VI Ar e pear U wmd G ey e oy e g . . 3 ¥, ( 40 ) .
testec wrnger conl.oniag gos pressure. Hazelton and Planck conductad uniaxicl
) . - \é_.. N
Ty g > o Py o . X
biunial tenzion tects, aad stinple shear tevts on propellants. and propellant
iiner Bboude with =¢ pressures up to 800 psig. They also found inereasad tensile
proper tles mder oressure and interpreted the bebsvior as due to delayed Gilation
ead tr. tote effccis, i
Enarma- hes examined the fracture behsvior of aluminum-filled elastomers

using the biaxici hollow-cylinder test mentioned eariier. Biaxial tension and

tenslea-comiresci n teste showed considerable stress-induced anisotrepy, and com-

(4,
3
3

parigen of Iractuse datd with variouy feilure theories showed nq'generally appli-
cabla c:iterion a2t the strain rates and stress racios ?tudied. Sharms and Lim( 87)
conducted fractur: gtud#es of en unfilled binder ﬁaterial for ffve uniaxial ahd
biaxi&l stross fi.ids ot four values of stress rate., Fracture bgha§ior vas char-
acturised B & fullure envelope obtained by plosting the octahed;al shear stress

, _ :

againgli cctzhedrat chear gtraln at fracture. This material exhibited neo-hookeen

Behovior in wniecxial tension, but it i3 highly unlikely that guch behavior would

(%3
43
4]
{
¢
-
<
o
4
i3
It
o
{55y

nlied systems.,

In & roecent .btempt to bring an engineering approach to mplgiaxial failure
in s01id propelisnts Siron and Duert(ssv) tested twy cumposite déﬁble-hase
formul;tionu uncde:s nine distinct states of stress. The tests eﬁgloyed included
trinxial poher chip, biaxzial étrip, uniaxial extension, shéar, @iémetral compree -

gion, uniaxiel coopression, and pressurized uniaxial extension at several tem-

: peratt:és and stroin rates. The data was reduced in terms of aﬁiempirically

defined constrain: parameter which ranged from -1.0 (hydrostatic comprescion)

to +1.9 (haydrostazic tension). The parameter (9) is defined in terms of

[
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principal styesscs and indicates the tensille or compressive nature of the stress

field at any peint In a structure, i,e.,

Y

. . . .
- ¢yt Oppt Oy
‘ 3107} - (22)

where (ji, (7&1 and (}"Hl are the numericqlly meximem, intermédiate, and minimum

principal stresscs respectively, Tensile failure atress end tensile faiiure stratin

were vlotted ageinst the constraint parameter and reasonable correlation was shown

for one temperature and strzin rate. A preliminary comparison of the failure data
with the maximum principal tensile stress, maximum principal tensile strain, maxi-
mum shear stress, and mewimum distortional-strain energy-failure criteria chowed

no correlationz for these propellants,

CIB“EUL'LTI VE DAMAGH

“he conditicns leading to damage accumulaticn are pariicul#tly'relevant to
the problens of wolid rocket structural integti;y. It is quite;éogsiﬁﬁe for a
grain to "wear out" after repeatad thermal cycling orf%ibrationgghtough the
eradurl development and propagetion of microscopic teéring or méiec&lar break~

down. If thic process could be described analytically and fotm&iétéd for com-~

plex motor geometries, a useful life prediction could'be nade bqgeﬂ‘on the motor

aistory.

‘tletal fatigve has been studied extensively for many years h;nd’

more vecently,considerable attention has been given to fatigue iﬁ plastics and

rubbers (6,33 51"3} hi‘liems(llz) has suggested that ‘golid pr;
( 67 >

be examined on the basgic of Miner's law whichJVaa develo _difor metal

fatigue. "his mxy be represented by thc expression

MH,

Z(..L.; - 1.0 (23
ML

Ve

39
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sotent N oczn be dotermined by experiment, bLt iz

Biner's iow b been used to predict failuve for sequential loading of czol

et FOLL ik sunber of load levels, N iz the n

"

f cycies to fallure st the ith

cycles at the ith louc
load level, The ex-

uswally taken to dbe 1.0, wiich

p./«

(24)

nroneilent ot dillerent streinm rates. The linear form used here is:
PN
< { . 3 = 1.0
e{-‘_ “‘t‘, {3 4
143 77

where :i is thoe rime at the ith strain rate and tfi ig the time to failure at tke

ith strein veze. Varlous investigators have examined this relationship for appii-

e
S
et
Sk
3]
o~ O
ot
e
A

L]
tior te 8:3id propeliznts with only limited success.

This is to be expected
sdor of leading i not taken futv account in Miner's law.

o5 applied ap sdaptation of this law to solid propellants and

progaellant~iincr Londs for diecvete, constantly impogsed stress levels considering

¢, to e thu timc nt the ith stress level and tey
£

the mean time to failure at the

ith stress level. A probability distributicn function P was included to account

for th: stevigric.l distribution of failures, ¥or cyclic stress tests the time

iz the numbur of cycles divided by the frequency, and the ith loading iz the

amplitide. The zupirical relstionship

E

N\ £

RS S
was exotoyel to forive the integral expression
- ] t B
P v\: N = "‘"“.{:“‘"‘ ‘._g;_t)__é_‘?_.
£.78 2 £ [z(t)g

;08

oy

£25)

(26)
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where Di = incremental damage
t, = mean tire to failure
t = unit tire to failure
o= dtress réquired to caugse failure at t,

D = an empirical constant

1[:g(ti} = yigcoslastic time-temberatute shift rélation uiég
temperature expresced as a function of time. The variéusfconstantsﬁ?eré obtained
from constént 1oad tests at several temperatures, and'sﬁeéific tempéédfﬁre-étress-
time cycles, Integration yields the mean damage per cycle or the number of cycles-
to failure, N, Figure 27 1llustrates the correlatiorn obtained for cyclic tests

on propellant-liner bond specimens at temperatures of 40, 77, and 110 F, ‘and

sequential stress levels from 40 to 80 psi. The degree of correlation ie not com-

pletely satisfactory, but at least an estimate can be made of the miﬁimum number

of cycles which will cause failure.

e

An eapproech subuested by Williams et al‘113 uses an- energy baltnce equation for

the Initiation of flaw growth in & linearly viscoelastic matetial.

/

flaw geomatry was salscted for simplicity since it was shown that the expresaions

for the critical values of applied stress to cause fracCutg were sim#lgr-for

several flaw geometries. The critical conditions are based on a power-(energy
. . 5 PR N ‘;. s

rate) balance

I=F+25+SE o s Lan
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Lot CHEY e 3v.b0ir Indlcste differeantiation with *aswect to tima,

Yhae thorcsdyazsic couditions for spherilcal flaw growth were derived in Ref.(113)
for o budy aith & elnvicidally displaced boundary. “the final expression for the
:3ci123&5rv dis%:acument v stnag t is given es:

&) ’i’i_

{lecos Z&it) + .ZE‘_ {W

2 ' -
4+ ° T2 o -t/ :
""‘"""i R [ exP _ 1 cosgt ‘=1
l-#cg ’Tz'_j : ‘
i i 2 K - .
: T & g i #
‘ TS | 6 egin t .
BRI (L +gs 7.5 &
- 2 (28)

-

2 4
(.«U ’:‘J.; )
ey ey [ 1 - cos 24,1:]
&L g T )

b = outey radive of the spherical body

"

L

P ‘ T » aurfsce enerpgy per unit surface area

sud 2 serics expressica vaz introduced for the relaxation modulus of an arbitrary

¢ 80)

: raterial vaaa given by Zchapery Figure 28 .is a plot of flaw grow‘ét":hia.s a2

; ; . . y .

) Function oi time according tc 8q 28 « Limited experimentsl tesulti on a well
chavacterised polyvrothens clzgtomer showed & qualitative similarity to the pre-
§ f’ f cictad prouth-rest cyrle of crack propugation. This approach remains‘to be

! npplied vo filled materiais guch as solid propellants,
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AGING

~

Solid prosellants are composed of a large percentage of energetic in-

. -
—— - . -2

gredienis zo it should be expected that prolong=d storage inigl'it result in
deterioration. Varicus ingredients may interz;ct'w:ith eac‘n‘ oéhérb or with the
gtmoo,..‘_r @ o produce irreversible charges w‘nch can seriously affect both
the ballistic ond rnechanicil properties. Scme ingredients may simply de-
compos wrulc, others may react tc proauce chemmal products wh ch, by
themselves, may be degrading tc other materzals in the system.. Auto;
catalytic reactions are common and frequently an mgredlent w}uch is a

ballistic modifier may produce mtolerable changes in the propellant during

storage. ZPlxcticizers may migrate and evaporate.z gases may be generated.

cross-linking and chain cleavage may occur simultaneously.:. Decomposition

of primary inpredients to form products which increase the sensitivity of the
propellant is = common problem in double-base systems. ‘Il‘iesé reactions
and many more have been examined in numerous studies. Sohd propenants

are complex mixtures of many possxble mgredmn..s 30 any exammatzon of

aging plienomzna should consider detaxled formulatmns, expected operatmnai

environments, and failure modes. Smce detailed formulatmns are generally

revealed only in the classified lzteramre, the followmg dmcne sxons will ‘be

restricted to gerorahzauons about typlcal agmg mechamsm' a.nd useful test

methods for following the aging behavmr of sohd p;i opella.nt Table m (22)

lists various mteractmna and resulta,nt detorzoratmn whxch must be consxdered.

This section will deal with the chem;cal agmgv’ roblem and related phymcal

phenomena such as dxffuczon and cmbnttlement. Apa.rt from the 'c'zemzcal preblem

therc is mechanical determvatmn which is alfso related to long-term Foviron-

mental effects, but thxs wag covered ‘bneﬂy in the precedmg.._cumu. anve’éamm;ge

iz

discussion. S

i
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A preciction of voeful life for solid propellant rockéts is quite important,
viat waly from the stardpoint of operational reacdiness, but also from economic
amsiderations. The premature removal and replacement of deployed systeins,

resid_op haccur

2

te sworage life estimates, can be extrgiely costly., A primary
cifficulty hare is the impossibility of gathering aging data over pélz:'iods of sever:]

v:ars before the systems are committed to production and operatibn. It is quite

posuible that obsolescence could overtake a spec1f1c missile qystem and pro-

pellunt combination while long-term storage data are being compiled. Accel-
¢rated aging tests are normally employed to give qtialitative indications of
storability, but the deficiencies of these testé are fathg;‘ obvious and will be
discussed later, |

Chemical aging may be the result of thermal, oxidative or hydrolytic re-
actions. The changas'observed may be: softening, hardening, swelling, dis-
cro‘lorﬁtion, and g.as evolution. These changes mav no't constitute failure, as
¢uch, but should be ¢xamined in relation to possible failure raodes. ardening,
which is u{;ually accompanied.by a decreased strain capability, may result from
scveral conditions. Oxidation rhay prodﬁcé aiscoloréd and' harde'rie:d surfaces;
continued cure reactions produce overall modulus increases; and loss of volatil.
ula‘txmzers also leads to higher modulus. Long-term "Storage at_; low tempera-
rures may cause embrittlement, whether by binder cryétallizatié;l or by other
mechanisms., Softening iz usually the result of binder é’:hain scl:is::",;sion Or Cross-

link degradation, and may be produced by hydrolytic reactions or thermal de-

composition. Moisture effecfs are particuldrly pvrouou}xced sincé"‘* they not only
relate to hydrolysw, but may interrupt the binder- fﬂ‘er mterface. In some
caces the solu’mnt\, of mprcchents in the bmder may chanbe thh mo:.sture con-

tent; and phuse changes, s utmn, and p‘ecxpltatmn may occur. -,-.;



Withio this morsss of complex chemical ond physical phenomena, there is little
that has not bean e:ximined in some detail; but there is also much-less which is
sufiiciently underetood to permit predictive estimates\gf useful ﬁropellant 1ife.

The aging characteristics of double-base and compoélte-rubber;binder propei-
lants ave substantially different. The primery changes which occ&rjin double—oac
propellants relate tc stability and are variously concerned with “safe storage life",

. 7 ‘

"safe use 1life" and "useful life.s %he first two categories attempt to define the
time beyond which storage or uss would constitute a hazatd while the useful life
represents the period in which the rocket can’ be expected to perform reliably,

afe-life tests usuvally conaider such fac*ors as the time to auto-ignition at a
glven temperature, or the time to the ptoduction of fumee of oxides of nitrogen.
in some cases the rates of s,abilizer depletion at h’gh temperatures are measured
and extrapoleted to lower temperatures. The ‘time to zero atabili:er concenttotion
is then determined for normal storage temperatures. Depletion rates may be plotted
for various temperatures in the form of an Arrhenius plot and the energy of activa-
tion determined for a particular stabilizing egent.

So much concentrated effort has been expended on the stabilization of double-

base formulatione that stability is no ionger a limiting factor in the determina-
¢ ¢8

tion of useful life. Some studies ) have shown the saf istorage life

to s in excess of 20 years under ordinary conditions.

Useful-life detcrminations are similar £or both general pro lllnnt types .

oY

since. they are primarily concerned with struotural integrity.ulThe decompoaition

or formation of rel&tively few chemical bonds will normally be

the viewpoint of ballisticvcharaoteristica. On the other hand the formation of

115



now cross-links o the cleavage of poiymer ch&ins can strongly affect the mechanical
pvopertiss. of poiymeric meteriale. Chenges 1n{atrength_o€5modu1us may cauze pro-
pollisut capaﬁilify to f3ll below tha structural requiremeﬁts of psrticular wotor -

CATNG . It%thould be'npted,,however, that.some changts ény not beideieterious,
but can be, in feet, beneficiél. ‘

. Many of the tests described tn earlior aertions have%been applied in surveil-
lence studiazs of solid yropellants. Both reaponae and. failure characteristica may
be followed as a function of time dLring storage at Various conditxons. Physico-
chemical aﬂulysi« o0f specimansg before and after ‘exposure to determine sol content
and cross-link density changes is particularly useful in cortelating gress physi-

cal;property;varrations. In conjunction vith these tests, various nou-destructrve

‘ tecbnicuns May provide addit onal information.' Tha eummary in Table IV was taken

from a compilation by DeFries and, Johns( 2?) which ahows the large. number of
techniques ahd devices applied to solid prdpellant surveillancet Even this ex-
tensive liet i8 not complete and many variations and alternate methods have been -
p:opoaed tkrough the yezars., It ia especially important to note that uon-deattuc-

tive tests only indiczte that a ch ange has taken place in the propellant. They

do not provide the decisien rcgarding the acceptibility of the material for its

intended application. Such daciaions require a knowledge of material character-

iztics and a practical failure criterion, It hua been. suggested € : 29 )

that

propzllant aging vhick results in mechanical property changea ‘may be ‘examined in

reoference to a changing failure surface. The aging material nay hnve an associated

f<iLure sur face which collapses around the origin similar ‘to. & deflating balloon,
With the pzssage of time it is then reqLired that the atructutal requirements be
rev1ewed with tespect to the new failure surface, and thg;tolerahlgflimits'established.‘
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Laboratory mez:urements oa stored samples are common, but there are many pre-

ceutions to be obocrved. It ig lmportant to establish confidence that samples

are represerxtativA of the propellant grain, enclosed in its ceeeﬁliner-insulation
enve%ope.- Since diffusion patno and exposed surface d?ee Day be germene to the
aging process, thesc cha'acteristics recuire duplication in aging samples. There
ic considerable evidence also that samples stored in sealed containers deteriorate

rmuch more rapidly and by dif‘erent mechaniems than thoae exposed to the atmosphere.

The ag_ng stability of solid ropellants mey be evaluated in e groaa sense by

-».

measuring tile change in come prominent ptoperty such at modulus o: teneile strength

at variors temperatures. The temperature sensitivity of these changes msy then

be chartcd on an Arzhenius plot and extrapolations made to normal storage tem~

peraturesr' Such accelerated aging tests are useful i stablishing degradation

3
5

patterns and in guiding formulation chemists in the production of ptopellants with

gsuperior aging characteristics. The temptation should be avolded howevet, to

use these tests in & quantitative, predictive fashion 1or determining the useful

life of propellant systems. In complex materials such as theseﬂit is quite pos-

Pible that some thermally activated mechanisms may pr vail at hig‘ temoeratures,

which are relatively unimportant at lower temperatures{' Used with'caution,

accelerated aging tcets should be, therefore, an integral part of a11 propellant

development efforts., Figure 29 is an example of the extrapol. ions which

can be made from hinh-temperature data._ The critical storage t defined

in this case as the time to produce an aasociated change, by a,f tot of 2 in

the initial meximux stress or in the initiel attain at'maximum stress.

Oth*t conditions may be imyoaed upon atored propelaant to c ease the

severity of the env;ronment. In gome cases the effect of amhie qpiéture noy
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ttie to bigh relativa humiditics; aand, low temperature

K

«hwitilemiat muy e scvalsratsd by the angrop:iate conditibning temperztire.

Canve tachni¢oes ave puvticularly difficels to intergret dge to the vatiety of -
aenibla dntezactlicas ard synerplstic effﬁcts. Eigh honidity haa been shown to

gnge the lew-tsmzsvatire prop certies of sropalisats ic various uaya. Polyurethane
aétc‘bsﬁc uadergeas eeveze abdulua iéete&éee and rupture strain decrezeses

i toatéd eb -4t ’p afrer ceveral daya ezposurs to 90% ralative humidity at 77°F.

72.)

Vadx haw bean interpzatgd( as dus to’the 1on-dipole effectéfof;diesolved

monivm perchlorate, ond velzted to the soludility of uatéf in the binder phasc.
s Shi uxvlansﬁ‘cnz hypocheaise "rauealin@' ( 19 ) of broLen binder—oxidi~ar
Londs, oY oxidi rer dissolution and precipitat on cf sm&ll hxgh-surface-area

cAyotals - 59 ). Sums specialized techniquac havu been applied to detersine

it naturé‘bs ﬂbaCific Jearaaation re&ctionn, nnd thsce have produced very useful

ingight into the aging rocese, cheno’heolagical methcds descwibmd by Golodny et al 20
nave bran notsdle im establishing the relative amount of'chain cleavuge and cross-
Linkdng du*irg expseure to various env*roﬂmenta. In gsome cuaes the aiCe ‘of dg-
rradation nay bn daternined, such as random chain or ctosa-link scialion. These
..atod“ are taszd upon the prcc«dures deacribed hy Tobolcty(loz) in which bouth

a-vrﬂ ttent qnﬁ continuous stress telaxation mezsurcmenta are employed. Tests

~nnu-ted uich unfilled binder materials are Quite revealing, but when highly

Tilted aam»lca are exaxzinsd tha telnxmtion ptocesa ia confused by dewe*ting and

conular in tara*tfaaq. ‘%i . |

Many cho mica? ‘and physical analysis techniq ues have been appliud to the

Cpudy Jf eolid srepellant agl ng.. leuable contributio 8 have been ulde in ia-

srodng formulatione and in es»ablish*ng conficence in the stabi“ity of ‘

{2
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propellants for 2 wide variety of applications. Fortuné;ely, many formulations
t:ve been develesed with exceptional aging stability and predictions of useful
iife have baen excueded in aczua? operations. As ney, high- energy propellants

are Jdeweloped and enter the {aventory, it ran be oxpectaﬁ Lhut degtaoation will

[5]

[

¢ a more sevare problen and that improved predictive teéhniques uill be ;equired

Pronress in the areas of structural Integrity analysis, mnterial characteri;ation
and €allure criteris for solid propellants i# continuingiand holdé;fhé promise
that such techniques wiil be available.

SUMMARY

The precading discussivng have surveyed currént appréaches andjtechniques for

S

s0lié propzliant muchanical properties charactetz’ation. Hovever ‘a'n

related areas have not been mentioned, The"varioua methbds for-detefaining pr6~

pellant-liner bond streng*h and evaluation ct bond detetiavation with enV1ronmenta1

i

exposure hav= no* been covered, although bond integrity 18 a critical tequirement

of solid rocket motors. Another omission is nnalogue motor testing, a very im- |

portant arsa beceuee it partially fills the large gap between labétatory and fvll-

scale motﬂ* tests. The determinationa of bulk rompresaibil‘ty, thetmal conductivity

and glass transition temperaturé are also not described 5 Certainly,the-topics in-

cluded in this paper sre extenoiVe in scope aud the ayproaches va" accotding tc a

variety of disciplxnes and viewpoints. Compreheneive treatments ) most teuting

methods and data reduction Lechn ques may be found in tefet»nce

Mechanical Behaviot Manual, Revlew articles 1n the “Solid Rocket at uctural

‘to—da*e eurveys of many related toplcs. !heaa documentsﬁare limi d in‘disttibu-

tion, however,and are genetally, not available ‘to the: u
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Figure 14, Comparison of calculated versus experimental dilato
data for a polyurvthane composite propellant. Curves have béen'dis~
placed by a constant A for convenience. ‘The quantity V/Vo ig;the
ratic of sample volume to initial volume. - Data from‘fRefere‘n‘ég 28.
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Figure 15. Schematic representation of the octants of principal stress
-sparey where {(+) indicates tension and {-) is compression. -
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: - Figure 20. Cpherical test assembly.. Propsllant sphere may be pres-

surized externally or internally and wall thickness may bélvaried.
Drawiay courtesy of Thickol Chemical Corporation, Wasatch Division,
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FFECT OF DESIGN ON BOOSTER CHARAC’I‘BRISTICS
(4 April 1967)

. by &
Artur Mager

Dr. Mager is general manager of the Applied Mechanics Division of Ae%“c:;spécé Coxpor-
ation's El Segundo Technical Cperations. Before recexvmg this apyomtment in Pebruary
1964, Dr. Mager was directoxr of spacecraft sciences in the former Systems Reseuarch

and Planning Division and has also been director of sciences at the National Engineering
Science Compan y and con the staffs of Marquardt Corpo*atmn and NASA's Lewis Laboratories.

Dr. Mager received his B.S. degree from the Umversxty of Mmhlgan, }us M S. frowu the Case
Institute of Technolo:y and his PhD. from Cal Tech ard is the author of numatcus articles,

booke ard U.S. government publications.

INTRODUCTTION

A simple and rapid method for assessing "he effect of booster desxgn‘ vanables on

) over-ah booster charactenstxcs is presented Tlus method 13 apphcable {:o all boosters,

t

%

or" airbreathmg

regardless of whether they are expendable, redsable, rocket;i-’-powe:eﬂ,

The computations involved are minimmal and mény results are obtainabie m~’a purely ana-

lytical manner, Furthermore, an all-mcluswe graphxcal representatzo oflhoostar

characteristics is arother by-product of this method.
Booster design procedures are ngen w}uch mmumze per umt of payload wexght, one

of the following: gross wezght hardware we:ght and/ or hardware cost;d  per u.ade.’ ln ..these.




BOOSTER CHARACTERISTICS

-

&
uge as mdependcnt variablea'

we

gtructural facter 8y

and

2. Tho mass ratio mk(i}

The mass ratio satisfies the equation of motaon in th

ti:e velocity

K

{1

usuzlly designated in rocket hterature by symboi r.:

1'v
P

/60

e du'ectum of

hx.

pulse is given by

It shoueld be noted that miis the mver-e of the conventfonal mass ratio




\

amet bie we rage retarding-to-accelerating force ratio is given by

il
1]

I t Dvwco&p av
— k v-v T- - DR BT glr

The independent variables mi( and Sk can"'iméve' a.ny';’x"raliie hiztween
zero and unity. In addition, the difference (m-e)k cann‘ct ‘be smallexr than
zero. Corcequently, each booster stage is represented by 2 pcin& in
the me plane bounded By the mtérsectzon of the lines sk-o, k-—l .0 and
{m- B'k =0. Theze lines form a tnangle in Which the- rocket-prc'peiled

iay ;.

_ vehiciee are in one corner and the axrbreathers are in the othe* corner,

Exarnination of design data indicatea ‘that feach boostu:

first, second, etc.) tends to have :ts own, relativelyi ,

] 'ﬁ&age {e.g.s
hne paranel

'«"é &

_to the line {m- a)k-{) whtch forms’ the ‘base of the tnangle :

value. This means that each stage tenda to rema:n on

) ,\mafzmtude of the structural factor for a given etage numbe' and‘type is
alsc usually known, therefore the values of the mdependent varxables

‘.nprounato for the analysis of the stage characteristxc“ican be reaaonably
well establishe ol R

P

Specifically, in such an a.nalys{s, these values pe rg

tion of the three dependent varmbles' Lk

{1. Cross-to~ payload wexght raho ’_ : t'.:._ G

BN LY R T L

2. };;ardware-tb-i:ayload weight ratio

LR

T S
R

(e

PR

3. Propexlant-to-payload (Weighg ratxo-“?" 3

e
{




by che rolaticns

Xk 1 mes K =

ang £
Py ":C'ki}' (g+Hk)
The-lines of constant G, and Hk may thus be convementlylplotted in the

S me planea {Figure 1). Sinca such a representation is all incluswe. it

. neamate an ezsy comparlzon between the varionl kinds of?’booster stages.

Xn addition, the Lnowledge of the independent varnables mk and 2

enzbles rapid evaluxtion of the senaitivity of the;hardware: o-payload

and gzoss-to-payload weight ratios to ‘the changes of the l_.arioua design

assumptions. This evaluation is accornphshed by ugse of the influence
co::*tﬁci»nts m.fmed by ) I3

%

‘30 that the variational equations become

5.
_,
~
‘
&

., et cetera.

a3 TR RS NAK

B R N s AT M NP R I IPIPE SHe
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The expresaions for these mﬂuence coe\‘fxcienta are c”nVeniently
given in Table I and their magmtude may be plotted in th s

(quv 2).

§ plane

B. YVarvying Stage Size

When the design of a stage is chosen but lts ucale is vund:ecuied one
neede to find that size which has just the mgnt amount of propellant
sufficient for the desired acceTerahon. , Under these coﬂdﬁions the struc-
'turc,l factor varies with stage size: and its v*-vxation may be gwen by

lmea.rly with G, and both H, and Gk"'_'
alone though the 8y is varying :

~¢|

Alt‘aough one of the independent var‘iables is thua elimmated. .'the demgner s

choice is now reflected in the values éf the. constants ay ‘ai

two, ak ig parncularly sxgmfxcant because xt repreuents_

stages).

Cbviously, these new ar.mplifxed relatwna when dtffergg i
agam be used to find the influence coemclenta approprht %fg iﬁi;ﬁf a":-".' '
stage of varying size (Table I1). : : R .




. Multistage Booetur

The ataging relotion w 3 = w g, j¢1 permim computation of the :
payload exchange ratxo oi the kth stage L - o ]
| ¥ !

, i

. . !

: moom .R__ T

By H Gy = GpyyFpay 3

p’ k41

Thie ratio i essentizl in the apphcat\on of the previous relations to
multistage boos ers. Specifically, if in the previoun defmitions the {

payload is always taken as that of the complete booster and the weight
contributions of the individual atagea are all added together. the
dependent vax'x_ables become

H =

i
T
|
%
i
P ‘
]
i
|
- - ;
and we still have |
|

[, s -‘
P = G- (14H)] ‘;
R ;‘ i
: ©F o ¥ i
Sy |
5 3
:
") .:;"" !




Fur thorroove, it may be shown that if the mdenendent vanab es are

T

*

v

¥

!
(2
'
f‘d
4
Py
~
o1
s
PO
2]
1)
1)
L-\
(44

o include the contributions from each stage

-
-

% SRS

n ) n Co
zw’“w | z AR

v = - _1 : ' '= 1 . C - '
wg‘1 - wp,n Ci-1 _

1
%3
1]

the:s the velations between these new depenaen* and. maependent varizbles

oy
Figare 1 is thue valid for the complete nooster as: Well‘_;_v _

:

Furthermore, the differentiation sho,\vs;that P

rersain eactly the same as for the 8t ngle stage. “"Th repre..en..atxca of

da 95

so ithat the gross-to-payload ratio of the whole bocater vartes exac tl-y
like the jross-to-payload ratio of the mdwxdual atage. Or, m othe
words, the mﬂu‘,nce coeffxctents descnbmg the vanatlon of G descrxbe

also the variation of the complete booste"'s G.

Foy the over-all hardware-to payload ratm H. ‘f’*"s'tor‘y iz more

corspliczted. We now have .

b

T, e . . . e R ’-'M&”‘W ek M




€O LAkl e calages ¢f the gross-to=payload ratio of the km stage wg well Lo

4o chan feo o the herdware-to-paylead retic of tiz&t_stagw affec* thie change
ef cver=-sll . Furthormore, the new, booater-peculiar, inﬂuence coaffi-
ciente &.pend aot uﬁy on the values of 8, and m, for the k th stege {in which
thae charres e zgocumed to be made) but alco on the valuel of the indepene

~£ont variables for all the stages undermsath and nbove it

liscad is: gabular form (Table m) :

To aveluite qualitatively the magmtude of the va.riou hanges it is
often couvenicnt to consider 2 special booster in ‘which ail
the sama oirvctural factor and mnu ratio (c.g.. njzs" and mjz'm for
all values of ] i3 For sucha boosten the ovcr-all ltructural fu:tor 8 is -
the sama an that of the inﬂivxdual stagec {c=a ) and the avcr-all difforence
{m~ s}; iz given by ® ‘

im~e) > (G‘:"gi'n)(m#f'?’

stoges aa &

thk ae fcr any rumber of
\




Tho b flusnos ceefficients may be uoed fo vield baoqte" dooiing

]

woie s nas o cointenum values of ovev-zil ross-to-pa ',Load or Larlwoy -
o -p yvien, wooighs vatios.,  Furthermore. the sclution 80 ob:aisad for
m- L o oean sty e Mo 'f d t 12 >°' iy b aste SOy k-
m.n re 3 ocan wasily be modified to yicld miniraum booster coot pe
ucz er asib of novload weight., Ia all of these so luticns the outivaina: !
prot sus v suits Do {n-1) conditions which permit finding, for cuch .
th 3 |

Wi

3
IS RS

v ot ostirsizatien conditions wher m

;worres sondins value of Mygg® In uddition, since *he Mokt mu
s bl o slus of g iz unity; these conditions also de tevmiae ths
it

e el vioue of may ® m; , at ‘Whlch the vse of the ka) staga Lecome

ses irom this vzlue to%"arda ak, both 3 ; R

ot e, Sincethe Eirmtmg value of V T is obtained wher the

3

puyioad is vers ond my = k' it ie important to determine ths

'k;’a?.«'

e

cuooesh @ocnse; 1l three optimizationsg give

;i the coust per unit of hardw»lr«, wexgh, per use. and it is

%
reteo. te be unity for the G aﬁd H ophmxzanons.

4 is e clecr that the optxmizataon prccass assxgns htgher velocity

sa i ihose stages which ha.ve highar effec;we Sptcxfu, tmpulse

ard Lowes structural factors and. whxch hive lower costs pev unit of

h

REEANIIE g.;t per use. rurthermo*e, it w a.L:O clear that for such

~vulo ity incre2ses in each’ stag.,;. ne G and H opnmxzatxcm will

St ini e same booztbr destgn.v Thie, hOWever. xsﬁaot tru: for

der o loolty ,ncxe s when the oufxmxzat'on condttxonv for mainiinum B

iffs _those for minimum G. This dxfferance chs, ppears when
LTS sooatis the stage bemg Cpt mized 2re structuraliy simiiax

aeir irucivial factyrs are conszg.“xt (e.gs, .-bj'-s .

/@7
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Tio swos . tlavessigation vielded the foliswing : eculm am! corciusior..

hod AR

sanl For thoe anulyeis of boaa ey aei‘fm-nunca Whicn provides o

Cato the dependcuce of over-wlh gvcoa»to-paylcad ond havde

4 zaiics oa -:-st:n.ctural angd prooulsive & %sign-varvab”w of

A &8 128 heen formulated. This mathod applaet to axpendabl.
gud 8y w.ooov onblic vableles srapl oyirg roclkat oraiwb*eathing propatsica
2d is 2 oact. Ly noelnd tavary v pi& coragarative evaiuatiOﬁ ard wrelinsi-
i L%

Jivsnee coef‘;cam 15 is derived Vlhicb purmits
e pavepriate variational eq_uutio.u. - The solutions
¢l

hat the effect of the epecific impulse charges on
I the atag= in which these .,ha.nge: are muode.
zge of prcpal’aa.t derwa;y in most bereficiale
aad thae faores 1o of € < siructoral weigm least harmfol. when made in the
iow st stagse of the boooter. o i .

alt-in wivsive, grephical reprs usn&atign of tha boootur
S and gy rwa-&o-payicaa r a..ics is given: 23 a function ¢!
ord nass retie. “This f*epreaenmtion is particularly

=g the fen ﬂamemal differences among the many posvible
2. In zddition, the magnitu:?e of the inﬂuence couﬁac!emw
Lzaned on grephs thus giving an indtcation of 'tho cemiﬁvity of

2
EX
e

A1

pac to thair m:erent desxgn wsaumptaoma. g
?a* )
4. Noew, cusily calculnble Boluxiom {ox minin'-um groel-e»';-may!cad

>

.‘,/

3

pénirmae o Raowirae .a-opaylcaa mass ratio and mlnimum hard'marn cost por

unds of guylsn ., per use, boosters with vary ng structma

‘tactors ard
var drg offzel ve seecific impuloes are obtained.. Either 6? these opiimi-
vatisr puosy gt lo shown te umssgn gr tnr velocity incrumen 8o thoze
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stzges wWhich L-Je {st the instznt of staging, hig}xe*‘ eﬁective pecdi" A
imowrges crd, ise, whose design leada to lower limﬁt.‘.ng (v?fth incwamiug
size) vaiuves of the structural factor. The dxﬁ'erenpexs betweénﬁﬁmm. two
epiimizatione ave showa to disappear. when all the wwgen bel;eath ﬂm weage
being optivaized have egqual and nox--varying m,racmra. fact ‘ Fwthez-
more, theze differences also disappear whcn *he atages are diuim*!&r :
but designad to deliver thelr hrmtmg velocity increaees. '!‘he ccst cmimi-

yore

zatioa, of course, also favors those ltages which iuve lowcr hard\mr@ cozt

per uie. 3’;;‘
. 5
symnom

i

a

b Constant in exprcssio*x for the varymg atructwfal iact%r

C Influence coofficient C o : g _3}

cd’cl Cos:, per unit of hardvzare weight. pe' use (dollnru Ilb)

D Drayg {ib} o ‘

d Lepandent variatle ¢

E, [Fayload exchange ratio 4 ‘ ‘

G " Gress-to- -payload mass rano o g

g Gravztaaonal constant (ft/sec ) i ) L :
H Bardwanr: ~-to~payload mass ratio: ,’.‘,.' o
I  Specific impulae (sac)
m  Terminal-to-gross maas ratio 5 ‘1

n  Mumber of stages R i :
P  Propellaut-to-payload mass ra.id_ ' R
q Varying guantity {irdependent variable)
R Detardin;-to-accelerating force ratio g&

A LA
Do)
i

-
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e 3
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. Weight o
‘Angle \etweqn ﬂight direction and local vertical (degreeo)

Structural factor .

frhmu ) L o o )

rggter'l velccity (It/sec) S SRR

.Sublcrigv ' A . .

.o

- 'permutation mdex denotmg dependent variable
eﬁective R ‘
'prope_llant

. Smrocr!gtr |
P Bar above the symbol indicatee average (constant) value
" Star. indicates certain fixed canstant value _— o

- nopgimized (kﬂ) suge become

gross

“hardware |
lniml o, . - i

terminal = ' o : - .

permutation index for stage desagnation
speclﬁc value of j
payload -

' permutation indax denotinz the va.rying qmmtity

I

-} . . X ., LK

Circle indicates the vtlue ‘of or bl‘ ‘ot which the introduction of
si e ‘
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ADVANCED PROPELLANTS
{11 April 1967)
by
Ellis M. Landsbaum

Manager, Components and Propellants Sectzon, Propuls:on Department, Aerossaee '
Corporation, £1 Segundo, California. Ph,D. in Chemical Engineering, Northwestern
University, 1955. Formerly: Research Group Supervisor, Jet Propuision Labozatory;
member of ICRPG Static Test Panel and Solid Propellant Combéstion Initability-
Working Groupe, 1956-61, Technical publications in the fields of combustion,
nozzles and instrumentation. Member of AIAA, ACS, Combustion Institute,

PERFORMANGCE OF SOLID PROPELLANTS

Introductmn

In order to understand what makes a. aolid propellant of hxgh perfomance,

‘let us’ £1rst review the rtinent thermodynam.xcs to: determxne what
attributes one should aeek The standarda specxfxc 1mpulse is equal t_o .

the exhaust velocity. For the 1dea.1 case one can write,

2yRT_ b (7-1)/7
- ve _ Y c ‘ - e . .
T T Y M {‘ B, . S

| ' " ‘The exhaust velocity ie also equal to the enthalpy difference between chamber

and nozzle exit,
/

v, = 2g (H_-H)
»"The'enﬂlal_py balance for the combustion 'p'fq‘c'e{u is, o - |
D% - Ig:o._+'AHf)_« = ‘Ex @ -H, + AR ) 6

| ' Thxs can also be wrxtten m terms of tfhe heat of combuatmn, A.' L o

For the xdeal case the chamber temperature ohould be r/elated to the heat I.':‘ o

of combuation. .-




Thie line of rbéasoning circumvents the usual arguments for high-temperatures
and low molecular wexghts by placing the emphasxs on h1gh heats of

comoushon per gram.

The heat of combuetxon 18 equal to the heat of formatmn of the
reactanta minue the heat of formatxen of the products The heat of

formationwof the reactan*

8 can be at best zero or ahghtly poaztwe 1

they were significantly posztwe thej would“undoubtedly be unsta'ble T
and, therefore, not be suitable for use. - Therefore, there is an upper
' limzt to the heat of £ormatxon of the reactant ‘I‘he heat of formation
of tbe p:oducts on the other hand can be as negatwe as possible. 1t
is logacal, therefore, to first examine products that give highly negative
heats of formation -and later to determme if there are suitable reactants
- composed of constituents of the product.
;I.;h.e b.éat of combusimnper érern of nroducts has been calculated
for the lower atomxc wexght elements thh fluorine and oxygen and iz presented
in. F1gures 1 and 2 and Table I (Ref. 1) The same calculation for an
even la.rger number of elements has been done by Glassman {(Ref. 2).
it w:l’ be no*ed tha.t *nany of r'ne results are gzven for sohd products If

: only gas'eous products had been used the numbers would have been much

B lower Indeed BeO (g) 13 then endotherrmc a:nd would be on the negatxve

sxde o the‘-'zcale However. 1£ one reconslders Equatwn 2, 1t will be

noted that- 'one m mterested in. the ent.halpy d1‘ference between cha:nber

and nozzle exzt Therefore, in t.onsxdermg }'“ats of combustmn one is

'.mteres 'd m the heats‘of combustxon of th oducts as they will exxst

‘Peopellant will have to supply the working” Iy

7%.  of -1iquiil»propellants over eolid_ propellants‘ is primarily the fact




that they eupply a much better workmg flmd. one of a lower molecul v

In practice only the metal oxide as products will be o_f interest.
" The ‘fluorines would be of interest, bu . is difficult to get flucrines in -
‘a solid propellant. There are sorne fluorocarbon: corppounds, but the‘y
- do nct inake good binders. If the metals would preferentially combine
with chlorine this would be desirable as this might then free hyérogen
to provide more working fluid.. It is quite obvious that if one dezires
a metal oxide ag a product the metal can be added as an ingredient.
metals as ingre‘:iients are examined in Tahle II. The table contring zorme
other metals besides thege .giver in the 'Figures. Scanning the list one
sees that there is not a?_gr‘ea.t' deal of ch'oice. _Hydrogen is a g'as..‘ o
: Li_thiurn has a low deneity and ig very reaotive. ! Beryllium I‘doe‘e not

have too low a' density but the products are t'o:tié The deneiti of boron |
is good but it is alow burmng and dxffxcult to handle. (Ref 2) Magrxesium
. has a low densxty compared to alu.minum Alummum has the best densxty
of the lower atormc weight elements and has no other problems.- lexcon
' has a lower densxty and phosphorun.s is pomonous..- The heavxer me*als
are pnmanly dmtingunhed by thezr h:gh densxty but they have lower : |
- heats of combustlon and are approxxmately eqmvalent to carbon The ',”
carbon, of course, is added as part of the bmder It 13 reaaonably |

. obvxoue why alummum was one of the fxrst propellant admtsves Of the

" g other element ;i 'f : ? 'ult to tell whether boron or beryllium would e
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One can also add the metals to the propellant as hydrides. There

.'.-f'-i'sv vo pomt in cons;derlng other morgamc compounds since these will

' " all have Iarge negatwe heate of formataon. One might algo consider some

- of the meta.l orgamc compounds however, these are usually rather
" unstable. A number of solid metal hydrides are listed in Table III
fRef. 1j}. It ie mot quite go simple to determine which might be the

Cbeter metallic hvdride. Bervllivm hydride has ¢ nosgibility of having 3

il

mmh‘ilw cositive heat of formation, therefcre, it would be iike having

‘ berylhum w:th the added advantage of the hydrogen On the other hand,

f it has a~very low denazty At thxs ume it n'ught be a good idea to point

out that it: ‘xs no& entxrely clear whether the favorab’e properties should

3 be based n ‘per gram bans or on a unit volume basxs, since with

propellant manufnctu"e, denmty plays such a s1gmf1cant role Alumimim

_ much better denszty, thereiore, it is not clea" which of t.heso

est. assuxmng that heata of formatmn ‘are correct ’I‘here

oup o£ matenale thh shghtly lower AH.. These are LxAlH

Thc Mg(AlH' o looks best because of its h1gh

ens ty: and. good hydrogen content. .. To make aﬁbetter' ev’a.luatio:n, detailed

"erformance calculatxone would have to be .,.a,d ni..ce the differcnces

S s At e e i ABALPR



appears worthwhile to try to increase AH c by reducing the AHf of the

N

SN g QT B gl 555
as the figd

1 \mr?des lmv:» very £avovab1e &Hf Thie, however, does not seem to be

’/
with good oxygen contents and possibly increased hydrogen contest and

added ‘e'ne.rgy.

A great number of nitrate and perchlorate compounde are lizted by
Uiba.nski (Ref. 3). Some of iheiz: properties are given in Table IV,
Unfortunately, t&xére is a gréat deal of inisaing-data. It doeg not appear .
that tﬁere are any nitr;iea that are particularly Abetter than NI-I NO3. |
' Hydrazme mtrate has L3 better AHf but has a relatxvely low meltmg pomt

and even lower denuty "'he iower denaity of ammcnium. mtrate as
oppoced to NH CJ.O is one of the problems m usmg it. The hydrazme
nxtrate is also senntxve. 4 Thiourea mtx'ate ha.a a better AHI but zts ‘.‘ |
molecular conshtuent: are not too favorable. A sumlar sxtuatmn ensﬁ; i‘
- with the perchlorates. Hydrazme perml;immte.has a good dcnsxty amd AH{ :

hae been z.mproved However, 1t is pr bably more sensxtwe, aumlar to

hydrazine mtrate. Nxtrosyl perchlora’

hygroccopxc., It does have the diudvantage that it is removing hydrogen,-" o

althongh it is replacmg it by oxygen. Ethylenedxamme dxperchlc’ate

" does xlot appoar to“

- :zt,doqp ,appe?**'_ft?‘? ther:
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Theoretzcal Impulse Caiculations

Theorencal xmpulee calculations have been made for a nurrber of

"‘the hydrides with NH,C10, and NO CIO, (Ref. 4). These are presented

-

2
;in Figures 3 through 6. The specific impulses mcreasefwithfincreas.ing
exother*niclty except that LiH appears to be out of place. This is probably
due to 3te low AFf which with its low xrlolecular weight when placed
on a gram bana is more significantly different. It will be noted, Figure 4,
that AIH3 produces a higher cham‘ber temperature ‘than BeHZ and the hxgher
‘epecihc 1mpulse of Bel—i2 is due to its lower molecular werght gases )
: T}'e reeul s wzth NOZCIO are given m Figures 5 and 6. There appears '
to be lx*tle change in specxfxc nnpulse with the metal hydndes, although
'the maxxmum shifts to lower oxidizer requxrements It W111 be noted that
vin goneral hrgher ternperaturea and. h1gher molecular werghts are obtained -
wittz the metai hydndes plus NOchO Apparently, ‘as d1scussed t.nder :
' ?’tne oxxcnzer eection. the mcreaae AHf is balanced by the loss of hydrogen
_.,:There is. an increase with CHZ Thxs 13 probably due to a more favorable ‘
._'.bah.nce m tbe water gae ]:eactlon The compar;son between NH4C.104 |

‘and NO2 4

CIO aiso holds true at hzgher expanamn ratios.
| The effect of Y (specrﬁc heat ratio) has‘ been of mterest.smce lowerY

_ nge higher vacuum unpuleee Fx_g‘._‘ 7»,_‘-’-‘.’: plot c{ the r‘atro' of :the vacuum

' "thrult coefﬁczent .to thethrcst coeffic_i_ent at ata_ndard.co_mliztions .againet

| "'expannon ratxo The specific irnpﬁl'se'will'have:the eame 4ratio The
-effect of gamma. is rather small However, if speczﬁc 1mpulee measurements
_ are made at low ¢ the eanmation of hzgh « valne can be overly optumetxc

f‘,tf too low a. garnma is, auumed This type of esttmation is rather crude

,‘by today's utandaraa The thermodynarnic calculatwne should be ueed to .

eatxmate efixcrencxes and- coupled wzth ‘wo-phaee flow losaes for .

eXtrapclat.ton_ purposes .

/83




Additional insight into the effects of #1l and added H, may be
obtained by taking.a_coinposition and ar'mtr_.anly varyiing these quantities..
'I_‘}ﬁs ha.&,been done with propeilants copai_étiné of 20 peiéqent CHZ’ |
16 percent Al :a.nd 64 percent NH ClC)4 The aesuniptions and the relsuits
of the calculation are gwen in Table V and Figure 8. The AH of NH QCIO
was varied from 0 to 140 Kcal/mole. Avera.gmg the reeulta gives a :
change in I ep of 30 sec for a change of 38 Kcal/loo gms of propellant. Lo ~‘
The efiect of changmg the hydrogen was surpnsmgly lees Tlus mdicates ‘
that the effects of changmg to Al or A1H3 or to Be to BeHz in 2 real |
propellant will be much lesl than .the effect_s mdxceted_m Fzgu:es 3 e.x_ad 5.

This can i‘eadilf Be::oeen-by exarhining‘the ':es'ul.t"s of ceicelations - |
from Siegel and Schieler (Ret. 1 showr. in Table YVI. The chamber and

“exhaust products are shown in Ta.ble VII Unfortunately, ‘these calculations" L
are for solids 10ac1mg that w;u be dxffxcu.lt to: obtain. Nevertheleu, 'One‘. i
can see that the dxfxerencee between propella.nte are consxderably leee
| than that 1nd1cated m Fxgure 3 Note that the game of addmg metals to - :
.the polyethelene are pnmanly due tc increases m chamber temperature

The gams due to addmg the hydndee are a result of decreaaea in molecular'.;‘;‘.'

- weight. .




Real Propellants

The fxrat binders ‘were asphalt resins. The first polymeric binders

were the polyeulphxdes. The mxtxa] polysulph1de binders Jvere not too
good due to the low hydrogen content and a high sulpher content leadmg to
lugh molecular wexght exhauat gaees Parformance wag gradually

lrcre eed with a polyaulphule propellant by increasing the hydrogen

_ 'coute wt”and reducmg the ‘sulpher. content.-* It was, also, "difficult to

, incorporate metals ’oecause of the water formed during the curing reac*xon.

Polyure’r.hane binders were the next maJor de velopment Polyurethanes

~

a formed by the ‘condénasation polymers polymerxzatxon of an isocyanate

and a dlolc Thu eliminateo« the secondary problem of water ehmmauon ’

The polyurethane polymenzatmn is better charactenzed than that of the

'-*polyeulphide eo ‘that: one can much more accurately construct the desirable

uhvnlcaluronert;es and control them.

The polybutadzene type bmders are the most recent and currently
the'moet widely used., The advantage of thu; type of bmder over the
polyurethané type is a lower deneity a:nd a better hydrogen content An

addltional discussxon of the bmders ca.n be found in Sxegel and Sc}ueler

(Ref 1) Typxcal bmder types are compared m propellant aystems ’
contammg alumlnum a.nd ammomum perchlorate in Figure 9 (Ref. 5)
As one moves from the pure fuel polybutad;ene to bmders contammg

increasmg aunount of o:r,rgen, oeak I ‘is reached at progreeswely lower

¢lohdo loadlngs. Po ybutadzene is a betfer fuel than polyurethane 'showing

e o e O e AR




When nitroplasticizers of high oxyg'én- content are arl'ded' to 'polyurethahe
the‘ﬁii'g;iitude of the peak .Is does not cha.oge but is¥ichieved with a

lower portion of so.lid oxidizer. The use of nitrato plasticizers and
‘polym“ers-, such as nitroél;'cefine and nitfrocellulose, ~not only shifts the
1oea_k Is to a lower solids loading, but also inorease‘s the peok valﬁe
(compared with polyurethane). -The dioéd\}anta;ge of prope'llants'with poak
IB and low golids .oadmgs is lower density and consequently lower impulse
per unit volume“as the solids. have hxgher dens1ty than the bmder T}us‘ '
ia extremely n'nportant in volume-hrmted rocket motors. _'T‘heoretxcal

'specxfxc 1mpulse contours for a PBD prnpellant are shown over a range

of composxtxons in Fxgure 10

|85
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Comozieonts of Ssendard Hoots of Pormation a1 28°C* &~

Binding (Orystelizetica  Fandard :
energy snorgy ~H, Sanderd AK,
Compouad  :aalmols) (sexiimck)  (hoelimok)  (uaalgrom)

LiF(s) 1374528 6 +23 - 146 -9.63
NaF(s) 12 [ ] -136 - =324
11,0(s) ixé 1L % -142.3 =477
Na,O(s) sy - - ~99.4 -1.60
BeFy(s) 301 ::6  ST+8 = -2414%3 -5.13
MgF(s) 250 % 4 8117 -262.5 &3 -4.21
BeC(s) 108 174 ‘-143 -572 .
MgO(s) 9t e T =144 . =3.87
BF{p) 459 £ 63 Gas -2 +2 -3.98
AlFs) 420 + 6 Mxs -356+3 ~4.24
B,Ox{s) - €49 93 -305 -4.33
a-ALOy(2) " - - -400 -3.92
CF{(p) 465 £ 2 Gos -218 &1 ~2.48
SiF(g) 30 +13 Gas -313 - - =35
COp) 3842 203 Gaz -94.1 -2.14
257 £ 9.6 Gas «26.4 £ 06 -0.94
_ SiOgs) - 303 %12 136 =210 . =349
NF{g) 199 £ 3.5 Gms -29.7 &2 -0.42
- PF(g) 335742 Ga -381 -3.02
PFy(s) M6 11 Gas =209 210 -2.38
NO(g) 151 £1 Gas o 4217 +0.72
SF{p) 4673 +25  Gas ~288.5 4+ 0.7 -19
SO4(g) -39 *1 Gas o -1.18
CiF(g) 1245 £ 3.9 Cas -¥xl ~0.42
CiC(g) © 123 238 Gas +25 213 +0.54
- FCOg) M9 24 Gas -151 £3 -2.29
(OBF)(s) 1201 221 20448 =588 & 2.3 -4.28
BN(s) MNS£18 201 14 -60.3 + 08 ~2.43

* The data in this table, with the exception of PF,, wers cakculated from dats
in the JANAF Thermochsmical Tables, Dow Chemical Co., Midland, Midn..

" December 31, 1961, mmmdl‘m&mdﬂu

can beulwhndfmthcdnhoahh‘hgcaa;bbymdthtwhn
heats of atomization of the elements. Ths lstier, in keal/mols, sre as foSows:
Li,38.4 £ 4; Na,25.8; D, 703 £ 0.5; Mg 35.3; B, 1326 4+ ¢;: ALTS 2 04;
C, 1709 £05; 8, 110 x12; N, 113 21; P, 98; & 671206, Q
2942; F 189 £02; O, 96 The hast of formation for PF, was Taken
rm:.r.mal.&:mmumn-aa
Wuwmmmnrmam

L oAbt Ak U BT SUR DA PR bASAS
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H, Eydrogen

Li, Lithium
P2, Beryllium
3; ‘Boron .

iﬁ, lﬁgnesiun

A4, Aluminum

81, SiMeon

P, !hqlnharcun‘ v1f’

;.é?;'c,iciun
'Y, thlﬁiun

. 2r, Zarcontum

TABIE I

Matal Add;tivas

Dengity

o053
1.85
S 2.bs

IR S
2.70

2 - 2.* - ’
| 2.20 (Red)

1.8 (Yellow)

255 o

P
.
e o 0
.o
PO

4.50
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Coumei 8
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QGso

Reactive

Toxic products

'Slovaurning'

Low Density

' !o;sohcua
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TARIE TIIT

SOLID HYDIRIDES
(Ref 8)

Hydrogen Density AH,,
L

g/cc _ ‘g/::c kcal/mole
Aluminum hydride A, | 0130 13 - 3£10
. Beryllium hydride - Bel, 0.109 + ~0.6 1D (2)
Lithium aluminum hydrice . Liml‘_ 0.097 0.9 . -2k
Lithiun emide . LiNE, 0:103  1.18 - 43.5
- Lithium borohydride . | L4BE, 0.122 0.66 - bh.6
Lithium hydride . L 0.104 0.8 - 21.7
Magnesium aluminum hydride Mg(A1H, ), 0.151 1.63 -23.1
Magnesium hydride MeH, 0.110 1.45 -1B =5

/199

ERESREING A RRE

- egemns ﬁn.w..w_:..- S SO TS e aTe - st P
. 2 G B 7 a0 e Bt A PSR NEN = - B B .- .




NITATES

Ao ium Nitrate I:}!;‘mz

Pthylepediamipe Dinitrate

(C?lzlmfn 3 by

Ethenolamine Dinitrate
o ms3((.u2;2 m3

k}

Cuanidine Nitrace {512)3 m}

Aaxane thylene te tramive
mnurgu(cx.‘, )6 LN (ums)z

flydrazine amm'mxz L

bthylnnimﬁlmu
01!3 10!3 CK)“

Oxcnium Nitrate com!o3
Tetrame thyl Amaoniua litrete

citg), Mo,

Thiourea liitrate
: C(!Iﬂz)z suma :

Urcs Nitrate c(mxz)a om_.’

FERCHIORATES

ho_nxu- Perchlorate m!,‘cbu

Dicyandismidine Perchlorete
c (m), comy, H,Cho,

Zthylenediamine Tiperchlorate

(cx, w1, CB,),

Cuanidine Diperchlorate

¢ (m2>3 clo,

Bexamine Petrchlorate
(Bexame thylene te tranine )

‘ (C6n2)6 '3“ cb,‘

Rydrasine Ferchlorate

m, m8, clo,

Lithiun Perchlorste
L3 C‘O-.

Methylasine Perchlorete

CR¥y ¢y

Ritroeyl Perchlorate

0,

Nitronius Perchlorate

w, cto,

Potassium Ferchlorate

‘Pyridine Ferchlorate

Tripherylcarbortus
Perchlorate
(céns) ¢ clo,

TABLE IV - OXIDIZER DATA

pr.
0

I

165%.6

160

70.7

195 (a)

k1o

L0 (4;

125 (a)

2u0 (a)

250 .

236
210

<100 (a)

7

135 ()

2Ls

150

Densysy
wms

1725

1.9

1.62

0.5

1.25

Wy

xeelfem mole

- 81.3

-91.1

- 59.0

- Th.5

- Uhk.B

-6k

- “ls

- k1.8

- 103.6

NOTE: Absence of data means not availadle {n standerd reference.

Excellent

Bxcellent

Poor

Excellent

ncomnt

7

Very

Rygroscopi~ity

Slightly

. Very high

fdighet

Less

Higher

Hign

Very

.
Y

Sltahe

Like T

e

None

High
Moders te

Like
Mer:.ry

Fulpene

Mooe

Higt

Nore

M e e



'TABLE

-
-

' SOLID PROPELLANT FERFORMANCE

;trecte'or AHr' and H.‘2 ‘

Run | 8H, keal/mol Binder | 1°, sec T,%K

B R RN LI R Y “
TS i . .

8p

[ A

-69.4 | [cnej 249.7 2546
n

be 0 | | [C] 277.7 | 3120
) n }

3 -150 {cuz] - 216.9 1996

4 -69.4 Enh} : . 264 .5 2hs8
B n .

| -69. | » %aé] L emaT 2375

\Ne

B =T RR . bt




I AN L L s s eRemes e o s

ZANIE VI
Performence of Selid Conpesiss Propelions

Propelant 7, 7. -4

(weight retioc D R, K R 1000147 mt
0.3 NH,C10,. 0.3 (CHY, 175 2063 790 2% el
0.6 NH,CIO,. 0.4 (CH,), 143 1942 &40 2474 1w
0.7 NH/C10,, 0.3 (Cléa), 1312 1841 883 2097 200
. 05 NH/Q10, 0.2(CH,), 2006 04 924 209 221
|09 NHC0,. 0.1 (CH,), .13 2613 1618 2695 252
0.95 NH.CI0,. 0.03 (CHy), B D4 K0 M 29
| 081 NHACI0, 009 (CHJ..0.10Al 3433 2854 2147. 297 261
0.763 NH.CI0, 0088 (CH,).. 0.1SAl 3621 2993 2309 3142 264
072 NHCIO, 008 (CH). 00 Al 3784 JL17T 200 D2 266
| 081 NHCIC, 000 (CH).0.100s " 3653 2187 2619 2533 218
0.765 NHOOZ0.085 (CH).0.13Bs 3060 2061 2838 %003 232
OT2NHOL.008(CH)L0200s 319 2896 2344 3026 200
 OT6INHCI0L008S(CHILOASAIN, 3346 3491 M3 295 21
| OTONHO0,0005(CHI RIS B, 3339 2044 2195 220 30

202
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TABLE VII

&
t

Combustion Products C‘orkqmn‘g to Propellants

Propetiant _2 frextions of products at T, Mole (rsctions of producta et T,
OSNH,CNY,  0274H,,9273CULAINCH,,  0.348CU), C.224.H,,0.152 ¥
0.5 (CH,), 0.103 CO, 0.0%6 H,0,0068 HCS,  ©. m cu.,o 063 3C3, .04 6‘:0
0032 N,,0.028 9.052 N,, 0.014 CO
0.6 NH,CIO,,  0.312 H,,0.182 CO, 0.135 Cls), 6.279 u.. 0.261C(5), 0.145 H
0.4 (CH,), 0.0%3 CH,.0.084 HT1,0.084 H,O, 0.081 HC1.0.077 CH,.0.07
0.042 N,,0.031 €O, 0.041 CO, 5.04t N,
0INH,C10,,  0.370 H,.0.308 CO, 5.109 HCY, 0.322 H,, 0.144 C(3), 0.036 1,0,
0. (CH,), 0.069 H,0,0.06 CH,,0.04 N,,  0.106 HCY, 6.099 CO,, 0.097 CO,
0.032CO, 0.03) "%, 0.647 CH,
08 NH,CI0,,  0.278 M, 0.249C0,0222H,0, . ©.337 H.,0.150 H.0, 0.130 CO,
0.2(CH,), 0.139 HC1, 0.0% N,, 9.043 CO, 0.143 HCI. 3.136 0, 0.071 X,
09 NHCIO, 0453 K,0,0.183 HT1,0.126CO,, * 0471 H,0, 0.206 HCY, 0.163 CO,,
0.1 {CH,), 0.098 N,, 0.061 CO, 2.031 H,. 0.103 N,,0.031 €0, €.029 H,
. 0.016 OH, 0.014 C1, 0./94 H,
0.003 NO, 0.093 O
093 NH,C10,, . 0.435 H,0,0.200 4.5, 0.17% 0,,  0.439 H,0, 0.216 HCL, 0.130 o.
0.05 (CH,), g.g: gho 097 CO,. £ 415 <Y, 0.112 N,, 0.09 CO,, v.004 1,
T 001 NH,QI0,, 0336 N.o.o 184 HOL 6. mco. €.564 H,0, 0.193 HC), 0.108 CO,
0.09 (CH,),. -0.108 H,, 0.002 1., 0.050 €107 K, 0097 N, 09714 CO,,
010 Al 0,056 AL, 0.036 OH 0. oct, 00s2af0,n. 08021
:go g.o«u 0,,0.003 NO, .
. 3
0.7¢3 NM.CI).. 0.260 H,0,0.160 H,.2.151 HCl,  0.293 K,0,0.088 HC1, 0.153 X,,
0.085(CHy),,  0.139 CO, 0.088 N, 0.075 ALOLA, , o.mco.o.mu,.uuo ALOYS
- 0.8 Al 0.0 H, oozacosomou. auzco..
0.922C1,6.004 O,
0.003 0. 0.002 AICt,, 8.002 AIC
0712NH,C10,, 6213 H,,0.184 o.us €0, 0.233 54,,0.204 H,0, 0.175 HCY,
0.6 (CH,),, 0.134 HCY, 0.998 ALO,(1), 0.005 N, o.mob tauowuonn,
0.20 A! 0.057 K, 0038 OH, 0.024 C, - co,.om .a
g:g go..om AIC), 0.004 Ay, um
0.81 NH,CI0,, - 0.218 BeO(s), 0.173 H,0,0.132 Hy,  0.242 BeOGs), 0.197 .o.m n..
0.09 ( 0.129 HC1,0.123 OC, 0.074 N, o.mucumco
0.108e 0.936 H, 0.019 C1,0.019 OH, m..mcn,o.ma.
‘ gg;co..omuon ,00030, 6004 OH
0.765 NH,CIO4,  0.290 Be0r), 0.226 H,, 0.119 CO; 0322 lsou),ms H.,o.m co.
0.083(CH,),. 0.106 HCI, 0.066 N,, 0.059 H,0, ;oumcn.u“ 0062 H,
.15 Be - 0.060 H, 0.031 l.ou.w < 008 H,0913Q, i-o&?
: 0.008 OH, 0.094 CO " 0.008 CO,, 0.00) OH, 0.002 Be, Oy
0.72 NH,C10,,  0.325 BeO(s), 0.272 ﬁ'..c.m o0, usz l-ow. 0.301 H,,9.112 CO,
- 0.08(CHy),. 0.060 N,,0.0%9 H, 0 0.009 HCL 842 M,
0.20 B¢ 0.036 Be, 0.032 BeOH, o.mua.. ms o.mlc.muoll.
&:o’ a.om lcll 0.08) HO, .
0.763 NH C10, , 0,160 HCL, m c.m 0.136 HCL,
0.085 (CH,),, o m ‘:f. 0.1 I’ 0900 ALOKS,
QIS AN, :zg g.o.m oo..moaw ' )
Q63 NH, 0, 0.377 H,. 0.216 BeOLs), 0.082 €S, n..m uom. 130 WS,
0.083 (CH)),, o.mu.o.mco.m& .10 0.098 CO, 8.053 n..
.15 PaH, 0.037 M, 0.010 eONM, 8805C,, 0383 mn
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TABIR VIIL

J— -
Physicel and Thermsodynamic Propertics of Propellont Ingredients _
. . Denaity AK,
~ ) ) MP | 2 4
Compownd Forarsle O o keal/mole
' : Sate gl ‘C Sts s 25°C

- Acstylens ChHoaCH =818 -836(mbl) () 0.611% -84 79 342 02

Alrainom Al .7 us™ (s 170" 20 (S) 7.0 22‘0 .
. . . . { .

v . . o 0

Alurminem borohydride AXBH)), —-f4.5 4.5 [1;] 0.545 28 () -—6.“:
: . : N -T2
Alsrainum irydride AlH, - e W  ~Ly - )] 18 & 10~
‘ ) (9 -3 % 10~
Ammonie NH, -T71.7 -33.4 () enr -~79 ((;) -11.0
() -16.64
Ammonium nitrate NHNO, 169.2¢ 204y ) 1.725% .2 ) ~p73%
Ammonium NH,Q0, - {d) — ) 1.99 2 (1) -4
Baryilium Be 11m um 0 139 23 (9 7508
’ n 1% st
] ) 9
Beryllium: hydrids PeH, - -— »n ~o6 -— (g’) ?gaz
. . ts .’
Boron ] : 2300 wr™ )] 23 ‘W (g 1%
. i _ ‘ _ o 37
. . . 1) [ 2
Bromine pentafivoride BeF, -51.3 403 [()] . 2.485% 23 () -10:8
* Culozine dioaide o, - 11 - — U 2 413
Chiorine heptoxide T W0, -ns 0= © L3¢ o (2 61
. Lyl
Chicnine triflworide CIF, -83 113 (] 1.309* 25 &) -¥ 43
: . - » (N —4.4"
Cyinogen _ NCCH -4 -208 o 0.866 . 17 () T 4004
Decaborane - By »r nre) (%) 0.54¢ 2 () 28218
. . X . . {(s) —158 £ 1.4
Diborane BH, - =f43. 90 -N.e [/)] .47 -112 ’) 1%

. . : . ’ . N 29
Dtyuo-m - JNCOmOCN 2e N> m X3 L S 11ge
D::;fp ’ . Ogly el - n - le -~37 1)) a1

. alcobol ‘ " CHyCHOH - =1113 TS - o 0.739¢ 20 (p —30.2m

.- Ethylano EEPST X3 -1039 o 0.66* -163 ) 12.5¢

- Ethylens oxide CHO ~111.3 10.7 ()] osr 20 (2 -§2.2 %1
- Fiuorioe EERTES TR - ) -1 D 1% -1 () )

L e, . : G} . =3¢

: !!y&:ﬁu Ny, 14 © 1138 (/)] 101t . (f) 28

. . X . . n 120 .
Hyvraziniom nitrate - NILNO, T © 140 (oubl) (£)] 1.689 23 2] -0
Hydeogez. » <2914 2928 )] 0071 ~2527 (;) "o
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HUMAN FACTORS AND MAINTENANCE
IN SPACE -

(18 April 1967)

v | by
—_— John Lyman e

John Lyman holds a joint appointment as Professor of Enginecring 2nd Professor
of Psychology at UCLA where he is Head of the Biotechnclogy Laboratory. He

- received his A.B. degree in 1943 with a major i» inathematics and psychoiogy;

his M.A. in psychology in 1949; and hig Ph,D. in psychology in 1951, all f£rom UCLA.
He and his collaborators have published over 75 articles which have appeared in
psychologxcal and engineering journals and as reports £or government sponsored
projects conducted in the Biotechnology Laboratory.

T2 Zincreasin'gly higher price paid in system inefficiency as the result of

‘maintainability problems with each new genération of projects is well known. The

growth in ¢omp1exity of both current and projected space projects, civilian as well

as military has been accompanied by a "critical mass" effect which has focused on

~ maintainab'ility functions. It is generally accepted that on a dollar cost basis alone,

4 :
fx'om ten to thousands of times the ongmal cost of a given system is spent on

.maintenance durmg its opexatmg hfe Desp1te mcreased use of automatic checkout

procedures and other aids for szmphf;ed troubleshootmg and repair it remams a

fan'ly defensible zule—of—the- thumb that approxzmately one-third of the personnel -

S

assxgned te opetatmml systems are prmcxpany engaged in maintenance funct:ons

‘The role of htn\an £act:ors engmeerzng in mamtamabzhty is d:.rected toward

o ‘-: emnomzcally reducmg the numbet of persoxmel and skill levels requxred in

e mamtenance functzons, by prov;dmg dn.-ectmn for har&ware desxgn that. makes the

“fullest possible use of kmwledge about ’mman behavmtal .atterns, A basic assump—

" tmn is that even thh the maxmmm pract:cal use of re&undancy, :ehabihty

W unprovement of cmponcntn and a&vanced nlf repan- techniques, an ultxmate level

ofcve:ransyatemrohabﬂ:ty,canomybeobtamedbythedn-ecteamofman'_ _

R
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. v,ersatility'ar}d ingenuity as a decision maker in matters of failure detection,

replacement and repair.

et i mpoa

Particular areas where major contribufions of human facfor;,engineering
—_— - _ g
may occur include the following:

1. Development of criteria for evaluating and comparing
alternate main_taihability progfams.

2. bevelopment of maintenance plans and sche’dgles within
the framework of an overall main" .. ability philoscphy
for a particular system.

3.  Determination of maintenance personnel reéuireme:nts in
terms of manpewer a.nd ckill lgvels.

4, Deveiopment of training #ﬁd evaluation p:;'ocedures. for
maintenance personnel.

5. Determina_tioh of environmental tolerance and work load -

limits and requirements for main#epance pésonn‘el.

6. Deveibpménf of tioublg-shooting strategies for fault R - l
detection aﬁa determination of optir_nai placé:n.ents of |
‘test point locations. |

7.  Provision of mformtzon concexmng deszgn constramts .

based on such factors as human body part sizes and

‘sensory input requxrements.

a3 o e A kI e % e

-8, -Developrrent of Job axds, special supports and other
supplementary eqmpment

As w:th other subsystem aspects of compleo: syatem desxgn a key necesuty

is specialized partimpatxon by mainterance engineers in collaboration with human
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factors engineers (in some cases they may be the same people) from theveérliest
‘ st§ges of de.éign and development. An integrated maintenance management concept
suitable for the particular system mission and overall design approach should evolve
simultaﬁeously with the elimination of alternative candidate a‘fxf;roaches in the pre-
liminary design stage. Specific human factors considerations should cover at least
tbe : fallowmg items: | |
L A preventive maintenance and a contingency maintenance
p_lan based 0;1 the opefationai p]aﬁ.
. A mamtenance training program baséd on a maintenance
schedule :rrxve& at by a "best avaﬂable mformatwn"
logical analysis and precliction of which components are
lﬂcely to fail and when.
3. A list ﬁith qt;antitai:ive éséimaf:es of the men, 'ecjui] &nent,
,toplé and publications that accurately refl-ec.ts' what
| i'nain\‘:'e;k‘;ﬁceé"f_'aguﬁtie's each éubsysi:ém will require and at - o
a whaf organizafiénal level thé'n;ainténance is to occur
To prov:de the necessary detzil for implementing the human factors
engmeenng contnbutnons as the system is designed and developed, a maintenance
mgmeenng analysxs is’ requed Mm:.mally it should provide the followmg
| e L. A part-by-part analysxs wluch &escxibes each component, outlines
‘ its functxon and tells why and how it is' to bemmtamed Each
maintenance task should be described in detail |
- 2. A tool and equxpment summ:y wluch lists both routzre and

Lo apecul tools :equn'c.d along wzth g:mmdsupporteqmpment and .
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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

-

: : CT &
tools, parts, and equipment is available in the right location.

v

Time and error studies which will intensify the number of man- -
minutes required to éérform eaéh maintenance task and indicate
human ini/tiated'errors that may occur. An efficiency factor may
be assigned to allow for different .vorkmg conditions and new
skill levels.

4, A manning specification which‘ sets up peisonnel reqqireinente
neceséary to pat a sufficient number of men with proper skills
.into the systems support pmgram placing them at the pioper

- 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 econommally available man-hours are committed before half the maintenance

tasks are described, the need for desxgn changes or changes in the maintenance

'parametems should become obvious. A restudy of the most tnne—consummg or lugh

sk111 level consum.ng tasks should thm provxde a decxsxon basis for choosing benween |

the »redesxgn of a gwen subsystem to mclude new features or the programming in of

" more man-hours and supphes to the system's support plan

Naturally the cost of prov:dmg a complete mtegrated mamtenance manage-
ment plan w111 vary wzth the complenty o:E the system and the nu;.iber purchased.

The return on the mvesi:mem: wiil be in the form of cost savings during the
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opefatidn;l phases of the program.v Increased probability of pr_édiétabl_e 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
mcreas:d efficiencies during design and development of e.a;ch future system directed
toward related mis#io;s will all contribute to such savings.

Even though plan;u'ng, designing and evaluating for maintainability 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“f;he human factdrs field this is especially true with respect to our knowledge of
~ human maintenaﬁce‘perfom_ance in space both in IVA (intra vehicular activity) and
EVA (extra vehicular activity). As missio'ns become more prolonged, nxaiﬁtenance
proBlgrhs will multiply. It is particula?ly important -tl;aat new k\;aowléd‘ge‘about mans'
'capagiﬁtieg be developed in mticipgﬁon of the increased load that will be rlaced on
him during long missions. Some particular areas wl"tich seem to require special
reséarch efforts are as follows:
1 | Anthropometric meaﬁuxes concerned with man working in a
‘space suit m f:he weightless sfate for purposes of establishing
'accessibﬂit)r, sizing sténdards, need for spc_“_'ialvtpols, restraint and
maneuvermg eqmpment etc. - |
2. Motor skills such as assemblmg packaging and applying torque
from umxsn_xgl postures.
3. Perceptual éapacities requiring special codmg of information to
avbid effécts of sharp lighting cc;\ntrasts, visual ﬂﬁxsions, etc.
4 - Momozy storage lnmt.znons wha-e spec:al performance ands

may be reqmred in complex repau- tuks espec:ally in EVA where

, oL
il

R =




instruction manuals may be hard to refer to.
5.  Human étexeotypes (habits) in sgace which will affect task ' g
sequence# and oé_timal spatial relationships b_etwgsn information |
| inputs and work outputs.
6. ' Decision capabiiitiéa with respect to time pressures, information
feedbaék requirementé, testing procedures and other task stress
ﬁctor#.
7. Toleranc'e' to environmental factors and work lcads requiring
high metabolic costs over both short time, high intensity
conditions and longer timé, méda:ate intensity conditions. |
It is evident that even those elements and the implemehfai_:ion procedures
that can now be anticipated with respect to maintenance in §péce wi]l_'r'equire rauch
ekperie_ncé to evolve a'fuﬁ viable set of standards. In the meantime the fullest use
of man's abilitiés and the understanding of the design constraints which surround

them must remain a high priority responsibility of not just the hnnan factors

| exigineeis but also the many other engineers with whom the "peqpie part" of a

sarn

~ space system has interfaces.
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. CONCEPTS OF {IYPERSONIC ABLATION
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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 Bakhmeteif
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,
- Dr. Scala was appointed Manager of the Theoretical Fluid Physics Section and now )
" directs research in gas dynamics, atomic, radiation and plasma physics, fluid mechanics,
aerothermophysics and applied mathematics. He has published more than fifty papers in
. technical journals and books. :

mmobucnON o |

v‘ At the present‘time,- new ‘coneeptual advances are being rﬁade in undersmnding
'the complex interactmn between refractory materials and the high—temperature,
chemieelly reacting, environment in which they are required to perform as thermal
insulators while- retaﬁung their strucmral mtegnty

Graphite is of particular interest to us since it is itself a 'refractory material

eapable of ca.rrying a strucmral load at high surface temperatures and also because
~ many plasﬁcs will form an outer char layer upon exposure to severe heatmg rates.
: ' The oxidation oi' carbog, coal and graphite has been studied extenszvely for
"l'ove- one hundred years, and much attention has been gwen to the reacﬁon-rate—

'v',control!ed, transiﬁon, and diffusion—eonh'olled o:ddation regimes. The oxjdation
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- rate of carbonaceous materials in these regimes is dependent upon the surface

temperature, the reactivity of the particular type of graphite utilized, and the

’.'
.-

- diffusion processes in the gasems boundary layer. ‘ ' f '
- At still higher surface temperatures, one must be concerned not only with the
homogeneous and hetercgeneous chemic8! reactions occurring bgtween 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 aﬁplicability of conventional boundary-
layer tﬁeory is determined at the extrame surface temperature when the sublimaﬁon
ré.te of the vaporizing graphite induces pressure gradients normati tdthe gas-solid

interface.

ABLATION REGIMES OF GRAPHITE | - - o
‘We will now summarize the resulté of z unified theoretical treatment of the graphitc
ablation process over the e’ntiré range of pressures and surface texﬁpemturés of interest,
| i.e. .from room temperature up to 10, 000°R (see references 1-5). | _
. At the lowest surface temperatutes, the oxidation prdcess is reaction rate controlicd
" and hence 1':he. masé loss increasés exponentially with surface temberamre. .At 1nm:ﬁwiéw ‘
surface temperatures, #ie overall rate of mass loss depends both on gas dynamic processcs
and the ‘specific chemica} reactivity. E,ventu’an'y,v as-the. surface tempei‘a_mre ;'ises beyond

a certain point the mass loss becomes limited by the rate at which ox.ygen-bearing species

N 3 L R ’-."‘-":‘J;,J:‘!{.};,f),»'k.‘.

can diffuse to the surface. This is known as the diffusibn-coni:r:_oiled regime. In this regime, &

B
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| it can be sl;own that the mass loss is independent of the Su,l‘f;tcc‘!1:n;p('.r:utur(:, but varies
direcﬂy as the square root of the stagnation pressure.
~‘The mass trausfer and hea£ transfer results for the diﬁusion-gontrollcd .rcgim(?
and sublimation regime which are discuseed are based on exact nu:crical solutions of
the bmmiary. layer equationswhic_h ineludc the conservation of mass, momentﬁm, enevgy,
and chemicnlly reacting species. In the diffusion-controlled regime, a six-component
| gas model ha,e been util'iz'ed', including CO and COZ’ plu.s the four primary speeies found
in high te,x.npel“atu.r.e dissociated eir (i.e. O, 0,, N, N.). In the sublimation regime,
three addiﬁengl species (namely C, C3 and CN) are introduced, bringing the total number
of chemical species to nine. |
Rased upon a large mmher of _n_r.mericé.l solutions to the boundary layer equations,

- correlations have been obtained for the heat transfer rate and the mass transfer rate

- {ncluding the specific effects of enthalpy, pressure, geometry and surface temperature.

| bls?;ﬁssloﬁ OF RESULTS

In ﬁgure,.l, one observes the various mass i:ransfer regimes which heve juét been
| 'deeeried._' In the reg'ion or the extreme right band side, boundary layer theory begins
,-pp'bécome inapplicablef |

| In figure 2, one observes the correlated heat transfer rate as'a function of the

eﬁ'ectlve mass fra.ction of the element carbon at the surface, C < C> . Note that o

( %%) s W the hea‘ tra.nsferred to the solid; has been normalized by the heat transfer

in the diﬁusion-controlled regime, Q-

[N S I

N




Finally,‘ figure 3 shows the normaulized mass loss as a function of surface
temperature and stagnation pressure. Here it is seen that the c_hemical kinetics at
ot . v el
the surface, which are a function of the grade of the graphite, have a prénounced

effect at surface temperatures below SOOOOR. Above this temperature, the surface

reaction rate is sufficiently fast so that the 6verall process is governed by gas-phase

transport phenomena. ' . ' .

CORRELATICN FORMUZI.1iS F{JA MASS LOSS . : - |
In the reaction rate controlled regime, at low surface temperamrés, the mass ‘

loss is given by the Arrhenius éxpreésion:

_mR=xe‘E/RTW(p2> | -

~where K , E and n depend on the properties of the graphite.

In the diffusion controlled regime, the mass loss is given by:

7 1/2 '
Ro\ - g - : .
) B) . -3 Ib. :
m | = = 6.35%10 > (@)
, (‘?-e - ft.3/2vsec. atm..l/“ 3

At intermediate surface temperatures, the mass loss is given by

Finally, in the sublimation regime, the normalized mass loss is ngen by:
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-iif.where C

where ' 7/

"

—— , o . L e
' e 6 -0.67 . 4 .
C<C>W =0.15+2.4x 10 Pe exp [—1;‘. 1x10 /TW ] )

. .where. Pe,is in atmospheres, and Tw is in OR. For cones, spheres and wedges the

_above formulas may in the diffusion contfolled and sublimation regimes be gencralized

(see Ref. 5) to:
by i)t ps,” 3 1. @TU
, - . 1/1b)
(120+0 a2 J; )x 10° = =2
& ft. (sec-atm) '~

- . due 1/2
oo, [FRe(ar) ¢ ]

(6)

CORRELATIONS FOR HEAT TRANSFER
.In the rate contrdlled.and diffusion controlled regimes, the heat transfer to an
lat:lng graphite surface is given by:

Q (RB/P)/ = 33._3+ 0.0333 (H -h_ ), 3/2 BTU 7z M
_ : Air  ft. sec. atm™'

In the aublimgtion regime, the heat transfer rate to the surface becomes

o~

‘=1-§(c 015) o ' (8)

<C>

<c> has been defined in equatmn (5) and S is 2 fifth degree polynomxal which

o (see ﬁgure 2) decreases with increasing stagzation enthalpv ' ' o , '

3T \ ’
For spheres, oones}md wedges, the abave formula for (K 3y ) S, w still holds,

o but we find that the expression for O can be generalized to:

217




1/4 : 5 ,

‘ : Qo (ESHe)' . Bue“ -3 1b (BTU/Ib )1 '
duc\ _11/2 ° \1.04 +1.35 == X 10 172
(H —hw) [2 P (&—)_/ﬁ] & e’ & ft. (sec.-atm.)"

9
The various symbols B, €, d_q_e are standard nomenclature and are deiined in

ref. 5, for example.

CONCILUSIONS

At the present time;ﬂ:eo:r'ei:ical techniques; exist Zor the prediction of the oxidation
and subiimation of graphite fér the laminar bype:sonic viscous flow over cones, spheres
apd wedges. Agreement with experimental data is feasonable. mﬁtre wﬁrk should
stress investigation of the effect of turbulehce on the heat and mass tranéfer toa graphitic

surface.
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DIGITAL AND ANA[m SIMJLATION OF DISTRIBUTED PARAMETER SYSTEMS
{9 May 1967)

R | : by SV
' W. J. Karplus
- B.E.E. Cornell University; M.S.E.E. University of Cealliformia, Berkeley;
" Ph.D. Univereity of California, Los Angeles. Walter J. Karplus is Professor
of Engineering st the !hivemity of California et Los Angeles where he teaches
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‘where A%. is the Laplacian operstor, which in two Cartesian dimensions

-
w’

takes the form : ‘ &
i . 92 22 _ |
- B A @
.Equatim (1) 1s one of the ramily of ellip’cic partial differential equations,
_whoee solutiona are not tm-&pendem; ) |

- :'}'_f“"f‘ | 'me :arabolic pu‘tial dimmtua equation

W) = s% - 3)

"':‘pmwx Mia”"f’m& a \d.de varlety of d:ltfuaim phemmna g and S are field

S In add:ltim to tl'e parbm dirferem:m Qquation the apeciﬁcnicm _
; m initial omditim f(x,O) for a11 points in the tield at t=0

e

cherpmﬂaldirren uleq\ntmmutmormmtmst




v o 9 | | |
ve = 24 (6)

governing the vibration of beams.

&
i

In order to treat transient field problems of the type of Equatiors -
(3) to (6) by electronic ditrerentia.l anglyzer or by digital techuques it
is essential to effect a um"omtim to reduce the rumber of indepemant
variables. This is acegup].w:ed _by means o: ﬁnite-dirte:um appmximtims
mmchaeamn&svamblg euch as x, ¥, %, ort 1s replaced by an

‘arrey of discmtely—apmed points. Solutions are then obtained for these

mMs,mmmmmmmwmmwmmmmm-
potentialdrstmanl:l::es ﬂmmnwvaﬁablendiscretmm
Mmm,tmoommmmmm&ﬁminunplwedbymwme
algebralc expmeuicn meuupttertems, thismtlub the opemtim of
integmtimianplmdbyﬁditimmmmm '

Oaniderumemlaoramsiqnetmient nsldprobla,

s theparaboliceqmtim (#)o_ Mseqmmmmmmm\es the

epaeevu-hble X aﬂt!atiuvarlable t. Inapplymgm:gmm,

_eitmrorttnsetwmblummnptinemtmmfmuorumm

tmapmimimornmumwm 'nrrexistﬂvmtom _

1. Minnn—m-etmmm-tm (M‘) Both tm tim variable

'.mmwwumnptmmmmm

e Ne ¥




Equation () then becomes an algebraic expression, while the right side
zemains unchanged. : ' 3

-

' 4, Discrete»spwe-diacmte-tim (DSDT). Both the x and the t
varisbles are discretized 8o that all derivatives in Equation (4) become

o 'algabmic expmsaioms
‘ '*Iradigitﬁccmxteristobeeuployed,onlytmnsm'mthodis
'Z'teasible since. no emtimzous variables can be nandled digitally. A choice
o must bc mde, Mum, ‘betwoen explicit and mpucit. integmticn formilas.
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INTRODUCTION

The word cryogenic is generally associated with very low temperatures

ranging from the liquid air level downward in contrast to ordinary refrig-

..ferction in the range employed for food storage, air'conditiongﬁg and the
: like. Refrigeracion systems for both high and low levels require compres-

:3§*rs And coolers for removing the heat of compreaaion and possible heat

~of condensation. They also require expangsion devices in the refrigerated

zone for reducing the pressure, The equipment for low level refrigeration

includes one other important item, the counterflow heat exchanger. This

device makes possible the steady £low of refrigerant from thc compressor
‘eﬁwhich must operate at room temperature to the coldest part of the system
'xend bcck“ngain with minimal loss of refrigeration. The heat exchanger is
: _co@prieedfof‘tyovelongefed conduits,side by side and thermally.bonded to
egch other. "The outgoing cold stream flowing in one channel simply picks
"w 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
‘Tor capillary for isenthalpic expansion, the other an engine in which the

ffexpanding ‘gas does’ useful work against a piston or the blades of a turbine.,

”.'In this case the. expansion is essentfally isentropic.

Some'of the thermodynamic relaricns needed for a discussion of low-

:Lccmperature processes are given belov.
Kelvin or absolute scale of temperature deiined by the relation

_EL',-_T_L..

9, I,

in which q1 ard q are respectlyely the heat received and the heat re~

;:.jected by a reversible engine working between the absolute temperaturea

'ﬁttl and I Ihe equarion applies equally well to reversible heat pumps.

'#AThe only difference is in the direction of the flow of work namaly, out

of :he engine into the pump, “The magnitude of the work, of course, must

ﬂ?jbe equivaient to the difference between the ‘two heat quantities.
. Enthnlpy is defined aa tha sum of che internal energy u and the pres-

ureFvolume product pv, h =’ u + pv Another uscfu) relation is concerned -

'. » R
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with the change of enthalpy with temperature
' dh = ¢ d‘t

— &

vhere cp 1: tho specific hsat at constant mntuu.

-

The Joule-Thomson cosfficient is defioced by the equation
he .a.:) |

The First Lam enexrgy equatici for steady tlov is
A | Q== by W

h

uh-ro Q is the flow of heat and w the flow of usable vork tnpacctnly,

aerou the boundary of the s;sm
' ‘ Changu in entropy are givan by tha rela:i.on

T _ és --g.i.-'

."’! ‘ l’ o smntﬂ.mnt events tn tlu dcvclop-ent of apparatus for produciﬁs

- ;: G mnd ptihui.ning vcry low uqnntureo. Pour dutinct approachu to the

- ! . ..5.1..: Iunthal.pi.c cxpanuou of P cohpunud $as possessing a
Lo positive. Joulo-rhonm cffcct vﬁth nd of counterflov heat
L 0 cxchnnger. T e L |
fr 1895  Carl von Linds fn \ Catmany uquan.d atr fn
quantity in a con:inuouo_»proulo for the
tirpt time. | R '
1898 'Juu Dewvar i.n Bncland nqucﬁcd hy«lto;cn ‘
‘ vi.th the ud of uqui.d air. ‘The Joule=
'mcmon coefficient of. hydwn is mgnuvo
‘at room tmporuurc but bccoua posttivo at
. -lmrmpcueuuo., SRR .
1908 - mnughw. in u- lcthtrlaudl l.iquc- B
s u.d halium wtth m .m of uquu mmm
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Isentropic expansion of compressed gas with assistance

of a counterflow heat exchanger.

1838 =50

1897 -~ 1902

1925 - 26

1934

1946

1964

Ly

Dr. John_Gorrie'of Fiorida devised and
built an ihe-ma&ing machine in which the
refrigerat ve, eFfect wasg aeCuxed by an
engine working-on compressed air. Gorrie's
systeﬁ;also tncluded an elementary counter-
flow heat exchanger,

Georges Claude, French inventor made sub-

stantial improvement< in Gorrie's system

' by way of adapting it to the liquefaction

of air,

dubPont engineers in the ﬁnited States
used compressed hydrogen as the working
fluid in én‘éxpansion engine-heat ei-
changer cycle for *efrigeratioﬁ in the

60 to 70°k range for purify ng gases,

P. Kapitza in England using helium as

the - refrigerant ard with the aid of liquid
air and a Joule-Thomson ‘addendum, liquefied
ﬁelium. T | : ' '
S. C. Collins developed new cycle with
multiplé expansion engines thermally
sﬁaged. 'Impr6Ved'qngines and heat ex~
chﬁngeré for greater reiiability and

ease of maintenance. Precoolants not
reﬁuigéd.‘ o |
Coliinslintrodu;ed expansioh engine with
plﬁngerétype pistons and crbsshead with

sealed bearings. "
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- 3. 1Isentropic expansion of compfessed gas with assistance of 2
tharmal regernsrator, ' -
11814 - 27 Jev. kobert Stirling of Scotland developed
a new heat engine using 2 regenerator for
recovering heat that might otherwise be
_ wasted,
1862 ~ 65 Aiexander'Kirk of Scotland converted
Stirlinz ‘s heat engine into an eff;ciqnt
* heat pump by revetainé it. Although in--

tended for refrigeration neer the ice
point, Kirk's machine ac:ually_achieved

. tempetatures belbw -40%, .

1954 ' Kthler ard others in the Netherlandé
tmproved Rirk's machine andbadapted_it
first fof'cheliiquefaétioh of air and .
later for refrige?ation down to ZOOK‘

1959 W. £, Gifford and H. O. McMahon modified
'the‘Stirliug.cxpie to separate the com=-
pression machinery fifom the regenerator
and expansion device. A standard tyﬁe of
compressor is used, -'The refrigerating
portion is compacﬁ, 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 availsble temperature. At
any time during the "blow-down" the ga.vremaining‘in the
flask will have expanded reversibly and cooled accordingly.
Dapending‘upon‘cdnditiona such as degree of precooling,

" initial pressure, heat capacity of the flask and identity
of gas used, a fr#étion of the gas will condense within
the flask, o
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’ 1877 Cailletet in France cbtained 2 mist oﬁ.liiuid
oxygen when he released the pressure in & vessel
charged with oxygen at very high pressure and
at an initial temperature of -40°C.

~= 1923 F. E. Simon in Germany liquefied heliwm in
useful quantities by means of Cailletet's
" method. - Simon used liquid and solid hydrogen
2s the precoolant. At the start of the expan-
sion, the pressure was 100 atm and the tempera-
ture 11°K. & large yield of liquid was obtained.
1967 ~ Collins liquefied helium by cooling the vessel with

| gas discharged from an axpansion engine.. The - .

starting pressute and temperature were 100 atm

andvl9éx respectively,

DISCUSSION OF LOW TEMPERATURE CYCLES

1. Isenthalpic Expansion
' The primary requirement of # refrigerant to be used in this

type of cycle is that it must possess e»positive'Joule~Thomson coef-

ficient at the warm end of the counterflow heat ‘exchanger. Said in

another way, the entnalpy'of the outgoing low pressure gas must be

ngeater than that of the i.ncomiug high pressure .stream. From Equation 5
, above as applied to the heat: exchanger-expansion valve system, it is
Zseen that the. reftlgerative load Q is equal to. the gain in enthalpy, there

. being no- useful work done.'

Figure 1a represents diagrammatically the Linde cycle for the

llquefaction of air. - Since the J-T coefficient for air at room tempera-

- ture 18 small it 15 desirable to compress to 150 to 200 atm. At 306°K

the enthalpy of aic under a pressure of 200 atm is less than that at 1 atm.
by 8 cal/gtgm,_ Initially, the temperattle drop at the valve will be

prproximately 34 ' The colder gas returning through the heat exchanger

extracts heat from the incomlng high pressure air so that the latter

varrtves ar the valvs,at 2 progressively lower temperature until the liquid
:f,phase appears.. When a steady state has been attained, a fraction of the

v
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‘stream drops out as liquid. In this instance the maximum possible velue
of the fraction is 0.08. Thke finel temperature drop at the valve is |
~ somewhat more than 90°, 1t is characteristic of Joule-Thomson heat ex-
changer;“ro eperate with relatively high AT's at the edldGEnd. This
coupled with the fact that because of partial liquefaction the cold stream
is deficient in mass mekes it easy for the counterflow heat exchanger to
recover nerrly all of the aéailable refrigeration poeaeased by the cut-

going stream,

" 2. Isentropic Expansion

In an isentropic expansion the temperature drop resulting from
the work done by the gas is usvally large in relation to :he'Joulef
Thomgon effect. The refrigerent can, therefore, be any gas that is
ctherwise : acceptable . .

Gorrie s ice muchine cf 1851 is indicated in Figure 1b, Beeause
of the ' high ‘temperature level of refrigeration, it was more epprapriate
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 stesm
engine. ' o _
| Figure lc is a flow diagram of an 2°x ‘iquefier designed and

b': built by Claude in 1902. Note that the heat exchan, 2r is divided into

two perts; the engin2 receiving a large Eraction of the compressed air
from the intermediate zone and delivering the expanded air to the cold
‘end of the colder sect101. The remaining fraction of compressed air,
‘still at the higher pressure 1s further cooled and completely condenaed
by. the aciion of the stream of expanded air. At the expansion valve V,
the pressure drons to substantially 1 atm; and a small part of the.
iliquid flashes Aato vapor which joins the engine exhaust for the return .
trip through the hegt exchanger. g ' < ‘ ot
B In an: earlier mocel CIaude had placed his engine at the end. of . é_
the heat exchnnger with' the inten: of forming liquid in the engine and '

sepatating it from the vepor in the discharge pipe. The yleld of liquid
was very low because of tne irreversible cooling of each new eharge oi :i
eomprensed air by the £ilm o£ liauid on the cylind.r wnll L : o %g

‘.\
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-The schematic diagram of Figure ld represents Kap{;zd"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 10° to
4,2°, Because of the extraordinarily nerrow pressure and gemperature
1range‘of the two-phase rsgion of helium, the overall efficlency is .
 greater when a fraction (of the order of 25%) of the compressed helium ia
expanded 1sentha1pica11y; | |
In the cycle shown in Figure le the 1i guid nitrogen precooling
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 1
.5pecific heat of the gas rathar than the latent heat of condensation.
One liquefier with four engines has been successfully operated.
| ' Fighre 2 1s a partial sectional view of the helium liquefier
at:M;I.T. It is of interest here‘because of the engine pistons and
éroashead. It is the first eagine of its kind. The‘plunger ~-type pistoh
is made of micarca. One end of the’ piston is at the average temperature
ofgthe'wgtking_helium, about 60 K for oﬁe and 11°K for the other, and
the oiher end is at room'tehpetature. 'éealiﬁg of the piston is accom=-
. plished by an "0" ring at the wam end A11 of the moving parts of the
“:cranksha‘t and crosshead are 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 E S o
' of 60 l/hr as ‘a liquefier or a refrigeracive output of 245 watts at 4.3°K. '
.  ' Apperatus as uged in the reversed Stirling cycles is shown iu . - §
‘ Afigure 4., Kirk's maehine of 1862, Figure 4a, features 8 cylinder within ' :
which a piston C and i,regenerator-displacer D slide. The oiston is

power driven through 2 definite cycle causing :he pressure to rise and .

E ‘fall rythmically., The displacer is made of a stack of woven wire disks.

Tged 18 moved up ¢nd down with -he same ftequency as the piston but not
Lin phase with it. When :he piston is, at ita loweat posirion and the
‘ pressure isat maximum :ha dilplacer must be ac cbe bottom of the | _ ' .
ghgcylinder.v The ccmperature of the gas 15 high at this time and heat flows | '
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‘out frem the finned -area near the middle of the cylinder. Before the

piston moves appreciably, the displacer is moved quickly to a position
near th piston. - The compressed gas charge passes tnrough the porous

displactT to f£ill the cavity at the bottom of the cylinders’ Then the

“piston cnd the displacer move upward, the'pressure falls to its minimun

value and the temperature of the gas falls. The displacer is then
returncé to the bottom. The gas is transferred to the intermediate spoe
and a :neral gradient is set up in the-regenerator. On the next cycle
the compressed gas begins its ekpansion at & lower temperature, and the
final zemperature is lower, )

Kohler and others have developed an elegant small air liquefier
based on this principle. By adding a'éecond stage, refrigeration in the
20°K range has been achieved., v .

Figure 4b illustrates the modification introduced by Gifford and
McMahon. The compressor has been divorced from the cooling equipment,

‘Mechanically-operated valves at roca temnperature expose the regenerator

and displacer chambers alternately to the discharge and the suction pipac
of the compressor. ,

With displacer in the down position, the system:is presSurized
The chzrge 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 charge takes place; and the temperature falls. After
many cycles, a steady state is r»ached - The upper end of the regenefaCOr

will te abeve room temperature the lowér end will be very cold,

Figure 5 is a schematic drauing of the ADL Cryodyns Rafrigoratur _
" which is based on the Gifford-McMahon cycle, In addition to the three

_stages of cooling by means of regenerators and displacers, a Joule~-

Thomson loop has been added for the purpose of having refrigeration at

" the liquid helium level. The heat capaci;y of a11 substances falls off
- as the temperature approaches the absolute zero, Ragenetators depend

upon the heat capacity of the material thpy are made of to absorb heat
from the gas being cooled Below 12 K Te

?
\
{
|
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" USES OF LOW TEMPERATURES

- The value of liquefied gasges in basic research is inestimable. 'Liquid
helium itself has receivé¢ much-attention from many of our ablest physicists,
but thiagfvi?onment it_prqvi&és for the study of the propegties of matter’
in general is much more important. The current usage of liquid helium for
this purpésc,at M.I.T. is approximately 6000 l/month. ‘ o

Liquid nitrogen and oxygsn in commerce have become one of the heavy
industries. Liquid hydrogen and liquid helium have achieved'a place of
importance in space technology. '

| A significant numbgr of helium refrigerators are devoted to cryo-
pumping and to cooling superconducting magrets.

Figure 6 i{s a photograph of a coil winding apparatus and & finisheq

coil of finned tubing for use in a novel heat exchangef for the recovery

‘of refrigeration from a stream of helium gas at about 12 mm of mercury

pressdfa. _This is part of a 300 watt refrigerator for 1.85°%K.

The physical properties of many substances are altered at very low
tgmpe:atures. In general, matter becomes stronger and more brittle. .
Figures 7, 8 and 9 1llustrate the eff~ct upon stainless steel.

Electrical resistance of conductors decreases and, in some cases,

becomes zero.

s~
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Figure 2

Partiel Sectionel View of M.I.T. L
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Figure 3
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DEFORMATIOI\: AND FRACTURE OF VISCO- ELASTIC
MATERIALS
{23 May 19¢7)
by
A, N Gent

' Dr. A. N. Gent-joined the British (now Natural) Rubber Producers' Research Asscciation

in 1949 as Regearch Physicist, and carried cut investigations of the mechanical behavior
of rubber under large elastic deformations, under vibratory forces and under extreme’
temperature conditions. In April 1961 he took up a dual appointment as Research
Asgociate (now Assistant Directox) of the Institute of Polymer Science and Professor
of Polymer Pnysvcs at thd University cf Akron, where he and bis students are investi-

~ gating a vride range of problems in the mechanics of rubberlike substances.

1. Introduction

- _Elasi;oma'rs are not perfectly elastic; some part of the energy spent in defmning.'

them is dissipat=d due to a variety of causes. The principal energy-dissipating

mechanisms are: *

() internal' frictib’x‘\. or \iiscosity; as the molecular c}-ains rearrange _thé:‘.r

poszt lons and segments of ‘chem shde past each other.

‘(i..i) . Stral. - induced crystalnzanpn. Under.the orzentmg mflugn;_e of a
aeformation,' Quff.icien‘:ly'regular mﬁlecules_ may £orm mic;rocrfstalline
| assemblies. Any fm-the: deformation can only be accompliéhed by E
dxsruptmg the crystalhtes thh a corresnondmg &sszpatm of e.nergy )

ses

(ii1) St:mctural breakacwn of a ﬁlled elastomer (two—phase) system. Hard

£iller particles, generally of carbon b]ack. stiffen elastomets in two

T T T

ways: by formmg long associated \.hams of partxcies and by adhering
strongly to 'che moie"ules m contact thh each partxcle Roth of these

assocxatmns are dee\:royod at leaat partxally by a deformatwn, the

-

!

.".
i
g
1

e
q
.

2

‘partxcle chams at quxte small deformtxons and the elastfamer-partncle

: bonds at, large ones

WS




$he dissipation of energy internally has umselly been
\ ’ , ,
regarded as a gerious disadvantage of elasztomers. Recently,

howaver, 1t has beem shown to be responsible for the resietance |
. to a wide variety of fracture processes; tensile rupture,

| teaxing, surface cracking by ozone, and ahrasxor These fihd-

inga are reviawed here. Also, tha existenca of unstable states

fisfpbinted out, at which ap elastic deformation hecomes irhomo~
'-ganeous.* Small regions then bevome highly daformed; often to

taa point of rupture. In theae cazes the ctitarion for frac-

 ture is an ggtgc one involving the relations between applied

loada and deformationa.

2, Tensile Bupture

Strength measurements at different rztes of elongation &

iahd'téﬁﬁdéa%ﬁthé T'ifé*foﬁnd'té'dapead'upon a gingle variable
$r, where LE is the segmental viscosity (Smith, 1958). vari-
,ationa uith tcmpernturo are thus due to corxespon*ing viseocity

f<;éhnng Moroover, tho:mastar curve under iao-vi-cous condi-
 ;¢t1on3 han tho to:m axpected of a vilcositybcontrollod quantity;
o it :1033 uharply uith increased rate of elongation to a maximum

'valuo at ﬁigh rates when the segments do not move and the ma-

»lﬁggtarial h:eakz as a brittlo g;ass (Buedha, 1955). The bxcaking_
‘;;ielongation at £irot :1-0. uith increaling rato of olongation,

f
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,4:elation is

refTécting the enhanced strength, and then fafls at higher

xates a3 the segments become unable to respond Bufficicatly.'
rapiﬁly. '

An alternativa meaaure of tensile rupture is the work
Wb required to bresk the ~ubber per unit volume. It varies
with the rate of alongation in a similar manner to the elon-
gation_at break, passing thzough a maximum valuc with iacroaa-
ing rate, or with doc:eaiing tempeééture at a cbﬁstant rate.
The variatién.closely resembles that obtained for energy |
dispipﬁtion under amall deformations, indicating tha close-

_ parallél batween energy dissipation and energy required to
'.xupiu:e;- A more striking damonst;aiioa is afforded by the

| Zrecant obaexvation of thsch,.ﬂarwood‘and Payne (1966) that a
~direct relationship exists betwsen Eb_and'theignérgy diciipaﬁcd
#g in stxetching to tho;bxeaking elongntioh; 1:teapoctivn‘6£

the mechani-m of an-rgy loa-, i.e., for filled and unfilled,

-tzain—crystallizinq lnd amorphoua cln-tcma:s.. !hei: anpitical :

| ' 1 W o 401 wd’ ,
'b and _g.being maaaurad in joulea/hm’. !hoso materialc which

'-:eqnixa .the most - encrgy to bring about rupéuro, i.e., the

nt:ongolt olanhannts, lzn ptecisoxy those in uhich the nnjoz

o pa:t of the cnc:gy is diolzpatld bofore rupture.
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It ie important to ,.ecogniza that the tear strenath T is

also not a constant value for a particular material; it depends

 strongly upon the tempersture and rats of tear, i.e., the rate

at which material is deformed to rupture at the tear tip.

_ Sevatallfci:itical valves pf Z may be distinguished. | The smaliezt
poa&ibls valae -is:giveh by the surface energy, azbout ‘_50 ergs/cm?
for non-poler hydrocarbans. This value is indsed found to |
. govearn 'th_.e gzowi:h o£i awﬁface cracks due to chemical scission o
of ‘the elaé'homef vmo‘lec‘ules (by atmospheric ozone) , when the
f-mct;l,pn_ bf the applied forces is merely’tb separate molecules
'already ioxoken: {see section 6). Another criticsl value of I

_‘13 that aecesury to bxouk &1l the moloculea cmainq a’ random
‘pianu Tmlc has bcon aotimated tc be af the oxder of 10% u-gs/
ca’ tot typical hydzocazbon alutmers (‘l'homn, 1966) . Boasuro—
'mente» of the minimm value of x necessary tc cause any cut

gzowthby mechan:l.cal.xuptu_re are in reasocaable agreement with

this;value (Loke and Lindley, 1965}.

"In'simplo 'te'aring m’easuraﬁe’nta the observed values of T
axe eonsidaxably larger, ranging trom 10' to 10‘ ergs/cmd .

’
‘mﬂ Ear i:}\ E -~ “-"ad a3t ength :I.- mado clee.r by conaidu-

. J.ng the pa:ocesa by which the ‘energy E. h dissipated at tho tear
tip 'rhcmas 0.955) hu ahown that 2 can bo eutptoucd 4n. tu'ns
“'of the effoetivo dimotc ' of th- tip ‘of thc tur -nd thc
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“intrinsic" bz:eaking energy “‘b of the mat&xal by the

&~
approx_ma_ 2 relation

=d W, .

‘ The "intrinsic" breaking e:nérgy may be defined £3 tha energy

required to break unit volume of the material j.n the sbsence

of & significant ni.ck or flaw. It will be generally similar

to, hut larger than, the value of & determined for caxefully
pzepared tenaue test-pleces in which thance edge flaws are

minimized. Both wb and d depand upon tha conditions of tear.
However, for unfilled non-crystallizing elastomers, 4 remains

.small (of the orde: of 0,01 cm) and relatively constant. 'In“
_ these cases Greeumith (1960) has shown that T is pa‘oportiona-

to W, and changes in a parallel £ash;cm with temperature and
rate of tearing (rate of extension). Mullins (1959) has alac

shown that T i¢ proportional to a measure of the viscous stress

componmt.‘ : Thuz the internal vincosity aeteminu tha intrin-

sic breaking energy and the tear ruistance for uuc.\ natctia}.a.-

- The effective diameter a4 of the tip of a growing tm\ho

‘ dapanda upon the elutic and v:lwout p:ropertia to soms < 1g:oo
j((‘a:zt -"v". monry, ‘«5: 7‘ 0 that the tear waray z nhm & com
 plex teupaza‘..:ire 6opcne. v iz $B411 gev - lled bv e , \
internal energy aissipation, hm, and s found to be the

ume for -laatouo:l of: vidaly—dif!u:cnt chuniccl coqpocitim

| f'\mdcz oond:lticmn o! quﬂ. -meal nnhuity (mnm, 19”) o |

| 2‘*7

o
1
-
;
P
iv
i !
s
i
2]
R
=

v
L
bt
g ]




e T A T S SR T R

“In strain-cr ystal‘izina elastomers (for example, natural

rubber) the tear resistance and tensile strength are grostly

B enhf..ncad. Such materiala'show mechanical energy diasipéti;ﬂ

as diacussed m the Introduction, and their strength has been
account.ed for in this way (Andrews, 1963). Adding reinforcing

_paxticulate fillerz to non-crystallizing elastoners b ings
about a-pimilar strengtheaning. This effect ia principally
due to & pronounced change in the character of the tear proc-

ess, f:(ot:lbrelgti_vely smooth tearing in unfilled m'atez:l.al-'

to a digqp@tinpouu stick-slip process, in which the tesr de-

‘valopc laioxally or even. eixéios around under increasing force

until a nw tou b:oaks ahead and the tear forco drops abmptlyo

.'.'ma pzoceu thm :opcats :I.tult. This form of tuzingv has bean
*tem.d "lmctty" tca:ing (Grcwmith, 1956).

!’ha nochnnim ot tar deviation is still obccure. It

may occn: bmue tho nx.tm strezsu lio off the tear axic,

| v;g."-'dua o m:ltotro;ic ohat:l.c ‘behavior of the st.rainod mtozial
-_,_-arwnd tho tear tip or to a "tronn" stress mechanisn pcroposed
. by andrews (1963), or because the filled materials have aniso-
| t:op:lc lttmgth . Pronounced knotty tearing occurs only within

a 1:!.:..'&«! "ange og tau tatas and tan,ooretu:oa, dopcndinq upon
the pn:ticula: ﬁllu' and elastomer -ployod (Grmu.ith, 1956) .
'n:uc u-o sou mtutioa- that th.tc dtoct is uoocutod with

_ "méoolactic ruponlo ot thc yol.ym, but thn eond.i.ticaa

| z-qnirad ...nvolvo mnch higher tapcatvxea and lam ratu of
-aa:tamion than the min :ubbor-to-glus transition rogion. |




4. siiding Friction

Frictiocn is naturally assoclated with energy di 331;&‘10 .

The principal mechan:.sm of dissipation again turns out to be
energy loBses within the elastomer, but the connection betwesn
‘tho coefficient of friction & and the ihterﬁal viscosity, for
example, iB complex; two distinct modes of déforma'tion having
been distinguished (Grosch, 1963). The first i due to in-
dentation by surface asperities on the track and the second
- arises from molacular adhesions vhich are formed and broken
during aliding. | ‘.
~Ona lubricatsd rough track the value of g increaaes with
increasing sliding velocity and then passes t}u:ongh a maximon.
The -relation élosely ruemoles the dependence -of the. enexgy
‘absorption per deformation cyclo upon the frequency of defor-

mation. Indoed the spood of ll:!.di.ng at vh:lch ® has a mxim ]

value, divided by the .pacing betwoen anperit:lu, oorreapouds

| _accuratoly Tt the fzeqmncy of eetomtion at vhich tae tnm-gy-

éiu:lpation is a mimnn at the same tcmpetaturo.r The de-&-r

‘nant role of énergy dissipation in lubricated aliding friction

- is thus utahlishoﬂ.' Por lliding over a clean mo‘th'auxfnco
'the rolation gor y is !ound to ba ::hnilar, but diaplacea to-

ward lowu: vclocitiu. ‘2t cortupor.ds » thn:o!m, to 'up-ti-- N

tiesa" of much" clonut cpac:l,ng than those in the tough lmttaoo.

249




-
-

‘fhe spacings are calculated to be only about 60ﬁ: by comparing
~ the velocity for maximum friction with the frequency for maxi-

mum energy absotption. Thue, friction between dry smooth sur-

faces is associated with deformations on a molecular scale.

' It has thefafare baeh attributed to transitory mclecular ad-

hesions betwaen elaatomer and track. The high frictional co-

 ; efficient is, however, again due to dissipation of energy ir
- theurubber as it undexrgoes local shearing deformations around

’:the ‘temporary bonds, and not due to the strength of}the‘bonds‘

th&aaalvea. This is shown by the chazacteristic dependence

N on speed and tampersture. ‘
: 4
4;;f¢‘ On dty rough surfaces the effects of both surfaca aaperi-

tien and molecular adheaions ars evidsnt in the master relation
for g as a function of the speed of sliding. on lubricatod
amooth aurfacea both defo:nation proceaaes are minimized and

the coefficieut of friction i- correspendingly smnll.

-e;'.'J.'

ha both the tear :esiatance and the tea:ing (fzictionnl)

force dapend tpon tamp-:aturo in accord with viscos ity-

canttollod procesles, 1*'*' nurpriaing that the ahra;ivc
vnar aa'n function of npced of slading ahould do .o. A
cuitahla ﬂc\nurc of tho xate of wuar in ptaviaod by the ratio
A/h~of the volume a,abmaded auay per unit.normal load and unit

- as5o




siiding distance to the coefficient of friction k. This

zatio, tarmed the abradibility, represents the abraded volume

- per unit enexgy dissipated in sliding.

- It ie found to decrease with incr’eas'ing_ speed, pass
t}izough a minimum and then rise again at high speeds. This |
behavior resembles the variaticn of the reciprocal of the

- breéking energy W, with rate of deformation (a reciprocal
'relatioaship ‘becayse high abradibility correspcnds to low

strength) . Indeed, Grosch and Bchall,aaach (1965) found a

' general parallel between A/s and 1/¥p. Moreover, the‘coeffi_-'

ciqﬁt of preporticnality was found to be similar, about 10~3,

for all the unfilled elastomers examined. This coefficient
vre‘pr.eaénts the volﬁme of rubber abraded away by unit cn-zgy
‘ ‘appli,ed £rictiona11y to a mtorial for which uni.t energy per -
}‘-uni" vclume ia neceasary to cause tenzile ruptu::s. zt my be

regaxded as a measure of the g_gg_m of ruptuzc by tanqcn-~ :

tial surface tractions 3 r.arge volnmos are defomod but only o

- gmall volmnas are removed.

. 6. - Resistanc

In m amspbc:e conuining ozone, stretchod -t.tipt of |

grow in didth.end. d-pthﬁind', ﬂm

sarioua l.ons of sttcngth rron cper:lxncnts with mg,g_ cuts
of different length and with elastanc:s of different dagrm
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of crosslinking; and hméa ‘differmt values of Young ‘s modulus,
. Braden andGent (1960, 1961) found that the minimum stresses
fo}:.cr'ac}dng to ocour correapohded to a critical energy re-
.-quitmmt cf about 50 ergs/cm® of new surface. | Thia auggeats
. that the critical condition is a very simp&e cne: the stox:ed
| elautic euexgy ‘must be snfﬂcient to meet the surface energy
'requiranants. !‘hemiucm strasaes to cause cracking in
' \;ncut -test-piaces oorresponded to cuts about 10™3cm -deep,
"ln‘ain'g the sainé energy criterion. It was therefore deducéd :

- that noml ozone czacm etart £ro=n mface nicks or flaws

equivalmt to cuts ‘of this sizas.
K Providad the critical stress was cxceeda& s the rate of
erack growth d:!.d not dopend significantly upon the applied

: attess over a wide :ange of stressen. Bcwever, it deperdod
‘.__;naxkedly upon tanpexatnre. !he rates of growth vere deter~ - |
- ninod ovor a wida tanpetaturo rahge for a seriea of butadiene— _

- ,Z,;;;'foty:ena rubhe:ce contaming £rom 0 to 80 per cent atyrane

~ .(Gent and Kcarath, 1965). Whea plotted against the tempara--
.;-.'ture dif!e:cence _:_E. between the test tanperature and the glass
tunporatuxe for oach matem::lal > they mro found to fon a single
V.V,_v;v_relation, ouggeeting thet the ugnantal. mobil:lty 1: the pa:i-

e T VO
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results well at low temperatures. At higher temperatures

~the observed rates did not continue to increase with increas-
" ing segmental mob&lity but aprroached a constant value. This
- was due to the 11mited concen:ration of ozone; the inc;dénce

of ozone moleculea had become rate-determining, rather than

the segmental mobility. However, over a temperature range up
to about fg + 60°c at thie particular ozone concenfration,‘
the rates of ozone crack growth were claarly determined by the
internal viscosity of the rubber, rather than by strictly
chemical factors. This is aprarently: due to the need for
movement =f the ruhbem mclecules in and near the crack tip to

yield new surfacel for xeaction (Gent and McGrath, 1965) .

7. Elastic mstabn;gg -
. Nbvel instabilitias can occur for materials capable of

-undergoing large elastic deformationso For-emample, the-unie

form inflation of a long ruhbar tube becames unatable at a ﬁ;’

critical degree of 1n£lation and the tdbe developa a ptonon#ced
*blister®. In such casec, where the daformation becanea ua:k~

edly non-uniform, the specimen uill obviounly ruptute ptann

tu:ely. For materials of linitcdvextanaihdlity t:actnre can
therefore be calculnted quan 1tatively4from puxoly olnctie'.

f conaiderations, and will be largely independent of the detailed
fracture properties cf the matsrial, The-cavitation of elaatomexa
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- under a'ﬁééative hydrostatic pressure (triaxial tgﬁrion) is
an example of this type of fracture. Gent and Lindley (1958)
have shown experimentaliy that the critical stress at which
“cav;tation oceurs is not greatly depehdent on the tensile
I'strangth"or extensibility cf.the elastomer. Instead itvia
directly proportional to the elastomer modulus. Indeed, quan-
»titative agraemant was obtained with tlie calculated stress at
‘wnich the elaltic expansion of a hypothetical small'ﬁcla in
fv‘the elastomer would beccite indefinitely large. |
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I - THE CHALLENGE OF EFFECTIVE TECHNICAL SPEAKING
- : 4 | (6 June 1967)

N S o Harcy E. Hand

?."-\Dr. Harry E. Hand is Associate Professor and Head of the Deparfment of

_ - 'Humanities, School of Engineering, Air Force Institute of Technology. He
L . ’‘earned the B.S. degree from Chio University and Ph,D. from University of
" . Michigar, Previously an instructor in English at the Air Fome Academy,
..Dr. Hand now teaches technical writing, speech and American literature. He
" has written many articles and reviews for professional journals and is also

- - the author of a tixtbook Professional Speaking for the Technical Man to be
publuhed in 1968, .

Rl

: Techmcal speakmg can be defmsd as the formal oral presentat:on of
X ptn-poseful technical mformatxon to an audience who is techmany knowledgeable

o ' ‘to some degree or at least mtuested in techmcal matters, In any commumcatmns

syster‘- tha:e are three prmtnpal components a seruler, a communication cl'nannel

‘:,:?‘j g and a rece:ver. The effectxveness o£ the communications system depends on the
) -'effectzvaness or the quahty of all thtee components the sender or speaker must

; analyze the audmnce and the purpose of lus message, and he muat carefully select

and orgamze the mata:xal he transzuts, the musage muzt: be transmztted or .
ehvered m ways that tl\e audience can underatand—-of‘.en the channel of commun-

e :cat:on. words 15 remfcmced by many kxnds of audxo— vuual aids; and the r recewer

' 'or' lutener must have all of 1ts commumcatxon .:etworks Open and alert: These

;requzrements offer a conszderable challenge to any techmcal speakex, and if a11

. components of the syatem are effectxve, then the receiver vnll understand t:he

’meuage of t:he sende:.}Often there is dasu:able fcedback fz'om a receiver who
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- following responsibilities to insure effective oral commuxi:'cation:

(1) analyze the audience for their knowledge an& mterest in the subject; ‘ '

e -~

(2) detetmme the purpose of the message; {3) carefully select and

‘organize the material for easy aural and visual comprehension, including

P

. auaib'-visual aids; and (4} practice ‘delivgzy cf the material to help : 1
B eliminate unwanted noise. If the s’enda, perfom. these functions
effectively, the reliability of any commumcatzons - 3tem is mcreased.
The speaker must f:rs*' analyze the audience foz their technical !
kncwledge and experzence, and for their interest in the subject or their 1
need to know the mate 1 An audience listening to a techmcal presenta—
,tion fhay cons:.st of féllow spcc:ahsts, specialists in another techucal R
fxeld, or decision makers, who are mtelhgent ut umnfm.r'ad about

technical mattu's.i A_?Lgpeech exp]a.mmg the latest developments m the

- manufacture of tra istors would include an& ﬁnph’asize &ifferent data o

“ fo: audxences of rehabxhty engmee:n, aeror.autzcal cngmeers, and system
managers. The sp;aker must also remembeu: that dxffumt aud;ences do |
not always want to }mow or need to know the same mfmhon. The systexﬁ
mamger may not need to know or want to kmw about the phyncs of trans- :
istors n\\ a speeph descnbmg the latut dwsiopments in t:ansutors.
Audxences may also dxf’cet in theu' attxtudu toward the subjcct and the
speaker, and in the\r ﬁ:xed bohefs An electncal engmee: may be uncym-‘
pathet:c towarﬂ psychoh\gmts oz motxvatxon :uea.rch--unlen its

nnportanco to his f:ol& can be dmcm- :

tcd. I£ a lpukec ﬁ:ot unalyzu

h:s audmnce for theu' techmcal knawledge and mterests, he can better

select and present meaningful mformatzon.
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Secondly, a speaker must determine the purpose of his presentation.
- A decision as to tlw exact purpose of the technical talk helps the speaker

to selcct :md to orgamze the data go that it fulfﬂln Ius communication

‘_.

‘ op]ectz’.e. The general communication obgectzve may be to inform, to
. convmce,-cr both, After the general objective hag been deci&ed the
o specﬁxc ob;eetxve must be decided and written down to gmde t'he speaker,
| : _A purpose statement is to the speaker ptepanng a speech as the North
- Star xs to a celest:al mvzgator, it helps give h:m hxs bearing and keeps ‘»
. him on course. A speecb on the new das:gn of a wing configuration might
, *"v:be {a) to exphm why and how the wing was duxg-ned, or (b) why the wing
| o | confxgu‘at:xon must be used in all’ future ﬁghte: 2ircraft; or (c) both () and (b),
. j_f’._-" that 13‘ both mformatxve and pusuam Until 2 speaker has decided his
o "o:act purpose, he cannot p:opcly select uguﬁcant relevant information,
' Ned: the lpeaket mu:t cmfuny nlcct ana orgamze mformatzon wluch

; elect to ‘use several audm—vmual c:ds tor halp h:m send lus ozal measage.

B fThe mformatmn should be omgamzed mto a sentence outlmo A sentence

‘ """"outhne forces the speaker to be cmmte, and 1t helps him to arrange his

. 1aeas logxcally, clearly, concmfN ina\emphatzcany. 'rhe outline aiso ena‘bles

s .:the spcaker to check the u“lcctzon and ovgamzatxon of tha mformatxon

'-f;"‘agamst ‘as state& purpose. I.atu' the outlme can be put on 3 X 5 cards for

casy handlmg in dehvenng the speech cxtempom\aeously, or: the outlme can

e 'aévantage of seemg the whole relatzomhap and development of the 1deas.




Every speech has three vital sections; an introduction to prepare the

listener for the topic; a body to develop the topic; and a closmg to recall

nnportant pomts. Speczfzcally, the function of an mtrovauctxon is to

R S AR KL T WA R AR Tt e s 2adnd £ Ve

state the subject and purpose of the talk; to state the scope of the talk, -

s Vieg

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 L
and apphcatzon of the information (a motivating devxce) The specific |
function of the body of the speech is to develop, chnfy, and emphasize
principal poiijts; and the specific function of the closing w to summarizé :
mportaint information, ;tate conclu;ions reﬂched abou£ the data, or offer
recommendatxons 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;

A e Arir svan e v

(1) repetition of important points, preferably in varied ways; (2) trans-
' itions which summarize long sections of statistics, formulas, raw
mat:er:al, or matez:al new to the audxence, and tranmtxons whxch set '

| the stage foz the next unportant pomt: to be covered, (3) defzmtmn

and descnptzon of speczal or unfamxhar tex:ms, mechamsms, and
processes; (4) companson ‘and cantrast between the new and the old or |
| between the abst:ract and the concrcte, (5) uamples and xllt.stratnons
of abstract or. new 1deas. - | _ | ‘
' Audxo-vxsual axds such as charts, blackboards shdes, vu-graphs
o handouts, lems, modals, and tapes offer the speakar a valuable means‘“
| of presenting ftgures and equatwns, showmg relat:.onsh:ps, ﬂlustratmg

forms and shapes, and reinforcing lists and cenclusions. E1ghty-fzve
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! .
per cant of our learning rines th.roug‘z the eyes, and eye learning is

- 35% fastx. 'I‘he@e is SS? better retention of ~ye-learned data, Aids

shou]d bc limited in numbm' relevart to the top.c, and necessazy tc

- &

: mxietstandmg (not a parade o£ unnecesyary props competing with the

speaku for the attentxon of the audience}; =asy to corrprenerd {zimple

T oin fotm, stripped to essentials, with adaquate labels); limited to one

X ﬁea per display; pictorial rather than verbai or stati:ttical whenever

| | possﬂ:le- presented precigely at the moment needed (beca.ase earlier

o dxstxactmg and later mcffcct:ve), axﬁi removed immediately after

,_ dxscusswn to prevent dutractmg oompot:twn wzth the speaker; visible

o 'to weryone, and thoroughly discussed by the eveaker.

Lastly, the speaker mnst practice, pa:actxce practu:e the delivery

. ‘ of hxs oral mfo:maﬁzon and the use of his audxo-vxsual anis. If the
i ,-:-:-speaku xs thcronghly famihat u\d at ease thh his topic, he shoul& try

HL f".t:o de]nm }ns speech extmporamously, that is, from 3 x 5 note cards, .

'zaehvcyAallaws foz' naturalnus, spontaneity, and

 i6oking up at His'audience wheneveér possible. I he is writing the
1 263, :
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“in several different ways. In most technical speaking #ituations,

£riend who matches the audience profile not only gives the speaker
' confidence, but it also gives him the opportunity to revise openings,

: closmgs, order of proserta‘noxy use of grapluc aids, selection of data

can be defined. Atall cos"ce. the speaket must avoid techni(:al shopfalk ’

N preparmg the topz anrl ‘by practxcing the speech.

manuscript himself, he must remember that he is writing a paper

AN 3 IS A e S i e

for a listener and not a reader; hence he must repeat principal ideas

B

however, except the most formal or profession, extemporaneous

Pagaivey v,

dehvory seems to be preferred by most audiences. The extemporaneous

P T s (L N

talk must be pranticed save:al times aloud to avoid memorizing and to

check on timing and s¢c . of voice, Dry running the speech before a

and word chozce. V‘ords should be szmple but accurate. The accuracy

of techmcal t:rms 'must'not be sacrificed, but new or difficult terms

or jargon whxch is famﬂxar to one tecl'uucal group but unfamxlxar to

arcther gToup, Bxght-y rrcent of the words in tecmucal communication -

are fonx ~:d inthe vocabu.azy of our eve:yday hfe, 15% are found in the
voca‘mca*y of any techmt:u pa:m and only 5% are found in the vocabulazy

of a speczahzeﬁ tncnmui p:::son. There seems httle need to e«ceed

 this ratio ol techmc.ﬂ tems in most presentatmns. 'I'he voice should

‘be conversa..xonal, umd gasturvs, pos 'ure, and mannensms as natural
- as possible. Nervcusness before ana durmg a speech zs natural. It can

be aLev:ated by readmg thc openmg or closmg, by thorougkﬂy knawmg and

ay

lf the speaker accepts hxs responsibihtxes of (1) analyzmg the

“audience for their knowledge and interest in the sub;ect; (2) de_termmmg

:z.z%’f
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the purpose of the tall; (3) cacefully selecting and orgardzing the

material for easy auraix ard visua) comprehension; and (4) piacticing

— L&
- the delivery of tke talk, then he will have done his part in guarantee-

ing guccessful communication. Little has been said in this presentation
about the _réi:pcnm“bilitiés of the listener, but if the sender does his
jdb.mll, the receiver will be motivated to keep all of his networks

open and alert,

T -
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IN TRODUC TION

Frequency modulation has beer widely :sed for transmission and storage of data
becausc of four principal advantages:

o \\‘ ~ ’
. '\« \\ .
. DC r<.sponse wnh an AC systerr ' \

1
2, Signal amplitude variations cause a se(_ond.iry effect N
3. Ability to trade data bandwidth for accuracy and sngnal-tc-nmsc pcrformanx
4, Compatabilizy with mpe record: 1g techniques _

- The FM/FM technique using proportional. bandwidth subcarrier channcls was
standardized for data transmixsion by the Research and Development Bourd in
1948, Essentially the same system has been continued as the IRIG standard -
system, The principal change has been the addition of constant bandwidth sub- : DR

" carrier ch.mncls in the 1966 revision, A ’ '

THEOQORY .

A sinusoidal carrier that is f.rc,quc.m_y modulated by a smglc hc.qucncy sxgm‘
may be (_xprcssc.d as

S = sin (m.l + A—‘i’ainw.t)

whu:z, Qo = frequency of unmodulated carrier,. :
AQJ = puak frequency deviation of carrier duc to the moduhtmg signal, : ;
Qo = frc.quc.m.y of the modu.atmg sigal. -~ ‘ L o

The above expressmn may be re.wnttcn in terms of the Larner .md suk.band :
trcqut.ncmb as

3= J.(ll) sinet + ?: J.(N)[Om (w. + im.)l + (—l)'cm (@ — h».)u

wherc:‘.!l : AW/ W, = modulanon index, ' S :
' o K (M) = veluc of the Bessel function of the first kind and  4th B
S5 ordcr with arguinent &, - : i

~ This «.quation shows that in t.heory the bandwidt.h ofa Erequency modulatud ngxul
extends without limn : :

Furthc.rmorz, any phasc or nmphtude changc of the qxdebands relauvc to thc
carrier should causc an error in the demodulntcd signad, In prac.ucc symmeixical

g7
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attenuation of the sidebands LJU\Cb a reduction of demodulited sig xl amplitude
but very little harmonic dlbl()i jon, Converscly the phase relations of the side-
bands and carricr are extre :ly critical in regard to harmonic distortion,

Thus thefiliers in the 1rcqu<§my modulated pornon of the systemasre a practical
compromise between narrowBand filter with steep sided response which improves
‘interfexence rejection and sigmal-to-noisc responsc and broadband filter with
constant time delay which improves data accuracy. The constant time delay is
also a primce reguirement for effective tape speed error compensas <a:, i
result is that the most critical filters, the receiver IF and (uscriin:nawr input
filter, should be state-of-the~art filters

MULTIPLE FREQUENCY MODULATION

The expression for a sinusoidal carrier that is frequency modulated by meSOldd.l
signals may be written as

§ =pin [mo! +;::,M. sin (e -+ 0.)]

kth modulating trc,quun.y
modulation index of the & th modulaung frequency.,
phasi angle ol 4th modulating frequency,”

where: G)A;
M,
Ox

- The above expression may be written in Lcr111s of Besscl functions as

§ -— ‘"_- [H J, (M.)]sm [w,l + 2 s.(w.t + 0.)J

_‘This expression shows that the sideband spectrum contains sidebands seperated «

- from the center frequency by the modulating (requencies, their harmonics and

the sum and difference frequencics of the modulatmg frequencies and their
harmonics. :

"I‘mb is shown more «.learly in the case of two modulatmb [rcquc_nues with zcro
- phasce .mglc The general prrcbbmn ;uluc.cs to

5. |‘h;s:__J..(x'tf,>ll x| & _Sult]sin @ + i, + i

* SQUAREWAVE MODULATION

Sguarewave modulation is commonly encountered with PCM, PAM and PDM
signals, A convenicnt technique is to consider the modulated signal as the sum
of two 1009, squarewave amplitude modulated bxgnals. The expression may then
. be written as

M!' |

% zill—-n) [coa (G’m"'ﬂw Je.o cos (@0 + 1!6)."]

nei

6’! cos Lot ¢ -‘2-(%
+ cos G ¢ -'.i | sinrzj- /ﬂ [‘0,' ‘Qf—“w.hf‘ ¢°' {2, fﬂos"]

»i
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where: Gl = carricr frequency at one side of the squarewave.
CGloa = carricr frequency at the other side of the squarewave.
¢ = fundamental frequency of the squarewave., | -

: &

SINGLE FREQUENCY INTERFERENCE
The output of an FM detector with two input signals may be expresscd as

- ' o ¢ = K,{wg — wp 4 (&g — w@(}{4 cos (04 — w)!
4 AT co8 2wy — wijt + A° co8 3{wg — @) .. Ji

where: & = ratio of the amplitude of the smaller blgrul to the largt_r signal
. Kp = gain constant of the I'M detector,

Qo = zgro output frequency of the FM detector,

GJd = frequency of the input blgml with the larger a'nphtuuc

@i = [requency of the input signal with the smaller amphtude

; s The derivation of this expression dssumes a perfect limiter before the detector

and also assumes that the detector output is affected by the signal throughout
- the entire cycle of signal,

o e PR e T L

There are three important aspects of the interference cquation:
1. The amplitude of the interfercnce at the output of the detector is prop-
_ortional to the {requency ditference between the two signals,

2. I A is considerably less than one, the interference frequency is
essentially equal to the frequency Mchnuc between the two input
signals,

3. I A is considerably lcsb than one, the umplit_udc of thc‘intcrfcrcr.cc'
is proportional to the amplitude of the interfering signal, "

. - A simiplified forni of the interference equation is very ‘useful because it gives a
a4 closc approximation of the worse case interfercnce condition, I the DC term
(4 - We is neglected and A is considerably less than ene the result is

Hod o e = Kp{wg — w) A cos (12 — wy)t

The output filter of the demodulator attenuates the interference beat frequency,
G J - @a, if this frequency is greater than the cutoff frequency, thus the worse
case interference occurs when the difference frequency is approximately the 3 db
frequency of the output filter, The peak output of the dcmudulator duc to the
interference may the.n be written .

e - ge_f‘; - A
e,' 2Am, D

>




where: a G, = full=scale output due to frequency change of.,
L. = A@p/@). = deviation ratio of the channel,

This result must be modified to include the effect of the filters in the system,

—— - . . - -

HARMONICALLY RELATED INTERFERENCE

~ Classical inwerference theory does not completely eccount tor interfercnce
‘because of the assumption that the detector output is affected by the signal
throughout the entire cycle of the signal, This assumption is not valid aftexr
the signal has been-lihited, Therefore it is possible to have low frequency
beats caused by interfering signuls which axe nearly harmonically related to
“the desired signal, This cliccet is ncghgblc in practical d...w svstens duce to
the filters in the systems, '

SI_GNAL-TO-NOISI-; PERFORRIANCE
FM
The generalized cxpression for FM signal-to-noisc perfbxm;incc is’

SNl = S/¥in x Aa, | e ]

where: ¢/Moer = rms signal- -10=-noisc ratio at the output ol an FM de-
' modulator with an cutput bandwidth
_rms signal-to-noise ratio at the input to the demodulator _
. - -after an input filter with a noxsc bandw:.dth
Ad), = peak frequency deviation,

SN

o, = input filter noise bandwidth,
- Qe = upper noise cutoff frequency of output nlrc_r.
Q! = lower noise cutoff {requency of output filter,

In many data syéu:ms the W 2.8W,and Qe : 0, Thus the gcnérah’.zed
expression reduces to o

SIN bt = SINI.. x ~/3 D”'

These expressions are valid if the input signal-to-noisc ratio is greater than
approximately 9 db. Below this threshold level the output signal-to-noisc ratio .
decreases very. rapxdly

FM/ FM

A useful approxmntion to t.be gencrahzed signal-to-noxse cquation for operation
- above threshold is

Aw o, I
S —_ B Wer (1]
/N, SIN|. x x ( 2‘%)
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where: SN« = rms subcarrier signal-to-noise ratio at the output of the
input filter of the subcarrier discriminator,
— S/N|. = rms carrier signal-to-noise ratio measgred at the ouput

: of the receiver IF filter
Ws

> centex frequency of subcarrier,
AW e = peak carrier deviation due to the individual subcarricr.
Woeso = effective noise bandwidth of subcarrier discriminator
, bandpass input filter.
{/ a = effective noisc bandwidth of receiver IF filter,

Combining this with the previcus expression for subcarrier signzi-to-noise

performance yields _ -

SINlwy = SINie x /3D% x é&(ﬁ%}”"
@,

L4 2“’--‘!

¥F.xtension of the b.).blt, M signil-to-noisc cquatmn to include an instanteous
sample and interpolation filter yields

| EASS S/N|. x[i—&-}, Tx B x[ J

where: - We = frame rate,
Waea = noxsc bandwidth of intexpolation ultc_r.

I'M SYSTEM ANALYSIS

The System accuracy 'is suprisingly difficult to define. The more cemmonly
uscd definitions are based on rms, average or peak error. Regardless of the
“detinition 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 m.my of the crrors are
interrelated, ' -

' Thcrc is littlc 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 yicld a worse-case errox and thue represen’s a bouad on system accuracy,

e e R s e A N
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CTYPLS

System Description

Single channel FM sysgem consisting of

& modulator without an output {ilter and

a demodulator with an output filter but

without an input filter,

S LM DATA SYSTEMS AND A CUMULATIVE

LIST OF SOURCES OF ERROR

Cumulative Sources of krror

| ST
. .

)
L ] -

o U b
-

Modulator and demodulator «wero dritt,
Modulator angd demodulator sensitivity

changes,

Modulator and demodulator nontincaeitics,

Modulator data feed-through,
Carricr fced-through in demodulator,
Demodulator output filter,

Multiple channel FM system with cach
channel consisting of a2 modulator with
an output filter and a demodulator with
an input and output filter, Therc is

© also a mixer amplifier in the multiplex
path, : ' »

& et ce—— - r—— o ot — s o o

© o o~
* o e

12,

Modulator outpur filter,
Demodulator input filter,
Monlincarities in the multiplex path,
Crosstalk duc to modulation fecd-
through from other channels,
Crosstalk due to interference from
the sidebands of other channels.
Crosstualk due to harmouics of the
modulator output,

 System U with a tape rcc.ordmg and

playbdgl\ system,

13.

14,
15,
16,
17,
18.

Additional) nonlincarities in the
multiplex path,

Tape recorder noisc.,

Tape speed errors,

Tape dropouts,

Tape recorder frequency response,
Beat frequencics due to the bias .
signal of the. tape rccorder. :

System I with constant bandwidth
channcis rcqmrmg transldtion and

detranslation,

v 19,

' 20.

P21,

22,

Filters in thL transhtors and
detranslators., -

Image frequencics response of Lhc,
detranslator,

Drift of translation and dctranblauon ‘

reference frequenmeb .

‘Beat frequencies due to imperfections

of mixer circuits in the translators -
and detranslators.

Sy'stembll and System IV with a
irequency modulated rf link,

272
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23,

24,
25,
26.

27,

Additional nonlinearitics in the
multiplex path, o

Transmitter filters,

Receiver filters,

Noise in the rf link and receiver. _
Frequency modulation of the trans-
mitter due to its environment. '
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‘useful. Tapc recorder performance is necessarily a compromise between signal-

3 FU'I‘URE FM SYSTEMS

. system components, Recent development work points to improvement in the

4

With modern telemetry equ. aent operaccing within specifications therc are a few
key sources of error that provide considerable information about system accuracy.

Zero signal or de accuracy is pnmanly determined by the airborne VCG. The

“oscillator temperature stability is typically 1.5% and othe¥ environmenial 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 duc to the discriminator mput

[filter and should be less than 0,3% for a deviation ratio of 5 and 1,2 for a deviaticn

ratio of 2, The data distortion due to the VCO output filter is seldom specified but
should be checked carefully because tie filter is typically non-symmeaxcal

Duta amplitude error is pnmc.nly causcd by al.rborm, VCO sensitivity exror and

the discriminator output filter, input filter and phase-~locked loop detector, The
VCO devistion sc.nsn:wny stability is seldom specificd but may eas;.ly c,hangt 0.5%.

The dlscrlmmator output filter obviously causes a data amplitude errox whmh may

. be 30% due to its amplitude response., The discriminator bandpass input filtex

causes a data amplitude crror due to attcnuation of the. FM sidebands. This error
may be calculated to good accuracy for symmetrical deviation by //k mM* wherc
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 & = 5 and 1.4 db for

O = 2, This increase in amplitude response may be parually compcnsated by

' the output filter response,

Crossteix in a well designed multichannel system is almost entirely due to equipment
impe..fections, The VCO output distortion specification is typical 1%. This distortion
can c:ause an error of 1%/  without pre-emphasis. Mixer amplifier. transmitter ‘

- and ceceiver nonlinearities can cause beat notes at the sum and difference frequc.m.xc
»of the subcarriers and their harmonics. Typically these units are linear to within

% and the resultant amplitude of the beat frequencies are not troublésome for
devmuon 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 recciver performance is seldom specified in sufficient detail tobe - =~ !

to-noise and linearity, The optimum record lev .« is not specified or indicated in
sufficient detail tg be useful, The problem is further compounded by record.mg
subcarrier muit lexes without dr:-emphasis

e nmven,

Improvcment:a in FM systems are primarﬂy dependent upon improvement of the

AR




following areas:

2.

o,

Airborne VCO temperature stability, 1729, from -20° 10 +53°,
improved VCO output filters; permits spacing channels as close as four
thnes the data frequency at a deviation ratio of one. ) - ,
Improved transmitier linearity; permits with rf links opc_c.uon at onwe o
deviation ratio without excessive crosstalk, ‘

Improved receiver filters and detector linearity; permits operation wi it
rf links at lower deviation ratios without excessive crosstalk, _
Improved subcarrier discriminator input filters; permits operation at
lowcr deviation ratios and closer channel spacings.

Improved phase-locked-loop detectors; reduces FM threshold sig
noisc level,
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E.Y WAIY FOR hi-... I'M.YOUR LEADER
{20 June 1967) -
P

by
Frank J. Jasinski

Frank Jasineki received his Ph. D. in Anthropolcqy from Yale University where
he taught in the Schools of Engineering .nd of Medicine also doing organizational
research in a variery 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 an interest in the influence of technologi-
cal, administrative, and cuitural factors upon organizational behavior. He is a

member of the American Anthropclogical Association and the Society for applied
A"tthropology

A very prevalent and pervaszve image of what a ""good leader' is in business
and .mdustry evokes the characteristics of:
- forceful
- sti‘ohg
-decisive
-initiating
- seii-auiﬁci_ept, and
4 - Hin controi"' ‘
We all have succumbed - perhaps still do ~ to such an image. ‘
Our fplklore, i_n industry, ‘our learned articles in professional journals,
| and‘indeed, even our/academic research focuses on these and similar character-
istics of 'leadership". In fears back, as an 'Gnteractionist", 1was -veﬁry con-
cerned with the then seemingly important variable of: Who initiated action :o;-.'
) whom? For me - and’ many, many other reaearchers - a high level of ' |
m1t1atan deszgnated leade rship with the bxg “pt, In ahort, anyone who acted
in fesponse to others could not possibly be forceful, strong, decisive, self-
sufﬁczent-wor, a leader. - ‘ _
I would like to explore how we tend to react, given that image, in our
. indwndual behavxor as managere and how we might exper:ment with behavxor
- that rests on a somewhat dxife:ent oase. - »Towa.rd that end, 1 would like to

discuss: — o
- Why we tend tobehave to make .

that image come "true".

Q75
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- What th~ forces are which threaten -
that image.
- How we react ‘o those threats to

our image,

- Ways in which we can work ourselées
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 ie central and lecalized in one individual -

me - and accepting the elements that contribute to that leadership, I try to behave
- in ways that live up to that standal-d. Unless Ido, you may not cocnsider me as an
.eliective leader. ‘ |
These elements are sc generally applicable that I, as an individual, have
little choice in how I behave. I evaluate myself, my sxlperiors evaluate me (look
- at most performance evaluation fo.n‘ns) and I feel my peers and my subordina_tea'
evaluate me 'along‘the same dimensions, , |
Unless I Sehave in ways to meet those preacribe& qualities of ieadership,
‘I am not a leader. Therefore,' as I ckoose how I behave as 2 manager, or as a
leader, Itend to select patteren that prove I am forceful, strong, decisive, -
mitia.tmg. eelf-su[ﬁme:t and "in control" ' _Further, I tend to resist attempts‘
‘ whxch have me behave differently. | ) |

'Forces Sapping My Leadership

.Unfortunaﬁely_, fo; my image of ‘myself, others not only do not share that
~ image, but, very often, _cllallo‘nge my image. They want to contribute to my |
declevions. .‘they want autonomy, they ask me to do things; when I say "jump",
'they sometimes ask Mwhy?" mltead of "how high?". _ _

The trouble with this challenge to m-,r mage is that groups using thm new
.wa.y of. opera.tmg often are more effective. Not only do t.hey get jobs done more
ea'ily, but the people involved feel more productwe.. They not only do more,
E but they seem to grow more. : il
Increasingly, I get into the oilemma exther of being a tradmonally

"'eifective" leade r, orof havi.ng an effective group.
' 276
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Whern, on occasion I give into letting my subordinates take the bit into

their teeth, I feel like shouting after them: ''Hey, wait for ghe: I'm your
. 'é';

lzader'.

On ¢© se occasions, it has been hard for me to accept their getting
something uone without my being quite central to those efforts. Even worse,
they sometimes come up with a better way of getiing the joo done; that's

even harder to accept.

On‘thosg occasions, I get to feel that I am lacking in my leadership -

that I'm losing cdhtro_l.

| My Aitempts to Control

We fely on a variety of mechanisras to establish and maintain control:
‘"hey vary from the very subtle to the ludicrous. They may involve:

- Only ourselves
~ Our relations with another person
- Qur relating to a group

J would like to givé a few illustrations from my personal experience,
Altogether too often. I find myself deludmg me in an effort to conirol my
self image. Sometimes I do so through ‘'selective screening of my envxronment

 and my experience. At times I do so at the expense of others.

An illustration of the-latter was a pattern I had estabhshed w1th 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 "help:lng ium" .One day I suddenly realized
that the one I was really helpmg was me - a'\d my self image of a loving, 'deﬁbted,
. gedicated father. o _ ' | ‘ ' |
| In the process of creatmg tlus self-deceptxon, I was really makmg my son
pay; with anxiety, frustration and‘ Vguxlt. (By the way, I was learning Algebra_,
“not he!) | ‘ S ' o
qule 1 was controlhng my self-xmage, 1 was 2lso controllxng my 8on. He
couldn't pin res ponsib1l1t~y for his sorry state of affairs on a "loving. devoted
dedicated Ia.ther" ‘ ' .
We hnve all met thoae "luper nice guys" whom we can't cntxcxze "But

he's such a nice person."

Be alert to these "helpere" and mce-—guys"' They can mampulate you - ever

8o nicely - into a. pretty confining corner.

-2y )
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A variant on ""helping" is to indulge in '"nit-picking" - keeping the
other person off balance. Iknow 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 do finds ways to deal with nit-pickers and helpters. {How else
are we going to learn?) I got my ''come-uppance' once when I slippec into 2
blue pencil period: I edited the hell out ¢f 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-
feséionai papers virtualiy on the backe of envelopes.

Recently a student of mine - a manager in the aerospace industry -
_ _learned from other maﬁagere 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 fa.ir_ly early in the paﬁer and saved time and effort for everyone.

A former co!leegue of mine learned how to handle a "helping" boss.
It became downright ridiculous; he had the boss hand-carry his personal
. medical clairns through tﬁe company benefits office, or track down in the
company library why a certain book badn't arrived as yet. o

Thxs then is tHe dllemma ]ndustnal folklore defints leade rshxp in
P sitxve aggresswe terms, mdlvxduals mcreasmgly demand greater partx-—
‘cipation in decisions about their work-life. We managera, and would-be
leadera, tend to fight off attempts to reduce our control we tend to be more.
and more controlhng ' |
" thch Way Out?

in recent years a change has been occurrmg in con"epta about leader-

sth and productxve groups. _
More is bemg written about a leadersn.., function rather tha.n the bxg

"L'" leader. The leaderslup funcnon is performed va.nously by several

not all members of the group. (In a way, the task determmes approprxate

. and efiectwe behavxor.)

 We are changmg our assumptxons about people. Less frequezitly do

we see them as thmgs who have to be manipulated or forced to perform’
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effectively. The tendency is tc assume that individuals seek the fullowing
chiracterictice in 2 work situation:

o - Challenge @-
| Freedom

| | ' - Worthwhile work

Recognition

Responsibility

Competent/Congenial collleague 8

Oppertunity to grow
Given the foregoing models of leadership and of individuals, the tendency

is to deime a heaxthy work climate or culture as havmg the following character-

istics:
» Focus on the task ~ Organic
{problem solving]
1 ' :
% - Structure around task ‘ - In process
’ ' ’
- Openness : ~ Deal in-here and now
- Trust _ v - Responsibility for choice
- Confrontation - Day-to-day ccaching
- Caring for others’ - - Bias toward optimism ‘
- Introspective (step out - Ability to éope with conflict
of culture) : _ . :
- Role flexibility < Iuternalized controls and rewards c ,
- Spontaneous - ' - Growth at all levels in organization i ,
~To the extent we can estabhsh and mamtam ‘these qualities in a work ° %
situation, we will create opportumtxes for effective performance and contmued y
growth. Much of our lea.dership might well be invested in developing such an
environment. -

1can attest,’ from peria‘nal expe‘rience that it is not easy. ~More'qver, the

! , ~ job is never really done. The results, however, can be astouﬁding!
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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. '

1 had_;; begin - as will you - by brecoming authentic. I fiéfd to learn about
me. I had to acknowledge what wag '"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 2ct, critique that
act {often with the help of others]) and then act. Too often we perform z series

of continuous acts without pzusging 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- mmute segments of beha.mor - not a major self-overhaul - the job is

"do- able" 1 may not be,able to undo five, ten or twenty years of past behavmr,

" but I can learn from the la_,st five minutes and behave more appropriately for the

- next five.

‘Remember that one of the qualities of a healthy climate is a bias toward.

‘ 'op'.timis m,
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TRAJECTORY AND ORBITAL MECHANICS
{1l July 1967)

by
""" » W. T. Thomson ' "
. ‘-
Dr. William T. Tromson, 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
wae Professor of Engineering at UCLA for 15 years and has also neld academic
positions at University of Wisconsin, Cornell University and Kansas State
University. His industrial experience includes several years as Head of
Vibration and Flutter at Ryan Aeronautical Company and a position as research
- engineer at Boeing Aircraft Cc:..7any. In addition he has beer consultant ¢

U.S. Navy Electronics Lab, S: . Viego; Rand Corporation; Ram. Wooldridge
Company; Space Technology Lans. Among his honors were a Guggenheim
Fellowship to Germany’/ 1961-1962; Fulbright Research Professorship, Kyotc
University, Japan, 1957-58 and appointment as University Fellow in Elec*riral
Engineering UC Berkeley, 1935-36, :

(1) Historical Introduction

The Motion of heavenly bodies has interested the minds of great thur rpv&
for many centuries. It is l:elieved that the early Greeks such .as P\*H% IS
(569-470 B.C.) and Anstarchus (310-250 B.C.) believed in the hehcen*r -

: theory' however, with the authorxtatwe influence of Anstotle {384- 322 B. C. )
the geocentric theory became accepted and went unchallenged until early
Rehaissahce ‘ _ | | - o

Durmg the years 1500 to 1630 great strides were made in celestxal
mechanics. A Polish astronomer, Nicolaus Copermcus (1473 154‘*) b~ sKe
away from the geocentric theory of Aristotle when he. proposed the helio-
centuic reference for the motxon of pla.nets. 'I‘ycho Brahe, (1546-1601}
»Dmmh astronomer, made extensive observations of the motions of pla Aets

' .md in partzcular, the motion of Mars, Johanncs Kepler (1571-1630}) cf Weil,

- Ge rmany, who assisted Brahe. noted that the planetary motions around the
sun were not circles but elhpses and formulated his three empn-:cal laws
of motion, known ae Kepler's la.ws. These are:

Law 1. The orbit of each planet is an elupse with the aun at a focus.

. Law 2. The radius vectof drawn from the ‘sun to the planet sweeps
‘over equal areas in equal times.
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Law 3. The squares of the periods of the planets e pronurtional ,?

to the cubes of the zemi-raajor axes cf the ciiipiical crbil. ,“

CGalileo Galilei {1565-1642) {i.lroduced a new approadh i sciencs by »

L B

ﬁoundiu;, his theorles on experimental observation., He wus & support.s of ,
the Copernican theory, lecturéd on Kepler's "New Astronomy’ publisiiel ’
in 1602, and in 1810 built the first telescope and discovered four of the )
moons of Jupitor. ;-q

The* ycar Galiléo died, Isaac Newton (1842—17 27) was born. He irntro-
“duccd the concept of mass, the law of gram;atlon, and laid the founcatic:
for the entire field o£ classical mechanics with his three laws of moticn
pubnsred in h1s Principia in 1686. Hlb development of the infinitesimal
. calculus enabxed the prediction of the Kepler's laws of planetary motion

as & conscquence of his laws of motmn,
Since Newton's tiine’, mathematical methods of analysis were deve:-
oped with great skill by people like Leonard Euler (1707-1783) a,nd.
-JosephLbuis Comte de Lagrange (1736-1813).  Under such masters the

sub iect of celesual mechanics was placed on'a Hig}' level of sopnis..ma Aon. -

(2; The Two Body Problém '

The motion of two boches unler the influence of the‘r mutual 'rro.vau.. ,
tional force, excludmg all other forces, can be solved exactly. It is tre

Only mult 1body problem whlch can be solved exacdy by ana fucal
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meang, and its study iz of importence in providing an understanding of

the espproximations which are made for the limiting cese where one mads

N

N
..
AN

\n

1s much larger than the othef.
Newton's laws of motion for m, and m, can be get up in inertial

coordinstes ?'i and '?2. It can be ahown that ‘the center of mass of- the

system (called the barycenter) remeins at zero acceleration. When the

relative coordinate T = ?1 -'?2 is introduced we find that the system
- m mz -

obeys the equation F b which establishes the equivalent masgs g
i - " |

mfme. If one Qf»the masses is very large :
~»©) compared to the other, the equivalent mass reduces to ;

for the two body systém as
(.e. m, |
that of‘the smaller mess moving relative to the center of the larger
mg. 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 mays 13

98% of the total mass of the Solar system) and the _motion of satellites

sbout the Earth are essentially central force problems.

{3) Motion in & Central Force Fleld

Usihg poiar coordine‘tea’ r,0, with origi'n at the center of the' ‘
large body, the equation of motion of the small body sbout the ll.rge body‘

‘ can be presented 1n the re.diel snd tre.nrverse components. :

Radial force JET ‘
Y L - < :
~ S TR W :
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Trangverge force

ne + zzié = k‘ﬁ(f‘zzé) =0 (2)

Equation (2) leads to the thaorem of cénservation of moment of

momentun

xé = H (3)

A third equation givins the total energy per unit mags of the orbiting

body (scmetimes referred to as the "vie viva equation) 1ig
£ = R T 4 - NON

| The equation (1), (3), and (4) will completely describe the
potion of the body in a central force field. Its geometric path 1s
described by the equation of & conic section | |

- .. £
rh = T ewo

()

vhere: : [ e sem:l-lu.tus rectun
e = eccentricity wh:lcb depends on ‘total energy 6
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‘Fig. 1. ~Orbits under central force

Flgure 1 nlustra.tes the class of orbits which satisfy Eq. (5) eand

‘Tgble 1 glves some of the infomation perta.ining to each clﬁ.r?.. |
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(k) Orbit Established from Initial Conditions
- N
The type of orbit which e satellite will go into is campletely

‘establighed from initial conditions at iNectica which are: r,, ¥,

~and So gshown in Fig.be._

\
Fig. 2, Initial conditions st injection .
- 'Bm‘eccentricity-of the ortit and the 1ocsti§n of pam ed; then be - % '
determined from the equations - ’ ' o ;%
!'». | ﬂo(f" ‘c;}_z = s"”x - . ‘ » ‘ L '
R R




-~
£
.

By_d.ropping the gubseript o, these equations hold for any point on

the orbit,and parsmetric charts relating these quantities are given by

Figs. 3 and 4.

(5) Time of Fiight |
" The time of flight comjmtations are genefa.ﬁqr more ted’ious. One
.approaoh is to atnrt from the equa.tions of pola.r ‘coordinates substi‘cuter'

__into the moment of nmntm equation, Bq. (3),

sadt = £ de : (8) 1
' s . H’ o ) . ' : 1
and parfoniing the inte'grati.on'. ‘This ieada to a canpi:lca.ted equation .-

“shose rasultl a.re preaented by curves in Figs. 5 and 6.
The ucond cpproach, applicable to elnptic orbits, is to use
the equstim of the ‘eilipse in terms of the eccentric unaub' £ which

is@_ o v f », - | e - I ]
p=afi-ecoE) g |
_Agun mbatituting mto (8) and letting M = 27 /?' et N
"-‘3“* mean m, the “polution is mdhbh from L
—wzsx o |




The solution of Eq. (i10) is shown graphically in Fig. 1.

{(6) Transfer Between Orbits and Interplanetary Travel
We cﬂonsidcr' here- only the case for fransfcr between two circ’:n]ar

orbits; Also we discard the classxcal equations and solve the problem .

~ from the energy equation and the moment of momentt.m 1nvar1ance

Assuml 1g a velocity change under impulsive th“ust a transfer orbit

\dohmarn +ra30ctory) and its departure and arrival veloc1ty can be

~ found, Tbe resultsldre immediately applicable as prehmmary calcu~ -
dahons for interplanetary missions based on segments of three central
force prob;ems. Important to the procedure is the theory of the corndo‘

B which is pertinent to the capture conditions of the particle.

i, W.T. 'I‘honn'son‘," Introduction to Space Dynaxnics, Ch.. 4, '
~ John Wu.ey and Sons, N.Y., 1961 '

2, ~ "Trajectory Selection Considerations for Voyager M1ssxon to Mars

‘During 1971-72, " Jet Prop. Lab., Pasadena, Cahf., o
Document No.' 281 September 15, 1965 -

3. ' uoh, W.T. H., Re-Entry and Planetar Yy Entrl, Ch. 15,
: Springer-Verlag, Inc., New York, 1967
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OPERATIONS RESEARCH AND DECISION MAKING
(18 July 1967)

by .
‘David C. Dellinger .

-
&~

Lt. Col. David C. Delhnger, USAF, is an Operations Research Analyst in
the office of the Assistant Secratary 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
‘(Mechamcal Engineering) and holde a Ph.D. in Operations Research and 2

: Master s degree in Industrial Engineering, both from Sta.nford Umverexty

Mr. Augnst A Buech m, ’Vice 'Pren‘dent 'an‘d General Manager' of

_Anheuaer-Bnech ln:. » 'in his remarks to a2 recent Annual Meetmg of Share-

holders, stressed the £act that ope:rat.mns reeearch was bemg ueed to gmde .

- company decmxons concerning plant location, product research and development,
Tand estunatee of future demand for their products. President Johneon recently

~ 'directed that all government depa.rtmenta app Ly eyetema a.nalysxe to major
_programmmg decmmna. A recent senel of articles in Management Science
"expres ed concern over the problem of communication with top mznagement
 What is the axgmﬁcance of theae, and many other similar events? To me,
it's an’ md:cation that operations reeea.rch is becoming a sxgnzﬁcant “influence

in the decxsxon-ma.kmg process at the higher levels of industry and Government.

'Tradxtxonally, (if a field only 20 yeara old can have a tradition) operations

research bas been--as the name euggeotl--openﬁomlly oriented.' Some of the

earliest apphcanone of operations research were military, baving to do with
1mproving the eﬁ1c1ency of going operatione. Increasing the effectiveness of
bombwg systems, the effective utiliz.nb.on of radar, or problems of anti-sub-
marine warfare were some of the early problems addresled in World . War )it
_by operations researchere. These were probleme concerning operating pro-
cedures-- -not 80 much equipment problems. In rndnetry, ‘early applications
‘were directed toward 1mproving production througk changee in operating pro-
cedures rather than changee in' equipment. ’l'heee applicationo emphatized
improvements in such. thinge al hxventory or productic.\n control eylteme 'but

had little topdo with ba.exc company pohcy decisions. 'rhe change that is
takmg place is this: operations reeearcb is bemg a.ppl.ied more and more to

high level pohcy decisions. Decisions which
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are more drfﬁcult harder to formulate, concerned with greater uncertainty,

and which are far more significant than productmn or operating problems are

. bemg treate& as operatmns research probleme. It is thiz $rend--the reasons

for-it and the changea in decmmn processes resulting from it--that I want to

dxacuss with you this morning.

. But ﬁrst I want to explam what I mean by operations research. It is not
a -Gery-well defmed tefm., A professor of mine once defined it as ''the thing

cperatzons researchers do. ' I find this an’ unsat:sfactory deﬁmtmn but it

1nd1cates the d:fﬁculty of defmmg the term.

L .you were'to _examine a few copies of The Journal of the Cperatione h

”i‘!’eeearchiéocietfof America (ORSA) , you would find that a preponderance

" of the articles"are highly mathematical. Most of them are concerned with

rnathematical t’echnioues for solving well defined, abstract 'problems' For

| exampie, you are apt to fmd several articles: proposmg more efficient
‘algor thms for solving. lmear or non-hnear mathematical programmmg

problems. 1 thmk you would be left with the unpressmn that operatmns re- -

search was s:.mply a form of applied mathematzca concerned with optimization

techmquea .

. | view operatxons research in a much broader sense. It encompasses

’apphed mathernancs, as t.he Journal of ORSA suggests, but it also encom-
' '_v'passes the broader spectrum whmh mcludee ‘management science and systems.
"-—""analysm. thle areas of speclahzatxon have developed around each of these
. thrne aspects of operatmns research (specxahzed Journals are published, |
"so"letxes have: been formed, and books have been pubhshed in each of these

B areas) they have much more in common than the apecxahzatxon mxght suggest. .

"'It's not these dzf.ferencea ‘that T want to emphas’xze. ‘It is the encompas~ ing

'y phzlosophy or approach to decision problems common to all these areas of
- s;r-cxahzatxon Whl\..h is sxgmﬁcant. ‘It is ‘this broader concept that I associate
w;th the term operations research. It mattere little whether we agree on the

bus- of th.ie utle--but it is. important that we have a mutual understanding of

the concept. - .
v Operatmns research then, as I am usmg the term, is a dzscxplmed

" approach to decision problems which involves:

7/ _ 29¢




a.‘ the use of a formal émalyticai frarriework fo_f_th'e
cystematic comparison of alternatives; - |

b. an exp11c1t statement of the cr.tenon cf choxse--or

_ the obJectwe whzch guides the dec:smn-make;.

“
c. a methodology for dealing with uncertainty.

It i_s further charactefized by the fact that it is usually concerned with
iristitutib_’na_l systems (rarely'with‘ pure phlysical syatems) and, mor_eoirer,
- with the optimization, in some sense, of t'.izese systems.

E The use of a fortxral-analytical framework or model serires two
im'po'rtant' pﬁrpose’_s. First, it identifies the variébles, both exogenous
" and endogenous, ass'un;xed to Se relevant to the decision atxd states explicitly |
the relationships assumed to exist among the variables. Second it provides
a predrctxve device which rela.tes the decmzon—maker s alternat:ves to the
.expected future consequences of chooamg each one. The exphcxt statements
about the relevant va.nables is eesentza.l for a disciplined approach to decxsxon«
makmg It provides a way of checkmg results agamst assumptzons and a way
for persons other tha.n the analysts to follow the analysxs. It is little more
than the openness and exphc:tness expected in any credible analyszs.

~ The predxctxve nature of the analytical framework, or model, is at -

" the heart of operations research approach to decision-making. Decisions,
by their irery nature, a.re (1)- choic:as from among alternatives and (2) attempts
by the decmwn-ma.ker to alter the- future by choosmg an alterr.atzve whxch leads

to a atveam of future consequences whzch is more des:rable than other altern-

atives. It is essent;al then, that one attempt to prechct what these consequences‘

are likely to be for each a.lternative conszdered Only by relatmg he —xpected :

future conaequences of the alternatwes can one compare and choose ratxona.lly
The requirement for an explicit amtement of the critenon of choice~-or

the basis for determmg the pre_ference of_ one ;l.ternatwe over a.nother-— »

be.c'ome 8 more impomnt a.nd'more complex as the 'inctitutional level of the'

| decisjon problem is raised. In peraona.l decxaxon problems this explxc:tness

is not too importént; One can simply state that he desires one alternatwe .

| B over another without stating, or even iully understandmg why Hxa choice

somehow reflects his ,peraonal value system which, after ali, is the only

.relevant criterion in personal decxsmn_s T}ns is not the case in 1nst1tut1ona1
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decision probl_emsu The personal likes and dislikes of the decis—ion‘-ma.lcer '
-are not relévant and should be forc ibly excluded from the decision process
: hy explici.tly:etated organizatiohal goals. This may not be too difiucult at
fthe lower levels of an org:nization. At the higher levels, howeé\ger, the

problem becomes’ inc reasmgly more difficuit. Even in industrial organiza-

tions,. where the profit motive is aupposed to dommate, the criterion problem 3

.15 comphcated by multzple obJectlves such as long-run vs. short-run proﬁta.
 institutional aurv1vab1hty, etc. In Government, the problem is-eiren more

' coxnplex'. In e1ther case, however. ‘the- cntenon problem must be faced
o and the operatzons research approach tends to force the deczaron-maker to
face it, | o | - :

Fmally. smce no one ca.n prechct the future w1th certainty, and since
decxszon problems are mextrzcably assocza*ed with predzct;ons of the future,
uncertainty in decuuon makmg is a certamty There is, of course, no way
of ‘completely overcommg th1s problem. ‘The opcranons research approach
does. however, provxde methodology for reducmg the risk associated with
the uncertamty The two tnost wxdely used methods are sensitivity analysiz

and probabxhstzc modele. , S
| Sensztwity analysas is merely the testmg of the results of an analysis

to- variahons in the basxc set of aseumptxons. Through sens:tavxty analysis,
"'one can 1dent1£y i.hose variablee to whxch the résults: are most sensitive 8o .
' tha‘ further study can be xocueed on the relevant queatmns. It can also aid

the decuxon-maker in’ chooemg an a.lternat.we whxch guardu against undesirable
] 'consequences even under the most adverse set of assumptrons, if he de sires
| _such a solutxon. i For exa.mple, it may be more ratxonal in choosmg a mzlztary
_syetem, ‘to select one which i"s capable of eoping w1th a wide range of threats

than to select one wlnch 13 most effxcxent for a smgle, most hkely, threat

: ) (1f ‘t turns out that these are mutually excluszve chozce s)

The other method of dealing thh uncertamty--the use of probabxhstlc

‘modelewreqmres that one select a proba’bzhty distrzbutxon to descnbe a

random va.nable m the mo‘el. This approa h has been uaed successfully
in the analysxs of queumg problems, mvento y pro"blems, and many other |

problems where the nature of the- stochashc system bemg modeled is
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reasona.blv well underefood.
Both of these methods of deahng with uncertamty are dependent upon
. havmg the formal ana lytical framework or model and an explicit statement ,
oi' cnte rion charactensuc of the operations research approaqh -
Havmg examined the charactensuca of the operanons ;esearch approach
to decision-making, let's now turn to the reasons for its .b_emg applied to hxgher
level deéisioh pfoBle’ms in government and induutry Revcent' changes in both '
the decision- makmg environment and in the operanons reaearch ﬁeld have
brouvght abcut th1s increased apphcaqon. - |
In both government and mdustry, hxgh level decxszon problems have
‘bécome more complex over the paat few years. The technological explonon
of the last two or three decades has offered decision-makers a far greater
number of alternat:mes than they previously had. The number of aiternative
"mihtary systems which’ could be developed from today's technology, for
example, stagge rs the imagination. The,pace of technology also makes today 8
: altérnatives obsolete iné. very few years. Moreover, the costs of these
systems is so high that one cannot avoxd the problem of choice by selectmg
several to try out; he rnust choose! In addxtxon, the uncertamnea of the.
problem are magmﬁed because the systema are so rachcally new and because
' _obsolescencg comes 80 rapzdly. These fartors combine to create a situation
where the numﬁe'r of al’ter'natives is lare. , the cost of each is high, the con-
sequerces of a poor choxce are catasnuv, .1e, and the uncertai nty is great. -
S‘nnla.r conchtmns exist in industry znd other govermnent agencies. Expenence
 and unaided Judgment are simply inadequate for guiding decisions under these
vc1rcumstances. Deczsmn-makers are turmng to aralysis to aid the:r )udgments
Changes have also occur*cd in the field of. operatxons research during the
past few years which have made thns approach practical for hagh level decnxon
problems. For one tiMng, a great deal of work has been done in denlop% the
methodology for solving a wide claas of optmnza.tion problems. Probably the
‘most imporfant, however, is the avazlabilxty of electronic computers ‘which make
it relatively easy to solve such problems. This makes it possible for the ana.lyat
to concentrate on the analysm and leave most of the routine calculations for the

' compute; .
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Finally, the change which is proba.bly the most 1mDortant single

reason for the increased use of operations research to these,types of

~problems has been changed in the decision-makers themaclves More
and more the decision-maker is somewhat of an analyst himself. His |

' education has generally mcluded a formal exposure to economic prmr*x-

ples and m»thods of ana.lyaxs. He.has observed the value of analysis in

such decxszon problems. In shoi't. he understands the approach, whether

. he vnderstands the detailed methodology' or not, and he can urderstand
.and beheve the results of a good analysis. It his been said that a decision-
.maker would rather live with a problern he can't solve than to accept a
‘soluuon he can't understand. The number of deczs:.on-makers who under-

' stand and will accapt analysis as an aid tc judgment is mcreazmg.

~ The view of operations .reaearch which I have presented to you is ;hat

of a disciplined a,pp'rbach to decision-raaking. While operétio'ns research

A' . ,was developed in an operanonal environment, its greatest benefits can be
-realized in apphcanons to hxgh Yavel policy decision problems. In spite '
of the difficulties of formulating precise: statements of these problems,

. this approach can be, and is ‘neing,' used to impro‘ve the decision-making

prpeésa at the highest levels of ’goverpm‘ént and industry. Jt is not a panacea,

‘but is far superior tc the implied alternative--unaided judgment and intuition.
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INTRODUCTION

_ Economic activity revolves about three key elements : (1) human wants,

which are varied and insatiable (2) resources which are limited, versatile’

. and cepable of bcing combined in various proportions toproduce a given

commodity (3) techn;ques for utilizing resources to produce goods and

(1)

Setvices which satizfy wants.

The social science of economics has devoted itself to the analysis’ of
‘this activity in order to meaaute, explain, predict and control, observed
phenomena.‘ Models heve been created o simplify .the complex reality of an
existing economy to the essentixl determinants in order to observe and
eveluate'the_effee:s of an introduced change.

As a result we tend to place labels on a given'economy such as the

“Pree Enterprise System", predominent in the Western World or "The.System

of State Capitalism" of the Iron Curtain coontries; With a free enterprise

‘system we associaste a consumers choice of selection, a'resource owners

freedom of resource deployment, an entrepreneur 's ability to eater or leave
the business of his choice, and a price system that at least in ‘the short

run, depends upon supply and demand, with money as an essen:ially neutral

medium ‘of exchange. Bqueting management with entrepreneurship and acceyt.nb_'

5the profit mociva as the guiding force of such a system, we have now a mcdel |
'fof the Americon economy which vas osoentielly valid for. the eerly part of
e‘thio century.‘ ‘

In the. meantime the .federal budgec inwolves eome 20 % of. the nat ion's

'_1ncome. The Government has teplaced the private entrepreneur in large '
‘sections of the economg by acsuming the. risks of new production and by
'*‘m-king the deeision to employ resourceﬂ. Today ] topic is this effect of

i Government enzrepreneurehip on’ ptivace induet:y.

R

"(l)aichard H. Leftwich “The Priee uys:em end Reaou;ce Alloeacion . Holt,

ainehnrt and Hinetoh, New-York, 1960, p. 10
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~GOVERNMENT EXPENDITURES AND THE smuc:'rm OF AMERICAN INDUSTRY

' The growing sxgnificance of Gomvernncat oxpenditures on Lhe structure
of American indus'ry can be demonstrated by the aumber of large defunse

.contractors in the 100 I gcstlindusnrial corporations ‘BEOUP.
o , _ § ‘ T &
mapLg 1¢?

Overlap between the 100 Largé Defense Contractors and the 100 Largest
Industrial Corporations: ’ '

~ Period B .o ‘ Number of Pirms on
 — Both Lists

World War II 'Defeosé Contractors _
- and 1939 Industrial Ranks - s 29

_ World War II Defense Contractors _ o
and 1945 Industrial Rasks ~ . . 53

Korea Defense cootrac:ort' -
and Industrial Ranks o 4l

Hissile Age Defeue COntractors .
'and Inductr:lal Rnnka ,'._, o S - &0 ’

I 4

'“The Sr.ate of Californin received approximately $6 billion worth of -
, vprime contracts or 18.3 % of the total 33" b llion opcut by r.he Depattmnt
of Defense during filcal 1966. A ~

Employment in the aeroapace 1nduacry provides morhet mteres:iug
statistic. “In 1939 the aircraft 1ndustry accoun:cd for o6 % of to:nl
manufacturing employaent and in 1944 for ?.6 1, akin; i: the laxseot single
industry in the econony - 1n thu yearo P PRI .

@ Merton J ._Peck, Frederick l{. Schetet." "The Weopono Acquisition Procem"
Division of Research, Graduate School of Business Admini.tttation. T
Harverd University, Boston, 1962, p. 120 303
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'Or:oonsider thc impact upon rorional eeonomics' Orange nnd Los AﬂhLILS
counties showed an increase of tetal menufacturing employment from 172,757
in 1960, to- 939,658 in 1966 for a gain of 443.9 % in the sage period
‘aerospace employment rose from 25,600 to 376,217 for a gain of 1,369, 6 %.

'According to a different compilation of available figures, more than '

‘450,000 Southern Cslifornians are employed in defense and space related

Q)

industries.‘

Dependency upon Government contracts is slmost complete for most aero-
: space firms. Fbr example both Lockheed( )and North American Aviation(S)
'ﬁi the latter with sales of $2 billion lsst year - had Government contracts
AEor 95 % of total sales. v a

_ | " While the ststistics given show the depexdency of priva tz industry on'
'1°i'Government expenditures, the question remains, how and if Government also

affected the ctestion, size, financing, labor relations, ‘wages and aalaries"

'ﬂfz;nd other sspeets of industrial developnent.

,0' %

: .,a_ii>] . S . :
ANALYSIS BY SELECTION OF SIGNIFICKNT SAHPLB SITU&TIONS

Tine does not permit en anslysis end description of the total ‘scope of-.

. Government effect upon private industry but the specific examples used to

J'ef”diecuss som~ of the most importsnt aepects of this problem ‘should at least
' 5vf prOVide a useful %aeksrouﬁd for your understsnding and evaluation. Choice

:7fof syecific situations ‘and their description has been used: as. the veliicle
£o point out highlightl snd drsw specifiefronclusions.‘ﬁ' '

: (3)Depsrtne-tt oi Comerce, Ststisticsl Abstruct, 1966. T AR

*Q:i “ )Business Heek, July' 1, 1967, p. 66 i‘ 'bfﬂﬁ"".
.(S)Busineu Week, June 3, 1967, FIR TS
”5, R ei;?%“fﬁg:?‘ﬁ"
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“Case 1: The immediate requirement [or large increases of existing production.

Actually this type of problem can occur 1n a normal free enterprxse
- —mazket system in the case of a sudden shift in copsamer s tastes.
The result is an immediate rise of price of the product, reflecting
' the increased demand a: ziven levels of supply, with rapid bualdup"
of capacity and giadual’;ow&ring of price until‘equilibrium*hae been’

achieved.

While the problem is similar, the effect is quite'differe1t. Take . é
~ the case of Norris Induatries, Inc. a major ordnance supplier since '
‘World War II. The. firm is the country's largest producer cf ‘artillery

cartridge cases.‘ During ﬁeace tine, it averages about $20 million

worth of militaty‘businasa annually.  In the fiscal year ended

July 31, 1965, its military sales edjed up to $23 million, but in

.the following months they more than Joubled to $5C million. This 'j o
e -

. year, Norris expects these sales to :each $120 million

The differences betﬁean & non-defense rapid increase in production
and the casé’ of Norris are primarily the complete impossibility to
- predict. demand’ level or duration - normal predictive tools such as
4".market research cannot be used -~ and aince surgea in defense buying
- are usually latge encugh to affect the total economy, the labor -
- market also becomes tight, with an accompanying preaaure on uaget
and salaties, eapecially for skilled renources. '

In contrast to earlier emergenciea, the Governnant no Ionger operates' o j
in the tather haphazard fashion of World ua: II‘days. Specifications ’
, for standard itema have become very detailed, very precise.' H;gher |
t 1nspeccion atandarda have significantly inproved the quality of
. the produced iten and conpetitive bidding haa resulted in a prxce R
‘“41eve1 !or defanse gooda which requi:es excellent nanagenent of the
‘;Econtraetor to nlxntain peacetine profit -arginn) since nost defense
| contracta £or"”uch’"eaudard hardunte as a-nnnitton,‘fj',“f d

(6)Bnaineas week,'June_a,e1967,_p, 197
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" .a fixed-price basis or on a cost-plus-fixed-fee basis in which

"all cests are tightly controlled.

s : L &
cEven though the Government carriee the largest pert of the risk,
there is no. eutomatic provision to_cover'all'closing,costs when
- the emergency bas 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
v'.:;that output of commercial -goods has risen from almost nothing in
1966, to $15 million at the. time of Korea, to an cxpected
L ,'f$78 milkion this year = the 1etest ‘figure includes the very recent »
L . acquiaition of a group of commercial, non-defense companies with
a combined sales totcl of $21 million(7) ' ‘ '

m The impect upon private industry by large sporadic increases in
N vfdenand by the,Government has become less disruptive as 1nspectxon
ctmdardu have 1llproved ‘the basis for evaluation of products manu- .
‘?1!hctured.b y competitive firms Changes 4in ‘contract arrangements
SR and tighter. control. of cocte hcve tesulted in more effective
im'nagement .and thus a lesser coet to the total economy. “The avare-
ke fneu of the contractor, that 7he bas to participate 1n the risks
‘.'v‘and coatc of closing down operationc after the emergency has
W”..recuited An proviaione mnde by managcnent to facilitate later _

' Atranaition to peace-tme oPe“f“n', Yo

" Case: s Uhile Caae 1 deals with an. emergency expansion of capacity, there

' are few. technologiul problems in’ auch relatively cimple production
‘proceues 3 ‘the. making of ctandard ordnance. Tho matter becomes
imch _nore ..":lfi:lcult::vhen‘we conci.der the developnent and production

o cdmccd'f wenpono T cpace syctem.

'ﬂ.fceed th¢‘$1.billion level-_ Given the bigh '.f
rogre ., nd-'thedifficulty of. ““1“3 |

P

30t R
( )Businote Week, June 3, 1967, p. 147




"Hf,propossl._;
o completely, st lesst to s msjor proportion.

risks especidlly since poiitical dect sions, changes in m)lxtnry
strategy, breakthroughs in technology, can cause entire programs
to be shelved. As a consequence the Governmcnt 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 snd yet maintain the competitive element in

the selection process.
7/

-Triggered by threatened set-backs in the arms race between Russia

and the J. S-, crash programs such as the development of inter-

continental and intermediate range bellistic missiles are ‘being

initiated, or the special conditions imposed by a new theater of

war c¢all for the development of a new type of weapon, or the
. teehnological sdvances of other nations threaten important markets
‘of Americsn industry, such ss the development of a Super Sonic
' Transport by Britain, Prsnre snd Russia. ' DR

The first requirement is to find snd to describe s system that willr
sstisfy the obvious need- This first preliminsry description is
then used to find snd identify the potentisl crestors of the implee‘
mented system by a Request for Propossl. o = ' '

Y

L it has besn recognized by the Government, that such propossls are
,Nextremely costly for sny msjor systen. Becsuse of this a new.
. ~procedure has been developed. The original Request for Propossl is
:_;only a rsther gross preliminsry specification of the system. The
: i'Government screens sll responses snd selects st lesst ‘two potentisl‘ '
f_gtcontrsctors. A more dstsiled k!Q is then sent o these selected ‘
.Yﬂfirms with s'request*for a very detsiled technicsl plsn snd cost

This response is finsnced by the Governnsnt, if not

.3¢77




A tynical'caso for. this kind of sclective process was the :\dvnncf_d.
Aerial Five Support System, a combat and fire support helxcopte
specifxcally deaigned for Vietnam type jungle warfare. Among

_ about a dozen qualified contractors, Lockhced and Sicorsky were

. j“,, chosen by the U.S. Army Haterie’ Commnnd the contra’ttmg agency,

‘ﬂ}to‘submit the more detailed propoeale. At the same time - as a

' parallel effort - tne Army selected two contractors to submit more

"~deta£1ed propoeala for ‘the management of the prime contract daca

:W 5Booz-A11en Applied Reoearch and TRW Systems. Also as a funded

i effort ‘the actual contract gliven was for the development of hardware
through prototype development with the piroduction contract to follow

B after prenumbly another round of competitive bidding..

‘o‘i'mi"la'r type of nefection was used for the prime contractor for the
"VAner:lcan version of the Super ‘Sonic - trensport' ‘After preliminary
ulect:lon of both Lockhced and Boeing, both firms received funding
"to further develop detoiled spocifications and technical approach.

hiere ._are a mnber of quutions ui.Sed in connection with this new
epproach of Gove:ment to work uitn private industry '

,Are the costs accociated with choosing more than one initial

':contractor exceuivc in couparuon to the reeulting benefits.

. Wi‘ll 1t reduce the ti.ne gap betwecn conceptioml and
operetionel -tege os the .ylten. R '

_'i'Would it be porhaps more economical for the Government to
brely entirely on Goverment—ovned facnities to carry devel-
opnent effor e au the vny from conception, through research
P nt, to the beginning ‘of productiom

__'Pro- en econoniste point of viev the nev approach by Government

-,agencies to tho" ? Ieci':'iv procen 1ncrenua perhape the development

1nvumgmnt and technologtcal 'advnnce_ﬂ\entv. Also, each potent.xal
308 o
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: contractOr normally has arcas of épccial ski}ls and_bdckgrUUnd.,‘
‘The Government har thc'option to use.obvious-bettor approaches

: and solutions to speed-up development or to improve overall _
‘cost and rellabillty. Thia tends to reduce the time gap botwecn'.‘
conception and operation of the system. Furthermore, should the
Governmnent decide that. the contractor chosen for the development
effort does not perform satisfectotily, at least one alternate

contractor is cvailcble for the production phaae.

The argument that it might be more economicallto_use Government
facilities exclueively for;development, is not chid for a number
of reasone' It beconen very costl} for the Government to maintain .
the huge staff of skilled employees necessary to cover ali needs. ..
The Governmental employn.nt system {s rather inflexible and does
not sllow readily for the necessary mobility of resources. It is
very difficult to motivate Government wanagement to the same extent
as private industry manngement since by the very atandard set for'
Govornment employees, lnnetary incentives cen only play an insig- |
nificant role. And finally thelcoverhment cannot;like private
1industry, decide to invest additional funds for a developmemt
contract in anticipation of the expected technologieal fall-out |

. for other productc genernted or planned for by the commercial firm.

In special situltiono.the GoVernnent has however created facilities
for participation in mejor development efforts such as the Air Force
' Space Systems Division or the Commodity Connandc,of‘the Army
. Msteriel Command. It has however almoctﬂeluuye been a close co-
operative effort between industry end those agenclea. Only very
few exceptions are knnun

Summaicy: The Governnent hae found new effective ways to ncintcin competitlon
' for .complex wecpone and space cyctenu ~Availability of the total
scope of ckilled personnel has been eccouplished by expanding funds
for occesioncl dnpltcctton of afforts. Elapsed time to. -gystem
'.operotion ‘has ‘been reducod by a tcoter epplicction of new technology
'oad nnncgeuent Iethotosy. Actual coet control hcc been improved

309




- Lase 3:

o becauSv compcribon of cost on a task basis can now be mddt on the

bagis of more than one es?imate.

Incentxve Contracting o ‘ R
One problem faced by the Government is that it gets more and more

involved in the véry detailed control and supervxslon of contracts.

Thia iSZVery:essentfal for all cost-plus-fixed-fee type of contracts

to assure that the contractor is indeed cperating 1n a cost-

'effective manner.

‘Increasingly a new type of contracting is used to insure emphasis
'by the contractor on the area most important to-nhe'contracting

agency. For example the armed services have placed great emphasis

on expected end-product quality,(technical perfotmante and reliability) -

somewhat ‘lesser emphasis on time of availability and relatively little

_e-phasis on cost of quality control throughont the defense industry,

' :(for example, highet 1nspection costs have boosted ‘the cost of

artillery shells in the previously mentioned Norris case by 10 %) and
a much greater demand for management of the "lower and middle levels.
The results were . reltability ratings that assured the status of the

:antiballlsti- miaaile system in the -expected state of operational
Jteedineua, an extremely low hardware failure rate under field condl-

tions, lower maintenance tequireuanta and presumably lower overall

'tsystem eost.

‘During the ptoduction phase the incentive plan waa'extended to co~et
. cost reduction, but so far the prosram has not been overly successful
because of the fact that anticipated savings through cost-effective

production could not compensate far the high cost of setting up new

‘producers nnd the risk of quality failures.v

" Bver since 1963, aftet a change in procurement regulations, a new
;‘_type of 1neent£ve program has been used by ex-pott evaluation of
'*eantractor petfotnance. Specifleally the Navy in theix anti-submarxne

f»yfuorfhre ptogram has nade use of thia program. A board of evaluators

e
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/ ' ' : i created and a set of performmnce guals and criteria sel up. B C

Alter completion of a task, or a series of tasks, values ar.

assigntd to each of the criteria and then computcd against

oni e A B

|

r- o _ /7

| : ‘ | _predetcrmincu formula. The actual fee is dctermined—accordxng
) to the degrcc of performance effectivenear established and

spplied to the predetermined percentsge. (see figare 1)

% of 4 I _ ‘ : ; :
Total ' ' x — S :

. Contract ' B _ R - ’ . §
. Value ".20.." . : , o i

| SR

. Max imum |

: Allowed ‘
-15_‘P_‘__..-_~_"’__~4--_-___“’___--..—'_--;____ —— i~ -y 157 i

10

: . Minimum Fee
- "Allowed 5

- 2 ) N 2 ) 2 ¥ 2 2 .Y N Y Aa
10 20 30 40 SO 6 70 8 90 100
.% of Purformance Effectiveness T

(Figure 1)
The diffieulty,of coutse,ie the definition of perforaance standards
to measure with. - Alreedy siqnificant advanees bave been made in
this area and it eap be expected that neasnr;ng ctitetia5w111 soon . s ,_%
be .available to evaluate contrictor performance in &ll areas. ' f

'Summafy. Cost plus-fee incentive contracting is becoming the preferred nethod
o ‘ in Government’private industry contrectunl relationships., As
o . Co methods and criteria ibr meanurement becone more ptecise and
| - relevant. governnentel participstion in cont:act management can be

.4'3!1




‘reduced for an overall increase in cost effectiveness.

Case 4: Specializad areas in which it i, or would be, preferable for the
; * . _ e ] oo

Government to own and opérate facilities.

- While {n most areas of large-systems devélopmen; technological fall-
out can be prcduced for the Jeveloping firm, such as the know-how
gﬁiﬁed.to bu£1d satg11ites‘for NASA, can be exploited to develop a

commercial communicatfon satellite or the heat-resistant material

R T T

| ‘used for the nose cone of 8 rocket is equally well-suited as the

- ma;eriai'for all sorts of‘;bokihg ware as demonstrated by the Cérning

CQméan§. But'unfor;un;tely in some areas of technologicél‘development. - !
no immediate fall-out’ can be expected and pot even the normal requi- : ' |

rement for more procuzt for the operaticnal phase, as is normal. - . K

fSpecifically we could mention the area of rocket propulsion. Let us

fitat look at a typical demand curve for a new product during the
vir:.oua pbrses of it3 life cycle: (Figure 2) '

A ‘ ' . Aggregate Demand
.QT? ‘ ' : for Product PR

~ D¢mand for Bro&ut
for Original Applicatid

L R o kX “Syr ity Wy Ve gy,
. . : .

|R and D .. |Development - Produdtion - T Time .
Phase. - "Phase % - Phase .

Obsoloscence

Conéebtioﬁ: b
Prototype
Developed

(Figure 2)




e -

There s a small initial dewand {or the product through developmen:
of prototype. The hcavy dcmand'isrduring_;he.production phnsu.
o “While use for the prime requirement subsides; algernate uses for
- the product are being {dentified and markc:ed, s0 that the aggregate
demand for the preduct is sustained at high levels over a sz&nlfi-

_cant time period.

A contraotor«can_recoup totai sost 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 " }%roduction  |Phase Out
' Development:  Devslopment - |Phase :
- Phase Phase . .

, o Eesn o
The requirements fot the product are high during propellant
development and even higher during engine development, vith
very Iittle additional needs during the operational phaso.

S o 'bThere are usually no alternative uaea for the product, ergo

4 . . o there is no po:sibili:y ‘for a. private fitu to recovet the cost

of development or make a ptofit..

In additioo tolthe_atypieel'distribﬁhton of -demand, alternative
propeliants for a given purpose may eonpletely’ecfap'an existing "
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program.. Take for uxnmplu the solid propull1nL houstor developed _:
by the Aeroj\t~General Corpor1tion' In a recent test 1}6&) §10]9)
pounda of propellant produced 5.4 million pounds of thrusz in a

(8}

75-second burn. The idea is to prove the great potential use in
multi-stage launch . vehicle systems to carry heavy payloads’ into:
bPaee at a cost per pound lesa than that delivered by clustered

lxquid engines.

However, the Space Agency contenda that nuclear upper--stage rockets
ccupled with the liquid fucled Saturn V booster, wiil be capable
of lofting any forseeable payloada.

The outcome'of the test - not yat wiiluated at the writing of this
paper - will decide whether or nou the program will be &dequately
financed or discontinued.

It is obvious that risks such as theae are a burden wh1ch cannot be
carried by s contractor. -In addition to the coac-recovery problem.‘.
it would .appear advantageoua ior the Government to own and operate
such a facility. B o .

Summary. In apecial cases of ptoduct development, Govetnment-owned and -operated
faeilitles appear to be not only economically feasible, but ac:ually
advantageous in an eeonom&c sense.

(S)L.A. Tiﬁea; June 16, 1967, p. 6,-part_11_
o . 314
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CONCLUSION S L

-

. _The effect of Government on private industry has been very evident in

a number of areas, but does not reflect tie full impact of Government

' expenditures in percent of gross national produCt.:

Exaoples.

e Wage and salary policies of the Governnent follow patterns establxshed

_ by private industry. »
+ The Government does not monopolize - at least not on a large.scale -

products or processes developed under Government contracts.y

On the other hand, Goverament expenditure: have ceased significant changes

in American industry
.« A large number of enterprises h3ve newly been created solely or
' primatily on the basis of GCovernment contracts. Hany‘of them have
grown into large industrial complexes. such’ as North American
~ Aviation, TRW Systems, PRC. . '

"+~ Methology, Processes -and products dev:2loped £or or by the GovernmenL,
have been adopted throughout the American industry for a uide scope
cf applications in the public -nd priwate aector of the economy.
Examples are (1) PERT - a Project Bva luation and Review Teehnique,
developed by the Navy for the planninb and control of the Polaris
program. (2) The Systems Engineering Concept developed Jointly by
the Aegospace Industry and the Air. Force for the Ballistic Hissiie »
program. , : : : : '

o Pools of skilled resources have been developed flexible ‘and’ mobile,
not’ only between industties and applications, but also geographically
to respond to the many varying needs of the Government.

e Development of industrial eenterc of gravity with vast impacts upo1
the employment, educational facilitios, land use and other aspects
of a given region, such aa the centralization of the aerospace

. industry in Southern Celitornie, the’ Henned Space Plight Proarem in
: 'Houston, Hiasile Ranges in Florida end Southern c:lifornia. S
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' . The growing participation oquovéEnmcnt in the managerial function

Tof industry and'the.development of Government as anqéhtreprcncuf.

There are also important problem areas which should not be overlooked.
. Thete are definite limits in the economics of size. Lentralization
_ -_cen only be justified up to a point.
 }§7'nIt is difficult to provide incentives for creative entrcpreneurship
-Eiin a system that is.too heavily dependent . upon Government influence.
v AR economy significantly dependent upon Government expenditures could
~fensily ‘lose stability and stagnate or. expand too rapidly as a
ﬂresult of political decieion- making.

f.van Summa z‘jl.ﬁ'ﬁ S oo e .?f;g:“.

"fAmerican tndustry has adapted itself to the increaaing effects of

1:f~Govetument expenditures without losing its identity of a modified free enter
"iéfpria system in contrast to the stricter aystem of state capitalism. Economic
'f:,and social, changes have eome about through ‘evolution rather than revoldtionarj
H,f@upheaval.. without the availability ‘and thorough annly:is of large masses of
vlf{fatatiatical data, it ia not posaible to ltate conclusively that the results
‘?1ﬂ]of incteased Govetnment expenditures have cauxed a change in industry that

has-both caused a better deployment and,ccnbination of . resoutces and a better
distribution of income.- Houever, the rise in peraonal incomes and gtowth

'1?{o£ GNP seen to indicate ‘s politive effect on the total economy .

31b.
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COMMUNICATICN AND TH'F‘ MANAGERIAL PROCESS L i
(1 August 1967) S . S f

Warren H. Schmidt -

ot

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 Umverslty of Cahforma , i
Cxtension, and is now Director of:the Master of Business Adm1ma\ra;.on S i
Program in the UCLA Graduate School of Business Adm:inistration. . He has L

' written extenawely in the fields of human relations, leadership and conference
‘planning, and is co-author of the book "Techmques that Produce Teamwork "

~-I.  Critical Importance of Communication in Management
Communication is the process by which we share our thoughts an‘d
feehngs Smce a manager, by deﬁmtxon, depends on others toxarry out
his decxsmns and pol1c1es, commumcatxor is a centra.l aspect of his Job

A manager is paid for not only xdentxfy:mg problems, makmg decisions and' :

ngmg msbruct;ons, ‘but. also gor ,gaunng -atcaptance.xaf, those. m:brm:twn& e

T . so that they will be 1mplemented. All of the txme and energy which goee )
_into plannmg and decxsxon makmg is worthlesa unlees the decxsxons .are :,‘
zmplemented Recogmtxon of tlus fact has increased managers' uwerest

‘m the procesaes of commumcahon and mﬂuence.

.

LS BT
B

CIL Purpose of This Sesazon

A: To deepen our understanding of what is involve:' getnng ‘an idea. .. |
from one peraon to another.,,., el L AR s e T

B. To identify common blocks to effechve commnmcation. L

a

To explore waya of overcommg thele blocks._ ”4.“:'-'

D. To better understand factors whx‘ ]

work s1t xation. ‘

" These processes will be: ach:eved through a combmat on of exp :;ae;;tg,_ ’

lecture s anu ‘discussion.’
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Perception - A Basic Aspect of Communication {demonstration and lectuve)

: 'Pe_x"_ception‘ is a basic concept of psychology which managers need to

keep in mind in order.to understand the complexity of communication. An

'~iudividui1"8' cerception of any. event’ ia determincd by two-majbr factors:
'a) outazda stimuh and b) hie past. expenence which is evoked by the
.stimuli -Since each mehvxdual carries with him a different kind of

pact expenance. it follows tln.t each person will have a somewhat umque |

' perceptxon oi a single event.

v, ~'-,'Cafh§é.ﬁiéﬁ‘=~of"?One"-'Wa'y’and "I‘wo-Wgy -Ca’mmunic'atioh (Experiment and lccture) '

‘,'In'an cxpenment of one-way and two-way commumcatmn, the followmg ’

_ :diiferences tend to emerge with predictsble regularzty' a)} One-way com-

mumcation takes leas time than a two-way procesa, b} two-way commumca--

".vtion produces ngmﬁcantly gn i.2r accuracy of understanding, c} the
- sander tendc to’ owr-esﬁmte the accuracy of his one-way commumcanon'
a.nd to tmder-ashmateythe accuracy of his’ two-way communication, d) the

freceivers a.re usuauy more fruatrated dunng the one-way commumcatxon

fn. and e) recewern have more control over the pace and qua.lxty of :

two-way commumcaiion. f

_"uaga which:a.lmost inevitably anse in thia complex proceu.

,.,; Y

. Tho ercular Process of Commm:icatxon (a conceptuzl model)

""‘,struct diagram. althoush obvioull)' over ’”“Ph'

: fxed, provides a £ramework for lookmg at the’ mteraction procesa between'.

two or more persons- Lo
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Thxs rmght be descnbed step-by«step as followe'
A-.

elf-

mage - :
Attitudes(l) Intentions > Behavior .
toward (2) o (3) -
\ others Perception
TN by self (8) -
Perception

- by others (4}

(5)
Expectations

Beﬁavibr
of (7)
Others

Intentions
6y >

\Evaluations

4

The individual has some feelings about himself (self-xmage) and has a
set of attitudes toward the others with whom he wishes to interact.

These feelings and attitﬁdee ‘become intentions toward the others.

For example, if his feelings are tlmt his 1deas are wanted and appre-.-'
' c1ated and if h1s attitudes towa.rd othere are that he would hke to

.make a contribution, we can predxct t.hat he will . ha.ve the xntentxon of

makmg positive contnbutxona in a group sxtua.tzon.

: 'These intentions cause our mdzvxdn:ll to nut:ate aome behavmr tnwa.rd -

‘the others in the group.  His beha.vxor is governed by‘
1. his mtentxona, and - : _
2. his pa.st responses to behawor from the other people. 'We might -
- think of this whole phase of the proceas as leadmg up to BEHA-
VIOR OUTPUT. . | |

- The behavxor which' is put out then pasaee through a screen which

exists in the others. 'l'his screen includes thexr value eyuteml, X~

"pectatmm of how he should behave in ‘this situatmn, and expenence o
with how be has bcbaved in sixml.ar aituations. '

The behavic. wiir= tha Iadivideal hor :; ez is 'th:-':z sfaluateé hy e

others in terms ox meu* *r.y-ccta.ion:, Wil Luie s S sther suppost

~ the expectations or to vary from them. ‘ R
" As a result. of tl'ns evaluatxon, the membere develop eome mtentiona

toward the mdxvxdual

" These intentions again serve to xmtivate thexr behavxor back to the
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""3 'than interdependency. a

 : H. 'Thzs _behavior goes through a screen which the 1ndw1dnal has, that

i ¢ et i s o e L S i N 10 s et 20 . B ¢ o e .
- e .~ S STV SE PG LB e e e e et s s s et e 4

' individu_.al,_ and so they initiate some behévior. v B

This whole phase rmght be called the BEHAVICR INPUT.

s, his feelmgs about himself and his att1tudes {the ones we' sta.rted
with). ‘and he receives feedback which exther supporta or modifies

his exp__ectat ons.

Communication and Or janizational Climate
The degree to. which commumcataon ﬂrws eaaﬂy in an orgamzatlonal

'aystem is heavxly influenced by the climate of trust or distrust in that

' system.» Dr. J. R. 91bb has emphrasgized this fact in.his studies of defen-

nve a.nd mdefenswe clxmatea. ‘Gibb makes the point that every individual

has four primary and contmuing psychologxcal concerns:

' fA"._ Acceptence- {The degree to which the person’ feele accepted and re~

: spected by himself and others).

B Da.te Flow: (Determmmg what influences he exposes hunself to and

~ what data. ‘he’ shares with the people around lum) - S -
€. Goals: "{Determining towa.rd what purposes he is directing his energy) '

D Ccctrol" (How he’ dmciphnes himself a.nd mﬂuences his envxror:ment | -

to aclneve his" purposes)
" In a group or orgamzational aystem, each mdzvxdual developn some

.feelmg about the extent to which he is" accepted and resp~cted This

' .f‘eeh..ng .then. ‘determines the.extent to- which he etpresses ‘his ideas Ireeiy
: and aponmecusly or the 5e:tt'ent to which he presents a ."poiite facade!
br ba'ces ‘his comments on strétegic‘ccnsiderations. ¥ a group is made up

. predommently of pebple who are playing a strategxc game, the decisions

_b -vl'tbey make tend to e superficial and to-cacry little commxtment on the

'pa.rt of those who" made them. Such a gzoup then tends to become apa-

4thetic, requirmg a control syltem charactenzed by dependency rather o “ oo

_ The central xmplicatxon of Gibb'a model is that the pnncxple way to
a.ch:eve a. creative and lughly mtegrated group n to develop a climate

‘of trust which then opens the way for easy data flow and reahst:c goal
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" formation.

. VIl. Some Reguir'ements for Effective Communicatibn

Al

An awareness tha.t I am a person wzth feelmgs and that I can live th"x
the fact that my feelings ‘influence me and my commumcatxon.

‘A tolerance of other people's feelings and an awarenesa that their

: feehngs, which may be- dxﬁerent from mine, affect theu- sending and

recezvmg commumca.mns.
The mtentxon as sender to bmld feelings of security in the receiver.

The intentiod as a receiver to listen from the senders' point of view

'rather than evaluating the communication only from his point of view.

The willingness to take more than half the responaibi’lityefor the -
effectweness of communica.txon whether as sender or recezver. :

The conscious effort to build feedback into all comrnumcatlons. B

The abxlity to resist acting on and reacting to my assumptaons about
another person‘s reasons behind a. parucular commumcatxon.

A recogmtmn tha.t commumcat:ons at best are’ nnperfect and the avoi-
dance of undue: cynicum from dxfﬁcultzea or failures- to commumcate.
Viewmg my own. functzons in the orgamsahon as one of mainta.mmg the
process of communication with - peoplewhc..are fully capable of':facz'ng_

and resolving problems. . Havmg confidence in those ‘with whom ‘I.com-

mumcate. .
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SOLID PROPELLANTS OSCILLATORY AND UNSTABLE f’OMBUSTION
.{8 August 1967) .

by . ' A .

-

L B Norman W. .Ryan e

"Mr Ryan, who m Professor of Chemxcal Enginezring at University of Utah

~ earned the B. Chem. and Chem. E. Degrees at Cornell University, and Sc.D.

at Massachusetts Institute of Technology. He has been Chemical Engineer on

 the staff of ‘the Research Department of Standard Gil Company and consultan!
- to ma;or chemical and rocket companies as well as agencies of the Department

of Défense in the areas of rocket propulsion. . His research mcludes areas of

‘rheology, gas dynamxcs, combuntxon az:d condensatxon

' *‘GENERAL CONSIDERATIONS

When s1gn1facant excaraiono from the steady-state preuure level cccur

“m & rocket chamber and we. ca.nnot attnbute them to sometlung else, we attri-

'buta them to combustion mstab:.hty . As.the combustion process is the means

" of’ producing senu'ble energy An the rocket eyatem, we presume that combus-

: 'tmn must somehow a.mphfy preuure dxsturbances.. Osczllator) ‘combustion is

’ -‘the erm 'apphed to mstabxlzty in wluch the - preseure oec:.llates penod:cally or

2 osc:llatory corn‘bustlo' ' ,.'

- snb-processes.

";then engage_ :
'v'.the gas-solid mterface, ,and finall roceeds
.“'m the gaa pha.se. There is feedba

:.v'quan-pe riodxcally.

' heated, ‘ma.y"undergo solxd-phase reactiono in the final stages of preheating,

: In" all- kinds of matabillt-y we ‘can reproduce for study, '

Y

s"' ptesent.

: 'lnutab:hty 13 a syatems concept and hao ‘no meaning in apphcanon to

‘elementary procesaes. Instabxhty can anse if elementary processes that

proceed lirrultaneoualy are coupled that 13, :.f fluctuatxone ir one can mﬂu-

_ence the others. Instnbxhty doel ‘arise i.i a duturbance in one' proceu

prodnces an amphfymg reuponse in one or more others.

Combustxon’ 1t9el£ zs ‘not an elementary proceu but z‘s a set of coupled
I:f we follow the hiotory-of a: parhcle of propellant, we note
tha.t xt atarth out an'- I cen‘. =vli:'. ...u»um .3 reactive mterialt. zt is pre-

- m a comphca.ted aet ‘of "vreat:tio N k';;nd chffuuonal operatxonn at
to' noar adiabttxc equxlibnum
ok o ,reae'kve apecies and energy from the

gas phaae to the surfa.ce and part of the energy to the sub-nurface matena?
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We see that the combustlon process itself contains the necessary ingre-
dxents for instability--feedback and mass 4nd energy capacitances. It ix
‘,mzeresfmg to postulate an moiated combustion process a.nd ask if it cac
'oxh1b1ti mt-nnslc instability, We don't know the answer. Ve do know tha'

v .unvder some conditionslwe cennbt make the propellant burn, and some mvcsti-
gators have auggested that under. certain conditions propell.mts u.ndergo
osciilatory combustion at preferred frequencxes. Smtable experiments have -
. yet to be performed. On tﬁe other ha.nd,v the subject of instrinsic ins.taoility
may be irrelevant. The dominant view among investigators is that we can
elxplain‘ aii instances of viostability a8 interaction between combustion and
“other processee in the rocket sys.tem.‘ That view will be taken in the remain-
‘der of this lecture. o _ | o ' '
, There are two questions to be asked: "In'what way"e can "com‘Eustion
zntera.ct with other processes in the system? " and "Under what conchtzona do
the mteractmns result in mstabzhty?" ‘ | , o '

W1th respect to.the first, we congider three kinds of st:muh that can be'
| pr_ovaded by the surroundmgs of the combustion zone--heat removal or .supply,
gas 'rnotion,: and pressure' Heat removal from the combustzon zone, by
. radiatio: for 1nstance, would reduce the feedback flux from the gas phase to
the gas-solid mterfa.ce. As the react;on steps are strongly tempera\ture de- o
' pendent, one would expect the results to be dramat:c. It happena, however. :
that simple thermal couphng between combustion and other proceesea 13 very
weak in a rocket combustion chamber.- It may.be axgmﬁcant in some exper-
imental burners. : . - ’ . A

Gas motion mduced in the combnsnon zone by the contiguous ﬂow ﬁeld

can give nse to what is known as volocity couplmg An instance of the‘
.'ef.fect of thm stimulus is erosxve burning. A related phenomenon 1s the
' vanatxon of 1gmuon nme w:th gas velocxty when igmtxon ae achxeved by

convective heat transfer. Gas motaon pamllel to the burning earface _

' affects, ueually but not always i.n a way to enhance, the mixinn and feedba.ck
'proceeses in the ga.l-phaae region of the eombuation procele. L " '
Fmany, pressur?', in an ef.{ect known as presanre couplmg, can m-v

fluence the rate of combusnor' by compresamg the gas-phase zone, thus
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' ‘providing.hoth con;pression heating and steepened concentration and tempera-
ture gradxents._ The rates of the feedback’ sub-processes are thereby altered.
So also are p___essure-dependent energy-hm:ted surface reactxpns such as the
d:ssocxa.twe vaponzation of ammonium perchlorate, Here w:— must be careful

. to dmtmg\nsh between the normal effect of steady pressure, ‘which is a pnmary
: variable in determmmg the steady-state combustmn rate, and transient pres-
’vsure, wh.xch is the symptom of instability. ) ‘ '
To anewer the second ‘question concermng the condznons needed for the

.'response to result zn mstabzlity, we {find 1t convenient to thmk in terms of a

: -l,penodc atimulus, its cha.racteristxc time bemg the recxprocal of 1ts angu-

lar frequency.; If the characterzst:c txme of a trans1ent stimulus is very
large compared thh the greatest charactenatzc time of the combustmn sub-
processes tha.t ca.n respond then the combustxon process remains: esSentxally
“ina steady state dxctated by the Anstantaneous condxtaons of constramt

Put a,nother way, the response is m phase w;th the stimulus--a nonamphfymg
sxtua.txon. As the combustxon zom- is the sole source of energy, the unamplx
'f1ed trancient will be damped out by the avax!a.ble dmsxpat:ve processes in
the roeket aystem If, .on the other hand the charactenstxc time of the
stxmulus is very sbort compared w1th the charaetenst:c tnnes of responszve
| .;sub-processes, then the responsu wﬂl be 180 degrees out of pha.se--a.lso a

‘j nona.mphfymg sxtuanon. : If the stimulus a.nd the response charactenstxc :

e order o[ magnitude, then we have the possxbxhty of

times are .of the 82

‘amphﬁcation or: attenuatxon. o T _
If xs of interest, then. to estnna.te the charactenst:c tunes of the

combuation process.“ Aa an upper hm:.t, we can take the tnne of residence

of propella.nt matena. in the combustion wave, and that time is Irom 0.5 to

50 msec.for mmomm-nerchlorate eomposxte propellants, typzcally from 1 to
. 10 rns_ee.; ; The hrgest of the chara.cteristxc tzmes is usuany that of the
] E Givem by the ratxo of thermal diffus-

ating: ’ml wave a the -ond
ivxty to'=-the quare of the steady-state 'b rning rate, its va.lue is typxcally

Ayl

_,,,to 8 msec. 3 We suspeet that the combust:on may be an effectxve amph-.,'

irom
,fxer for signa.ls ir. the frequency -range of 100 to 1 000 rad sec.

Cur 1gnoranc° of the nature of the surface and gas-phase events makes
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cstimating other charactrrr tic times d1£f1cu1t. The mass ‘and energy transport

‘tlmes in the gas pha.se would be the residence .ime if plug flow conditions were

.'obtamed We would est1m< ;e a time of the order of 10 to 100 microsecohd‘s

and expect " ‘sensitive response to stimuli in the frequenc* 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 m:crosecond if oscillations at frequenc1es of the ‘order

| of 107 rad/sec are amphﬁed to aagmﬁcant amplitudes, they have not been

observed and: rzported. Tk: reactrons ave proba.bly distributed in a chaotic

gas-phase reéion, and their effect is probablY'to'acoerituate the sensitivity

.of‘ the mixing and transport éxib-‘-processﬁe's. | | |

Having 1d entified_ two irequency regimes in which we would expect the
~,"'combustion process to be a sensitive amplifier, we inquire about the source
‘and selectzon of the d1sturbances to be amphf1ed Pressure pulaes of com- .
plex form, therefore contammg componenta of many frequencms, are not un
common. More reliable as a source is the combustion procaas 1t3elf w}uch
generatns noise with a wide spectrum of frequencies. _ '

The selectaon of Irequencxes to be a.mphfzed is made by the non-com- ‘
'bustzon pro cesses in a negatwe way "As these processes ‘are attexmatzng in
nature, they" ‘avor some frequenc:.es simply by bemg leas capable of absorb-
ing energy at those frequenmes. If the loss due to attenuatmg processes is
less than the gain due to combustmn, then oscﬂlatzons wal grow._"' ' |

‘ “The ideas that have been expressed .80 far will be a.pphed to two kmds
of matabxhty"acoust:c 1nstab111ty and L* mstabxhty. o

ACOUSTIC INSTABILITY ) - ‘ .
Acoustic: instabilit acqmred 1ts na.me from the fact that the observed

oscxllatxons are acoustic waves at frequencms determmer’ by. the propertzes
of the. gas and_the geometry of the gas cav:ty. 'I‘he frequency range en-
‘countered in practice is about 5, 000 to 100 000 rad/?ec. where one. expects

the eensxtwe aub-process of combuatxon to be the feedback of energy-and

masgs. ‘ ) . PO )
 The gas cavity is shaxply selective with respect to the £requencieé '
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observed. ‘Many shapes of gas cavity have been employed in rockets and t'est
- burners. and all the types of acoustic modes \.ompauble wzth the geometries

have been reported ‘The combustion proness is not so dxscnrmnatmg, it

The acousticai descript'ion-of this kind of instaXility attributes to
, the combustxon zone an acoustic admittance whmh is simply related to the
couplmg functzon connectmg gas generatmn rate to pressure. One obtains
_one or the other of these quant1t1es from the measured growth rate oi the
.prelsure osc111anons adJusted for the losses in the expenmental system .
.' employed One of the interesting predlc.tzons of the - acoustical descnptmn"
' concerng the role of the solid propellant gram in the acoustzcal system.,
.It représents a sxgm.ﬁca.nt sink far 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-burmrg

grams, is the " pr1nc1pa- tool for evaluatmg the tendency of a propel‘ant to

amphfy pressure-coupled osc:llatmns. Beczuse the instability seems to be

g 4 more severe in some rocket systems than in T- burners, it is ‘believed that

velocxty couplmg also contnbutes.» There is not, at. .the present tlme, a
smtable method for’ obtammg values of the couphng function from axperi-

e ntal measurements.

L INSTABILITY | |

' The phenomenon of L* mstab1l1ty occurs- when LI, the gas’ cavxty volume
.d1v1ded by the nozzle t:hroat area, is ‘small. A second condxtxon for its
occurrence is: that the normal burning rate of the propellant be a small

value. The frequency #ange observed w1th 2 small class of comp051te pro-

pellants carefully studxed is about 200 to 1,200 rad/ s2c, where one expects
the sensxtwe sub-process to be the ther'nal. wave in the sohd
The most severe form of th:s kmd of mstal:uhty is chu.fﬁng--alternatmg
o 1gmtzon and extmguxsn nent. “As the propellant burns back L* increases;
and the iraction of burnmg time in ‘the chuff cyele mcreases. Oscillations of

charactenstxc frequ.ency appear on the crests of the chuffs and grow in |

.3527'

behaves as a broad-band amplifier over large frequency and pressure ranges.




| araplitude until burning ceases again. As L* increases still more, stable.

~conditions appear. Even then, oscillations, which damp out, ¢an be triggered

‘oyl a disturbance; and the frequency can be measured. . .~

At the present time, the frequency of the oscillations cannot be predicted.

Attempts to construct 2 descriptive theory, at present in a primitive state,

suggest that the gas residence time determines the irequency.

.SUPPRESSION OF INSTABILITY
Effechw ‘suppression of acoustic instability in the £requency range

~ where it has deen commonly encountered has been achieved by mcluding alu-

minum in the.,px;opellant. The most popular view of the manner in whieh it .

acts is that the. fine alumina produced dissipates the acoustic energy in the
" gas cavity. "I‘he particle size of the ‘alumina is determined by the combustion
charactenstzcs of the metal, and the damping effectxveness is dependent on

.particle size. At the much lower acoustic frequencxes ond would expect in

very xarge solid-propellant :ucs.ets, the £1ne part;cle dampmg mechanism ma.y .

not ‘be effective.

On the other hand, if at least pa.rt of the eﬁectivenen of the aluminum
results £rom a spoiling of the pressure-burning ‘rate coupling at the clom’ous-
'tion 'zohe, it is exerting its inﬂuence‘ in the thin combﬁsﬁon zene gas phase.
At lower frequenc;ea, however,. the senainve uub-proceu is - in the :olid '
Aphase, and again we ‘conclude tha,t there is no reason to expect aluminnm to
be effet.tive. It is clear from experimenta with expenmental burners oper-
ating at low L* levels that alummum doea noteafiect stability except msonr

. as 1t innuences the burmng rate. :
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ARPA Liquid Programs - A Critical Review
(15 August 1967) -

by

N}

G S A'Forrest 5. Forbes ~ =~ %7

"Forrest Forbes is the Chief of the Liquid Propellant Branch, Propellant
. Division, Air Force Rocket Propulsion Laboratory. He received his B.S. _
S ST - in Chemical Engineering in 1951 from the University of Iowa. He begen ‘
S 4] . ... his career at Wright Air Development Center, Wright-Patterson AFB, Ohio
L - in 1951; then transferred to AFRPL in 1959 where he managed the liquid-
g L . oxidizer research, development and evaluation programs including the
BT B . effort that resulted in the development of chlorine pentafluoride. Mr.
g . - Forbes has also acted as chairman, advisor, and consultant for many
boards and committees working in fields related to rocket propellanta

‘ The ARPA liquid propellant program covered a very broad spectrum
'l_i o '.7;: of propellant technology with the emphasie concentrated in four major
areas: homogeneous oxidizers, heterogeneous fuels, heterogeneoua
" ; : z "monopropellants, and combuetion of rnetallnzed fuels.
- e Many propellants and ingredients were screened for performance,

compatibility and physical propertiea.' The promiaing propellant

‘ combinations were formulated of prime interest were N Fa, clr_, o .

7;{TNH and Compound "I" [p(NF2)4] Attempta to reduce the vapor
| -Preesure of N Fh were not successful. The most attractive mixture, ‘ . .' .
‘ ';f; ' o . F4/ch5, from the standpointa of both performance and phyeical
| | .:'properties, was ggactive. C ' V ‘ "' '
% _’1i4 -{fﬁ'l iﬂi: Mixturea containing aufficient amounta of - Compounds ", "R"
i j:' , dﬁﬁffufor other NF materiala having acceptable perfoztance or vapor preaaure, '
| ‘lwere too aenaitive for practical use. N204 can be upgraded by about
10 aeconda Jith 30%."T", ‘the’ reaulting mixture appeara to meet |

Jecceptable safety atandarda but the availability and difficulty
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of handling "T" will limit further development. A low-temperature

/NO gel was formulated that has acceptable properties and
stability. It was successfully flowed at -3o,p, Its performance
with hydrazine is 290 seconds. - B

' Heterogeneous fuels containing aluminum, beryllium,‘A1H3, and
ﬁeﬁz were successfully formulated. The ZDH-A and‘EDB-ﬁ”compoaitione;l
have good low-temperature utility and’ reaso able high-temperature .
stability. Theae two fuele, and a Be/N H4 gel, are now ready for
larger scale development studies. Ben--baaed fuela exhibited hish

reactivity with MMH although aome improvement was made. Recent

.Aerojet material appears however, to vaﬂt our gaa evaluation require-

ment. . Replacing some of tre deride with beryllium metal merite p{”

additional atudy because of the higher weight loadinga attainable.

The use of ageuts ‘to thicken, rather than to gel, may reduce or elim-f‘“
. inate bulk erpansion due to gas evaluation. Satiefactory fuela can

" be formulated using hydrocarbon carriera."{”'

Several hf;h—density heterogeneoua monopropellnnta baaed on

'lboron carbide appear to be very attractive candida'es for volume-i}

e

limited applications.' High-energy monopropellants based on BeH /H

and other components were also aatiafactorily formulated. SOme waterﬂf;ﬁfﬁ

R LN RIS L e et

2




PPN SIS I N VRSN SPSR S -

e 4 s SR 4t

efficiency is pdasible. Since C* measurements require precise hard-

were dimenaions future tests should be conducted at highei thruat

1evele~ Both Al and Alr{ propellant combinations appear.wz'ery
sttrective, elthough throat erosion may be a problesm.
AB expected the combustion of NZFQ/"R" and N FL/CIFS mixtures

with hydrazine wcnt smoothly and resulted in high efficiency. 'rhe

e’.eke reported for the Beﬁ systems indicated high C* efficienc

2.
while for Be gels, a. lower efficiency.~ Sufficient variat fons in

tal canbuation efficiency under different conditions have been

1‘h ARPA iquid propellant program will serve as a guide for

and' ound unsuitabl, Satiafactory formlations have been identified

ni should'receiVe ftn'ther eons'ideration.

uture propel mt efforts. ‘\iany propellant mixtures were formlated 4
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23 August 1967
SHOCKS AND THEIR‘EFFECTS-ON PROPELLANTS

. . n : . Leslie B. ‘Seely, Jr. .

- - ‘

Poulter Laboratory for High Pressure Research
: ' : Stanford Research Institute
o - Menlo Park, California

‘The subject'of shock waues is'qutte:simple.' An adequate diacuasion ;
“of the subJect can be carried on with recourse to no more than the nost |
. basic mechanical laws, and “the major features of ahocks can be analy*ed
with mathematics no more-complicated than algebra._ There ie considerablo~
merit in treating shccks in'this'simple.way in ordsr to eet tortn'tﬁeir
important properties as clearly as poeaible-hthe asauuptions naie will
) readily percezyed It is also poasible to. arrive at the ‘same reault
. :(and gain, it is true, the capability of ccnsidering very complicated
"j- o cases) by using 1nvolved mathemntical nethode and developing shock theory

from the differential equations of compressible flow.' In this case we |

S . are apt to overlook the’ true difficulties because they are hidden n the f'

basic assumptions -of dif!erential calculus, we aasune that it is legiti-

mate to integrate equationa dealing with iniinitessimala to arrive at ,_f57~

equations governing finite ditferences occurring at whaf ie, fron a’ ,'if

:practical point of’ view, a discontinuity’in the variable;

2
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‘is bnsic to shocks but'usually difficult to grasp by those -considering

'.the subject for the first time

A ccmpnter-generated uovie was shown during the talk to illustrate

——— =

zThe'picture showed a 50 x 50 array of evenly spaced dots representing in

two dinensions the mass points in the unterial. It was then imagined

that a pieton compressed the field of dots from left side, moving the

':7.11ret row of dots to one hnlf their. original distance from the second

i=frow. In the second frame the motion wns continued and the distance

‘betveen the second and third rows decreased by one half, = The pieton
- hnd by thie time moved a dlstance equal to the originnl spacing between
o 4

‘ftwo dots vherens the ef!ect of the compression, evidenced by the change

’ lnjepacing.;hld moved two dots.' when the film was continued at_nornnl

Kzfinihg eoeed'fthe.chenged nverage'light intensity in the compressed

LAk

. fregion 1nd1cated the increased density. ..Tlie.front of this region

33‘progreseed ecross the screen at ] constant velocity in a plausible

"?,representntion of a compressxve wave of finite anplitude.'

fﬁ? At the right side of the field ot dote the wave was considered

3

' -t0~encounter nn ahsolutely rigid wnll This prevented notion of the
i_f)nst column of dota. it was noted thnt the piston had moved half way
'ftacroas the field (compression of two) at this time, and that therefore

7 the particle velocity (equal to the piston velocity) was one hnlf the

fnhock velocity. }}j}lﬂﬂf ~f¥?_“j'ﬁﬂvf o

"The.representation shown 1n the novie‘was then chnnzed to give a

334

what nuet,happen_when a mnterial is rapidly compreased by '3 xinite emount.
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dots. The velocity of esch dot 1s the same as the piston since we i3

‘on the sho k- front and

" in full completencss although it'éannot give as realiztic an imprecsion

of -the progress of the wave. A row cf dots was taken fzom 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.} 1In this‘way the (x,t) plot shown in Fig. 1 was constructed.

The piston velocity can be seen as the slope of thevlatt-hnnd edge of the

the piston velocipy constant. The front of the shock is seen as the

: _ : : A o L 4
front of the compressed region. It is clear intuitively from th;s-

picture that the compression is related to the distance between the
shock front and the ‘piston; that is, the dif!efence between the shock -

_velocity and the particle velocity. The rel#tionship'iét

where’ V= fhe compressed volqmé
'Us = the shock velécity : .
u = the particle velocity. '

The subscript zero refers to cod&iii&ﬁé ahéadlbf'tﬁé“shdbi

of materials._

P

In order to simplify our;"ﬁ
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tunnel. 'The laws of cdnservst'ion of mass and momentum are then applied
simply to 1 cm2 of a very ;arge plnne shock, The volume of materi nl
' f,r::v':.:. ) enteung this area in 1 sec 1s U ,and the mass is obtuined by multiplv—

i 1nz by the density p Equating the mass nowing into the shock

_ 1
Vo :
, region to that flowins out of the shock region gives
[Po . p(U -p;')).A E L o ‘ (1a)
. F 4
_ _vhj.ch 1a 1dentica1 with Eq. l, Sim:lhrly. NmOn'a second ln can be

‘ appned to thc mterial flowing throuxh the shock.

Force ;4 mass ° acceleration

- ’ . = ‘mass - change 1n velocity
o ;m force 18 the difference 1n pressure P. 'rhereva'ox‘e,’ B

“‘:po Us[Us -, (U = )J'

13 n-an relative to P.

"Bquation 2 is~ particularly useful .tor"'deanng vith vmt happena at

Ln rfcces between materials. In orde_ to pe torm shock cxper:lnenta we

Y

umst 1ntroduce shocks 1nto tcst specinens tron other uternan At such.“. '

an 1ntcrfnce a’ shock 13 re! ected eithe a a-shock or a rarataction S

g 336
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“4ype of shocks we have been considering no separatiom.is produced'at the

where the numerical subscripts are used to diacrininate between the two : ‘

A materials forming the intertace.,

‘boundary, that is, after shock reflection the particle volocity is the

‘same on both s l}des of the boundary. It also has been obaerved thnt the

'1ntertace assumes a veloeity when struck by’ the shock nnd thnt hie

velocity remains constant as long as the originsl shock can be conaideredf

flat topped.. Slightly more complicated: considerations involving tke

conservatio. _.s than those used to develop Eq 2 can’ denonstrtte that

this must be so For present purpoaes we will asaune that 1t 18 an '

o

experimental fact that

and P, =Py, .. 0

L . »

of Eq. 2 18 grently enhanced

should be plotted in the (P u ) plane. >”f"

S -l. PR
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For the sane reason, 1nterflce problens f"
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‘in each experiment by one shqekimeasurement on the brass:‘ The negatively

'aleped lihe through S ia the locus of all state points that can be
.svereegged_ﬁi expansjon in the braes'starting at point 8. New it we

Ieliure the shock velocity U induced in the test speciuen by the

.feheck in the brass, we gsee from Eq. 2a thnt & line can be drawn with

; lope p U through the origin which will contuin 311 values of P
ri;fnnd up attainable in the test specinen as the result of -a shock with
.zvelocity U The intersectien of this straight-line with.the expansion

)curve or the bress is thz only point at which the relationz (3) hold,

ndvtheretore the point I is the desired stnte point in the test
'ﬁéﬁhv | BRI VU

."Thus, one ohock exyeriment producing -} particuler shock velocity
15 the‘sanple enables us to plot one point in the (P, u. ) plane.
orling etﬁer experinenta with ahock generuting systens designed

:ce sh cks of various strength we can generate ofher atate points:

‘Lor tho pecinen materiul They will be en a positively eloped curve
L -AJ,‘

hrough th erigin with curvnture conctve'upward sinilnr in shape to

EER R

ession for brass shown in Pig. , Such a curve is

3

It can be

the'ﬂngcniot urve'for the substance in question.

5
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ftions but this induced simplicity,is appropriate to the problem o!

.we must in fact use plane frontedw tla

. with thin irregular fronted shocks

SRAm L MEAR HA S L  e P Y A (-8 et amnern oo )

7
1.. High explosive shock generating systems with the pressure

" adjusted to the desired value by the "mismatch-attsmuator

&

1 These shocks are=not precisely flat topped, but accurate experiQ.'
ments csu be performed, psriicularly at high pressures. '
2, High explosive shock generating systems employing a “fiyer
plate.” This system is capable of generating flat topped shocks
. - for periods up to 5 Usec.
3. Lighf gas gun'systemsvin whicb’the flyervplate is the'£1et‘
" _end of a projectile. . This system'is particularly accurate in
“the low pressureiregime.
In addition, shock measurements may be made of'persmetersfother‘iﬁsn‘4
the shock vélocity. - The particle velocity_may be‘measured.sud used with

the Hugoniot of the adjoining material in the shock—generating system to

- derive the pressure or used with a simultaneOley measured shock velocity”

to derive the pressure independently. Alternatively, qusrtz or manganiu

gages may be used to record the transit time through the specimen and in

addition record the time structure of -the pressure pulse it the vave in :

fect is not a eimple discontinuity (as we have 80 tar assumeﬁ)., .'

in summary, the theory of shoeks is simply derived from the most ,3“

basic pbysical laws. True, ve have ﬂnduced the simplicity by our aasum"'

measuring the dyuamic compressive properties (Hugoniot curves) of

materials. In grder to measure the Bugoniot curves of nev msterials,g.ﬁfi;iﬁ '

t-topped shocks‘ The obji'tion* :

might be raised that in praetical cases of interest we are

a'steep pressure gra on bebind

239
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the frbnt. This_is'trué, but nevertieless the measurements should be

‘carried out with the sinmple shocks to which our analysis applies. 'There are

two reasons for this. First, the simple dynamic compressive_ properties
————. - oL ’ : . - é.‘ .
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 dccur at the

‘interfaces between them. Second, it is muéh more diffidult to malie measure-
ments on a thin shock than on a flat-topped shock becsuse the thin shock -

" changes continually in vélocity;‘no steady state 1s possible. . It must,

of course, ‘be admitted that eventually we must deal with the thin shocks

that are of 1nterest’in many practical situations.. At that time we hﬁst

‘obtain enough information about the expanded states of the materlals to

nredict sound velocity at all points in the flow, and when we consider

free surfaces of the materials we must study their dynamic tensile

‘prbperties to predict spalling and similar effects. But of primary

" and prerecuisite importance iu the measurement of dynamic compreesive

propefties.' The detailed shape of the Hugoniot éurveé can 1nd1¢ate'md¢h

aboutsghpck-induced changes in the materials.

g .
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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, = ’ :
o . | | | 34)
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