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PREFACE

This booklet serves dual purposes: (1) provides a status report on the Air
Force's basic research program on both chemical and nonconventional rocket
propulsion and (2) is the program for the contractors' meeting on rocket
research.

Most of the abstracts follow a specific format. The text begins with a short
statement of relevant scientific questions addressed by the research, followed
by an explanation of the scientific approach. A statement of the uniqueness of
each approach was golicited from the investigators. The major portion of the
text describes the results obtained during the last twelve months. The
abstracts should describe two figures: Figure 1 {llustrates the main (or a
representative) feature of the scientific approach and Figure 2 presents a

primary accomplishment.

Hard copies of the vugraph material and collateral information are in file
folders (one for each presentation) on a table at the rear of the meeting room.

Sinoce the research on metal combustion and structural mechanics have had
adequate national forums in recent months, that research will be presented in
the March 1986 Rocket Research Meeting. The abstracts on metal combustion
research are included i{n this bdbooklst.

The research on advanced diagnostics of reacting flow is the subject of a
separate meeting which is held every other year. The next meeting is scheduled
for Spring 1986. The abstracts on that research are included in a special

section of this booklet.

A primary objective of the meeting and this booklet is to encourage the
participants to interpret the technological barriers and to consider new
research approaches. Since a 25 to 30 percent annual turn~over is built into--
the program, each year opportunities exist for new research approaches and for
new principal investigators. Several of the presentations provide introductions
to some of the barriers and tschnological challenges. Prospective principal
investigators should not feel constrained by these presentations and are
encouraged to look beyond the identified items. The location of the meeting
(1.e., near organizations interested in the research) promotes interchanges
among the inveatigators and those responsible for Air Force programs.
Accordingly, many of the participants will be able to provide. specific
information on Air Force requirements. Questiona conoorning the westing can be

_directed to either:

Leonard H. Cnveﬁy or 'Hayn. E. Roe

APOSR/NA = AFRPL/XRX
Bolling AFB . Edwards AFB, CA 93534
Washington, DC 20332-63&8 Phn: (805) 277-5206

Phn: (202) T67-4937 " Autovon: 350-5206
Autovon: 297-4937 -
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1985 AFOSR/AFRPL ROCKET RESEARCH MEETING

Antelope Valley Inn Lancaster, CA 93534

MONDAY (AM)
18 March 1985

0739 Registration
Session Chairman: Anthony Matuszko, AFOSR/NC

. Topic: New Syntheses and Synthetic Methods

- TIME NUM, ' .
0800 1 ELECTROLYTIC PREPARATION OF NOVEL AZIDODINITRO COMPOUNDS, Milton B.

Frankel and James F, Weber, Rocketdyne Division, Rockwell
International, Canoga Park, CA

0830 2 SYNTHESIS OF DIFLUORCAMINOXY-, DIFLUOROAMINO-, OR FLUORODIAZONIUM
» _CONTAINING MATERIALS., Jean'ne M. Shreeve, University of Idaho,
Moscow, 1D

- 0900 3 'SYNTHESIS OF NEW POLYNITROPOLYHEDRANES. Alan P, Marchand, Suresh C,
Suri, and D, Sivakumar Reddy, North Texas State University, Denton, TX

9930 4  SYNTHESIS OF HIGH NITROGEN CONTENT HETEROCYCLIC NITRAMINE3 AND F
: ENERGETIC MATERIAL PLASTICIZERS. Rodney L. Willer and James A.
Hartwell, Morton-Thiokol Inc., Elkton, MD (New Start)

0945 Break

1015 S . SINTHESIS AND REACTIVITY OF UNSATURATED METAL NITROGEN COMPLEXES,
William C. Trogler, Joseph H. Osborne, and Mary Maciejewski,
University of California at San Diego, La Jolla, CA

1045 6 SYNTHESIS AND CHEMISTRY OF POL!NITBOALKAIES AND POLINITROOLEFINS,
Clifford D, Bedford and Robert J. Schmitt, SRI International, Menlo
Park, CA - '

1115 T NEW SYNTHETIC TECHNIQUES FOR ADVANCED PROPEﬁLANT INGREDIENTS;
' SELECTIVE TRANSFORMATIONS AND NEW STRUCTURE., Robert D, Chapman, Scott
A. Schackelford, snd John L. Andreshak, AFRPL

1148 Lunch (RcconQino at 1300)




. —T——_— —— . o 1+ it e — o e s

MONDAY (PM
18 March 1985

Session Chairman: Frank Roberto, AFRPL/MKP

Topic: New Syntiheses and Synthetic Methods (continued)

TIME NUM, o
1300 8 PLUOROPOLYAZIDOESTERS AS ENERGRTIC POLYMERS. Robert M, Moriarty,
University of Illinois at Chlcagd, Chicago, IL (New Start)

1315 9 NEW ENERGETIC POLYMERS As BINDERS FOR PROPELLANTS, Moatafa A. H.
Talukder and sunlay D, Morse, University of Dayton Research
Institute, Dayton,

1385 10 EMERGETIC FLUOROCARBONS. Carl J. Schack and Karl O. Coriste,
- Rocketdyne, Canoga Park, CA (New surt)

Topic: Roaction Mechanisms and Decosposition

e um .
115 INVITED: ENERGETIC MATERIALS SYNTHESIS RESEARCH SPOMSORED BY OMR.
Richard S. Miller, Office of Naval Research, Arlingtom, VA

1845 11 COMTROL OF THE URETHANE CURE REACTION WITH SOLID, BLOCKED ISOCYANATES,
¥William H. Graham, J. B. Canterderry, Inella G. Shepard, Jerrell W, '
Blanks. Morton Thiokol/Huntsville Division, Buntaville, AL

1530 12 PHYSICAL AND CHEMICAL COMSEQUENCES OF ANTIARCMATICITY IN THE .
BORACYCLOPENTADIENE SYSTEM. John J. Bisch, Sinpei Kosima, and James
E. Galle, Stats University of New York at Binghamton, NY (New Start)

1545 13 HIGH ENERGY MOLECULES OF HIGH SYMMETRY. William S. Andersocn, Chemiocal
~ .. Systeas Division/United Technologies Corponuon, San Jose, CA (New
Start)

1600 18 mmosmm mnolmrs IN NEVES ENERGETIC MATERIALS.
Thomas B. Brill and !oauo Oyumi, ﬂninmey of Delawvare, Newark, DB

1630 15 muwmmcrsumxummummnu.,

( . PROCESSES, S3oott A. Schackelford, Stephen L. Rodgers, and Michael B,
Coolidge, AFRPL/LILR; Robert E. Askins, Morton Thiockol Corporation,
Buntniuo, AL . , ¥ ,

1700 ADJOURYN SESSION.

1700 Discussion Smu (Snacks .ntt. drinka, ash bcr) - lnulopo vm..,
Inn




1985 AFOSR/AFRPL ROCKET RESEARCH 4EETING

Antelope Valley Inn Lancaster, CA 93534

TURSDAY SAM!
19 March 1985

0730 Registratiqn
Session Chairman: Julian Tishkoff, AFOSR/NA
Topic: Combustion .

TIME NUM.

0800 16 FLAME HECHANIS)S AND FLAME INhIBI‘rION .Jay D, Bversole and David P.
Weaver, AFRPL :

0830 17 SUPPRESSION OF AFTERBURNING IN SOLID ROCKET PLUMES BY POTASSIUM SALTS.
Eugene Miller, University of Nevada Reno, Reno, NV

0300 18 CHEMICAL KINEIICS OF NITRAMINE PROPELLANT COMBUSTION. Melvyn C.
Branch, University of Coloradc, Bolder, CO

0930 © 19 . COMBUSTION OF HYDROGEN AND HYDROCARBONS IN FLUORINE. Myron J.
Kaufman, Emory University, Atlanta, GA (New Start)

1000  Break

1030 20 ANALYSIS OF HETEROGENEOUS DIFFUSION FLAME STABILIZATION. Warren c.

Strahle and Jechiol I. Jagoda, Georgia Institut- of Technology,
Atlanta, GA

1045 21 EXPERIMENTAL INVESTIGATION OF mnocmzous FLAME STABILIZATION.
Warren C. Strahle and Jechiel I. Jagoda, Georgia Institute of
Technology, Atlanta, GA

1100 22 HIGH PRESSURE SOLID PROPELLANT COMBUSTION ZONE STRUCTURE FROM ANALYSIS
CP HYDROXYL RADICAL CHEMILUMINESCENCE., David P. Weaver, Tim Edwards,
Susan Hulsizer, and David H. Campbell, AFRPL and University of Dayton

1120 23 EVALUATION OF HMX PROPELLANT CHEMISTRY FROM RAMAN SPRCIES AND
. TEMPERATURE MEASUREMENTS, David H. Campbell, Tim Bdwards, David P.
Weaver, and Suan Hulsizer, AFRPL and University of Dayton

1140 - 28 APPLICATION OF MOLECULAR KINETIC MODELS TO THE PREDICTION OF ucm.ov'
' ' CONTAMINATION, David P. Weaver and David H. Campbell, AFRPL and
University of Dayton .

- 25 "EVALUATION AND COMPILATION OF THE THERMODYNAMIC PROP!)!‘!‘I!S oF HIGH
TEMPERATURE SPBCIBS Malcola W, Chau, The Dow Chemical Co-pany
Midland, MI

- 26 "CRITICAL EVALUATION CP HIGH TEMPERATURE CHEMICAL KINETIC ﬁA‘l‘A.
. . Morman Cohen and Karl Westberg, Aerospace Corporation, Los Angeles, CA

1200 Lunch (Reconvene at 1300)

. -
Abstract only, no presentation.




TURSDAY. (PM)
19 March 1985
Sessiocn Chairman: Robert C. Corley, AFRPL/DYC

Topic: Combustion (continued)

TIME NUM. . _

1300 27 AZIDE DECOMPOSITION AND COMBUSTION. Joaseph E. Flanagan, Dean O.
Woolery, and Wallace W. Thompson, Rocketdyne Division; Rockwell
International, Canoga Park, CA

1315 28 STABILITY OF RDX, AP AND BTTN NEAR ROOM TEMPERATCRE. Douglas B. Oison
ard Robert J. Gill, AeroChem Research Laboratories, Inc, Princeton, NJ

1345 - INVITED: COMBUSTION OF ENERGETIC MATERIALS AT THE SANDIA COMBUSTION ,
RESEARCH FACILITY. Sheridan Johnston, Sandia National Laboratories, ' .
Livermors, CA , ,

James J. Komar, Atlantic Research Corporation, Alexandria, VA

- 30 *CROWTH BEHAVIOR IN A COMPOSITE PROPELLANT WITH STRAIN GRADIENTS, C.
T. Liu, AFRPL _

- N .CRACI GROWTH BEHAVIOR IN A COMPOSITE PROPELLANT WITH STRAIN

GRADIENTS. C. T. Liu, AFRPL

- 29 *FUEL-RICH SOLID PROPELLANT BORON COMBUSTION. Merrill K. King and
HIGH RESOLUTION MOVIES OF PROPELLANT DEFLAGRATION. Roger J. Becker,
|
|

32

Paul F. Luehrmann, and Janet L. Laird, Univeraity of Duyton Research

Ingtitute, Dayton, CH : '
- | 33 *WIDE DISTRIBUTION PROPELLANTS. Robert A. Prederick, Jr. and John R,
' Osborn, Purdue Universily, West Lafayetts, IN

AR oontinued on next page.
. - -
Abstract only, no presentatiom. o - _ o , , ’




TUESDAY (PM) (Continued)
19 March 1985

Session Chairman: Robert C. Corley, AFRPL/DYC

Topic: Combustion Instability

TIME NUM.
1415 34
145 35
1515
1530 36
1600 37

1630 38
1700 -
1715
1725

COUPLING BETWEEN VELOCITY OSCILLATIONS AND SOLID PROPELLANT
COMBUSTION, Robert S. Brown, A. M. Blackser, Paul G Willoughby, and
Roger Dunlap, United Technologies/Chemical Systems Divisica, San Jose,
ca . ‘

FLAME-ACOUSTIC WAVE INTERACTION DURING AXIAL SOLID ROCKET
INSTABILITIES, 3Ben T. Zinn, Brady R. Daniel, Jechiel J. Jagoda, and
Uday Hedge, Georgia Institute of Technology, ‘At.lanta, GA

Break

MECHANISMS OF ACOUSTIC SUPPRESSION. Merrill W, Beckstead and Richard
L. Rsun, Brigham Young University, Provo, UT '

'FLOWFIELD EFFECTS ON COMBUSTION INSTABILITY. T. J. Chung, University

of Alabama/Huatsville, Huntsville, AL

ROCKET MOTOR FLCOW TURNING LOSSES. Alan S. Harsh, Hersh Acoustical
Engineering, Chatsworth, CA :

OVERVIEW OF APRPL PLANS IN COMBUSTION, Robert C. Corley, AFRPL
OPEN DISCUSSION
ADJOURN

Discussion Symposia (Snacks ,soft drinks, cash bar) - intelope Valley
Inn

| e ,
Abstract only, no presentation. .




1985 AFOSR/AFRH.__ROCKET RESEARCH MEETING

Antelope Valley Inn Lancaster, CA $352%

WENNESDAY (AM)
20 March 1985

0730 Registration
'Session Chairman: Leonard H. Caveny, AFOSR/NA
Topic: General |

TIME NUM,
0800 Announccements

0805 - WELCOME: Don A. Hart, Director, AFRPL/CC

0815 « OVERVIZW: AIR FORCE ROCKET PROPULSION. Richard R, Weiss, Chief
Scisntist, AFRPL ‘

0915 - 38 OVERVIEW: AFOSR INTERZSTS IN ROCKXET PRNPULSION, Lec 2ard H. Caveny,
AFOSR/NR .

0930 - OVERVIEW: AFRPL RESEARCH INTERESTS I% ROCXET PROPULSION. Wayne E.
Ace, AFRPL/XRX .

‘0945 Break

1015 = ADVANCZD DIAGNOSTICS OF REACTING FLOWS. Ronald K. Hanson, Stanford
' University, stanford, CA '

1100 39 INTERACTION QF MULTI-DIMENSIONAL MEAN AdD ACOUSTIC FIELDS IN SOLID
ROCKET COMBUSTION CHAMBERS, Joseph D. Baum and Jay . Levine,
AZRPL/DYCR | '

1130 - « INVITED: TRANSATMOSPHERIC PROPULSION, Leik N. Myrado, Rensselaer
' Polytechnic Institute, Troy, NY .

1200 Luncn (Reconvene at 1300)




WEDNESDAY (PM)
20 March 1985

Session Chairman: Capt. William Sowell, AFRPL/LKCS

Topic: Beamed and Solar Energy to Flowing Media

TIME NUM.
1300 40
1330 ®

1400 42
1430 83
1500
1535 4y
1585 45
1615
1615-1645
1615

. 1800

LASER THERMAL PROPULSION. Dennis R. Keefer, Carroll Peters, Herdert
Crowder, and Richard Welle. University of Tennessee Space Institute,
Tullahoma, TN ' .

ANALYTICAL MODELING OF STRONG RADIATION GAS-DYNAMIC INTERACTION,

Charles L. Merkle, The Pennsylvanie State University, University Park, -
PA .

EXPERIMENTAL STUDIES OF LASER-SUSTAINED ARGON PLASMAS FCR CW LASEBH
PROPULSION APPLICATIONS. Herman Xrier and Jyoti Mazumder, University
of Illinois at Urbana-Champaign, Urbana, IL '

LINEAR AND SATURATED ABSORPTION OF LASER RADIATION .IN HEATED GASES.
Robert H., Krech, Lawren M, Cowles, George E. Caledonia, Devid I.
Rosen, Physical Sciences Inc., Andover, MA

‘Break

[ENERGY DEPOSITION OF PULSED ONE MICRON LASER RADIATION IN H_ AND AR.

David I. Rosen and Nelson H, Kemp, Physical Sciences Inc, Aiidover, MA
ADVANCED ENERGY CONVERSION CONCEPT FOR MICROMAVE BEAHED-ENERGY

PRUPULSION. Leix N. Myrabo, Rensselaer Polytechnic Institute, Troy,
NY (New Start)

ADJounu\i.s;fou | |
ADMINISTRAT:NE MEETING (FOR AFOSR CONTRACTORS ONLY)

Discussion Symposia (Snacks y20ft drinks, cash bar) - Antelope Valley
Inn

UO?KING SESSION: SHUTTLE BASED ELECTRICAL PROPULSIOK AND PLASMA FLDU
EXPERIMENTS. (Open agenda)

'— .
Abstract only, no presentation,
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0730

THURSDATY (AM)

21 March 1985

Registration

Session Chairman: Robert J Vondra, AFRPL/LKCJ

Topic: Electromagnetic Acceleration of Plasmas

TIME MNUM.
- 46
0800 47
0830 48
0900 49
0930 50
1000

1030 51
1045 52
1100 53
1115 58
1185 55
1200

.BASIC PROCESSES IN PLASMA PROPULSION., Herbert O, Schrade, Institut
fur Raumfahrtantriebe der Universitat Stuttgart,

PERFORMANCE-LIMITING FACTORS IN MPD THRUSTERS. Manuel
Martinez-Sanchez, Danjel Heimerdinger, Mark Chanty and Dsvid Melanson,
Massachusetts Institute of Technology, Cambridge, MA

EROSION AND ONSET MECHANISMS IN MAGNETOPLASMADYNAMIC THRUSTERS. John
L. Lawless, Carnegic-Mellon University, Pittsburgh, Pa

CATHODE OPERATION IN A SOKW SUBSCALE MPD THRUSTER TEST BED.  David Q.'
King, Jet Propulsion Laboratory, Pasadena, CA

HAGNETiCALLY CONTAINED ELECTROTHERMAL THRUSTERS, George R, Seikel,
SeiTec, Inc., Cleveland, OH (New Start)

Break

PLASHA-GAS INTERACTION STUDIES IN A HYBRID PLUME PLASMA ROCKET.
Franklin R. Chang, NASA Johnson Space Flight Center. Houston, TX
Warren A, Krueger, Ted F. Yang, and Jay L. Fisher, Hassachusetts
Instituto of Technology, Cambridge, MA (New Start)

A TANDEH MIRROR PLASMA SOURCE FOR HYBRID PLUME PLASMA STUDIES. Ted F.

. Yang, Ron H, Miller, Kevin W. Wenzel, Warren A, Krueger, and Franklin

R. Chang, MIT, Cambridge, MA (New Start)

COUPLING BETWEEN GAS DYNAMICS AND MICROWAVE ENERGY ABSORPTIOG
Michael M. Migei, Pcnnsylvania State University, Univcrslty Purk, PA
(Neu Start) .

PULSED INDUCTIVﬁ ENERGY TQANSFER. ,Petbr P. Mongeau and Déuglas P,
Hart, Electromagnetic Launch Research, Inc., Cambridge, MA

LASER DIAGNOSTICS FOR ELECTRIC FIELD MEASUREMENTS. Roger J. Becker,
Blair A, Barbour, and Allen T. Buswell, Univorslty of Dayton Research
Institute. Dayton, OH (New Start)

Lunch (Reconvenei-t 1300)
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THURSDAY (PM)
21 March 1985 -

Session Chairman: Frank Mead, AFRPL/LKCS

Topic: Energy Conversisn

TIME NUM,
1300 56
1315 57
1385 58
#1559
- 60
1445

OPTICAL TEGHNIQUE TO MEASURE ELECTRODE EROSION, James D, Trolinger

and David F. Schaack, Spectron Development Laboratories, Inc., Costa
Mesa, CA (New Start)

VARIABLE FIELD EFFECTS FOR THE ROTATING FLUIDIZED BED REACTOR, Owen
C. Jonea. Jr., Rensselaer Polytechnic Institute, Troy. NY

EFFECT OF INTERFACIAL PHENOMENA ON CONTACT LIKE HEAT TRANSFER |

Peter C. Wayner, Jr., Rensselaer Polytechnic Institute, Troy, NY (New
Start)

UNIFIED STUDY OF PLASMA-SURFACE INTERACTIONS FOR SPACE POWER AND
PROPULSION, Peter J. Turchi, Craig N. Boyer, John F, Davis, and

Joseph lorwond, Jr., R D Associates, Washington Research Laboratory,
Alexandria, VA

SCLOSE-SPACE, HIGH TEMPERATURE KNUDSEMN FLOW. John B. McVey, Rasor
Azsocistes, Inc., Sunnyvale, CA

ADJOURN MEETING

* .
. Abstract only, no pressntation.
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61

63

64

66

67

68

1
72
73

T

76

Topic: Diagnostics of Reacting Flow

TWO-PHOTON DETECTION TECHNIQUES FOR ATOMIC FLUORINE. William K.
Bischel, SRI International, Menlo Park, CA

COHERENT OPTICAL TRANSIENT SPECTROSCOPY IN FLAMES. John W. Daily,
University of California, Berkeley, CA

DEVELOPMENT OF VELOCITY MEASUREMENT TECHNIQUE BY PULSED LASER DOPPLER
ANEMOMETRY, B. C. R, Ewan and J. Swithenbank, Univeraity of
Sheffield, Sheffield, GB

QUANTITATIVE FLOW VITJALIZATION., Ronald X, Hanson, Stanford
University, Stanford, CA '

OPTICAL PROCESSING AND PHASE CONJUGATION, Lambertus Hesselink,
Stanford University, Stanford, CA

STRATEGY FOR ADVANCED 3ENSING AND CONTROL OF COMBUSTION. Mark L.
Nagurka, suan I, Ramos, and W. A. Sirignano, Carnegie-Mellon

. University, Pittsburgh, PA

1=D LASER DOPPLER INSTRUMENTATION. Holger T. Sommer, Carnegie-Mellon
University, Pittsburgh, PA : o

RESONANT CARS DETECTION OF OH RADICALS., James F, Verdieck, United
Technologies Research Center, East Hartford, CT.

SPRAY CHARACTERIZATION USING PHASE ANGLE DETECTIOI.. William D,
Bachalo, Aerometrics, Inc., Mountain View, CA

LASER EMISSION AND COHERENT RAMAN SCATTERING FROM INDIVIDUAL PLOUIIG
DROPLETS. Riochard K. Chang, Harshnll B. Long, and Roman Kuc. Yale
University, New Haven, CT '

SI2E AND SHAPE CHARACTERIZATION OF INDIVIDUAL FLOWING DROPLETS BY
LASER LIGHT SCATTERING, Richard K, Chang, B, T. Chu, and Marshall B,
Long, Yale University, New Haven, CT

SPRAY CHAﬁACTERszrIOI'HITH A NONilTRUSIVE OPTICAL SINGLE PARTICLE
COUNTER., Cecil F, Hess, Spectron Development Ladoratories, Inc..
Costa Mesa, CA ‘ .

INTELLIGENT LASER DIFFRACTION INSTRUMENTATION FOR PARTICﬁE SIZE
ANALYSIS. E. Dan Hirleman and Joseph I. Koo, Arizone Statc
University, Tempe, A2

APPLICATION OF ATOMIC FLUORESCENCE TO MEASUREMENT OF COMBUSTION
TEMPERATURES IN SOLID PROPELLANTS, Larry P. Goss and Arthur A, s-tth.
Systeas Research Laboratories, Inc., Dayton, OH

REAL-TIHE, TWO-~-DIMENSIONAL FUEL SPRAY VISUALIZATION, Lynn A, Melton,
University of Texas at Dallas, Richardson, TX; James F, Verdieck,

United Technologies Research Center, East Hartford, cr._

SIKGLE PARTICLE SIZING BY MEASUREMENT OF BROWNIAN MOTION. Alan C,
Stanton, Aerodyne Resesrch, Inc., Billerica, MA, and Wai K. Cheng,
Masszohusetts Institute of chhnqlogr. Cambridge, MA
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,'ELECTROLYTIC PREPARATION OF NOVEL AZIDODINITRO COMPOUNDS

Milton B. Frankel and James F. Weber

AT

Rockwell Intcrnational Corporation
Rocketdyne Division
Canoga Park, CA 91304 .

’
.

. Future higher performance propellants will require new classes of more energetic
ingredients. Polynitro- and azido-alkyl compounds either have been or are being
evaluated for this purpose. Highly substituted geminal dinitro compounds
{e.g., R-C(Noz)zx. where X-NOZ,CH3.F1 are of particular interest, and substitution
of an azido group (X=N,) will further enhance the energetics of such compounds.

o This rasults from the 2act that the azide group contributes %80 Kcal/mole to the

compound without decreasing the 0/C ratio.

S

The preparation of compounds containing the azidodinitromethyl group, for example,
presents a challenging problem. Prior studies conducted by C. L. Wright on the
electrochemical azidization of nitro compounds have only afforded 1,1,1-azido-
dinitro-ethane and -propane. On the other hand, only the former compound has

been synthesized in low yield and purity by standard chemical synthetic technigues.

\

DL e s e vIRE

The present program is directed toward investigating the experimental variables
which influence the electrochemical azidization of nitro organics, and extending
this basic knowledge to the synthesis of compounds having potential value as
propellant ingredients. Cyclic voltammetry is being used to determine the
oxidation potentials of the various reactants, the course of the half reactions
(i.e., reversibility), pH and temperature dependence, and solvent/electrolyte
effects. To date, these electroanvlytical studies have shown that the voltammetric
peak potentrials of the azide iom and dinitro carbanions, containing' various other
functional groups, fall within a range of 290 mv. Furthermore, it has been

. determined that the anodic oxidations are irreversible and relatively insensitive

ieee——e. .. to pH (6 to 11) and_tenperatute (10 to 50C).. For those cases wherein the anodic
peak potential difference between the azide ion and dinitro carbanion is 150 mv,
simultaneous oxidation of both anions occur'as desired. For those reactant pairs
which exhibit greater differences in peak potentials, the apparent preferred
reaction is one involving a step-wise oxidltion-nddition-oxidation pathway leading

3 ’ to the formation of diazidonitro-substituted co-pounda.

0 T T T

%

OO .." o b ST IRIENIKLS

The above studies have led to the synthesis of 1,1,1-azidodinitroethane in improved
yields of 30 to 40% at both platinum and graphite anodes. In addition, azido-
dinitromethyl-substituted esters and alcohols have been synthesized by this
technique albeit in low (<202) yields. .
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SYNTHESIS OF DI?LUORAHINOXY— DIFLUORAMINO~ or FLUORODIAZONIUM~CONTAINIAG
MATERIALS

Jean'ne M. Shreeve

University of Idaho
Moscow, Idaho 83843

Puture rocket propulsion advances require new stable high energy mate-
rials. The research is concerned wvith the synthesis of stable, highly
oxidizing compounds which may contain, but are not limited to, nitrogen-
fluorine bonds and the subsequent investigation of their phvsical and chemical
properties.

Several routes to these compound types havo been examined or are presently
under investigation.

(a) The Lewis acid catalyzed introduction of -ONFy into F-olefins and
functionalized F-olefins via reactiorns of NF30.

(b) 1In situ generation of an active fluorinating reagent through tho
interaction of NF30 with NO.

(c). Development of a versatile, inexpensive, mild fluorination technique.

(d) Deoxygenation of N-fluoroazoxy compounds to fluorodiazonium com-
pounds, Rgl=NF.

(e) Syntheses of RgN=NR compounds vhere R i3 an effe.tive leaving group
that can be displaced by fluorine.

(£f) Michaelis-Arbuzov Tearrangesents’ vhich 1nvolvo sulfur as the contzal
atom.

(g) Novel reactions at the sulfur-fluorine bond in vrtiocus substituted

‘fluprosulfates.

Trifluoramine oxido (NF30) has been found to react rapidly with nitric
oxide 'to give nitrosyl fluoride (FNO). A free radical reaction involving the

" known difluoronitryl (FNO:) radical is proposed as a plausible mechanisu.
" This reaction has been used as an in situ source ‘of nitrosyl fluoride to

synthesize the previcusly unknown nitroso ¢ unds Rg(CF3)CINO (R¢ = n-CsFyy,

The porfluoronittonocyclonlkanon. heptaf uoronitrosocyclobutano and
nonafluoronitrosocyclopentane, are convenient precursors to a family of new
E:rfluotocycloalk 1(srvl)diazenes. With aniline and o-aminobenzanide,

CF3(CF, )< CPReRCTCH 4CH and CF(CF7)xFN=NC{CHY4CC(0)NRy (x = 2,3) are formed.
C?ozé, J2CrNe

Additionall hoptafluoronitroaocyclobutnnc ives 2 NECFCYCHCFCF
and CF(CF)),CFN=NC(CH)4 ETCH) 4CNHy with 2,3,5, 6-tetrafluoroniline and’ a~phonylenc-
diamine. - .
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NEW FLUORINE-TRANSFER REAGENT
COF7

PROPERTIES
. STABLE TO HEAT, SHOCK
. B, P. -83°C
- REACTIVE AT 25°C OR ABOVE

- VERSATILE
+ SYNTHESIZED WITHOUT USE OF FLUORINE

APPLICATIONS
- OXIDATIVE FLUORINATION

- REPLACE C-H, P-H, N-H, B-H HITH C-F, P-F, N-F, B-F
* CONVERT M<0 BONDS TO MF2




8% 1985 ROCKE? RBSBARéH MEETING #&
Abstract 2 Pg 3

ACCOMPLISHMENTS

- IN SITU GENERATION OF FNO

" 2NO + NF30 ——> 3 ONF
| 100%

Nzoq +KF —S—5 ONF + KNO3
| 100%

ONCL + KF —S 3 ONF + KCL -
' 100

- FLUORINATION UNDER MILD CONDITIONS
(RO)2P(0)H + COF2 .._Bg_, (RO)zP(O)'F + CO + B-HF

| B | .
::PCHz‘:HzP::+'2COF2 --i-) ‘ ,PCHzCHzP’° +2c0
O +C0Fp —B 5 O + 0+ B-HF

o T

93CH + COF -.:;_) 93CF + CO + BeHF

.+ WICHAELIS-ARBUZOV REARRANGEMENTS |
F ] F

| ot |
RFO‘:S + 2CLF -——-)CI'2 REOs gL —> RFo‘sso o
Rg0 Re0%¢ R0t @

RFOS0%F ‘/RpF |
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- SYNTHI:SIS OF ll' POLYNITROPOLYHEDRANLS

Alan é. Narchand , Suresh C. Suri, and D, Sivakumar Reddy
Department of Chemistry, North Texas State University
NTSU Station, Box 5068, Denton, Texas 76203-5068

Our research progras centers oin the synthesis  of
polynitropolycyclic compounds. These compounds belong to a
new class of explosives and propellants. However, relatively
few polynitropolycyclic compounds have thus far been
reported. : ‘

Our approach to the synthesil ‘of these compounds
invclves first constructing highly functionalized
(X-substituted) polycyclic “"cage® systems; the individual
substitusnts, X, are converted subsequently into nit:o

' groups. Typical methodology, illustrated for the synthesis of

polynitro-1,3-bishomocubanes, is outlined in ‘PFigure 1. In
this approach, the substituted polycyclic framework is
constructed via a combination of thermal and photochemical
cycloadditions; the substituent qroups, aenerally cage ketone
carbonyl groups or pendant carhoxylic ester, acid, or phenyl
functionalities, can then be convertad subsequently into
nitro groups. This approach has the distinct advantage that
increasing number of nitro groups are introduced sequentially
into the cage molecule. Thus, the cumulative effects of
increasing nitro-substitution upon product stahility, upon
relative ease of product-forming reactions, and upon
explosive performance can be aauqed in a qradual and orderly
fashion.

Using the qgeneral approach dosc:ihod ahove, we have
recently completed the syntheses of a trinitro- and a

B tetranitro-1,3-hishomocubane in thirteen and ten stereo- .

controlled steps, respectively (Pigure 2). Ffforts to
synthesize an octanitro-1,3-bishomocubane and a hexanitro-
trishomocubane are undorwav currently in our laboratory.
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.J. 0rg. CQem. 4, 2041-2043 (198‘).

Synthesis of .
3,5.5-Trinkrepuntacyelr | 5300 009 0% decane
Al P. WdHMH

W MMTMMM
LMMTMM

0
¢ bo.a.l "0y Woycoy
-rass
mw
'.n COgite
%@ S, e % -~
" mew [
4 , -
o ¥
3 4

W NOp O
s
-
S n S s
\ - {190% [ 3]
O MOy . N N0y
10 13

Systhesis of
W&Tmmh(m.o"ﬂm

Als P. Marchend® snd D. Slnku.&uy
Chemietry, Nerth Tezes State Universisy,
N'Igumm Tezas m

J. Org. Chenm., A9, 4078-4080 (1984).

FIGURE 2
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Synthesis of High Nitrogen Content Heterocyclic Nitramines
and Energetic Internal Plasticizers

Dr. Rodrey L. Willer and Dr. James A. Hartwell
Morton Thiokol, Inc. ‘
Elkton Division
Elkton, Mavyland 21921-0214

A considerable need exists for energetic materials which are denser and
‘more energetic than 1,3,5,7-tetranitro-1,3,5,7-tetrazocine (HMX) and are therm-
ally and hydrolytically stable. These dense, energetic materials are needed as
ingredients for advanced explbsives and propellant formulations thet would ex-
ceed the perfermance of current formulations and allow future weapons systems
to meet prejected performance requirements. Most of the effort in this area has
focuced on two classes of compounds, ihe polynitro caged hydrocarbons, typified
by octanitrocubane, and the caged nitramine compounds, typified by compounds
such as hLexanitrohexaazaadamaniane and hexanitrohexaazawurtzitane. Some pro-
gress has been made with both types of compounds. '

There are other classes of compounds tiiat might alsc have the desired
energy and density and that might be easier to synthesize.  The basic require-
ments for high energy in a compound are a high-nitrogen content, a high-positive
heat of formation, and a close to stoichiometric oxygen balance for the formation
of CO and H,0. The mair requirement for high density is highly symmetric
structures tﬁat incorporate as many rings as possible. Our spproach to the design
of molecules is to combine high-nitrogen-content heterocyclic rings such as furazan,
furoxan, and tetrazole rings with nitramine groups in polycyclic structures. '

Our reasoning for this approach i{c that both groups are known to have positive
heats of formation and Jow-molar-volume increments and combining them in poly-
cyclic structures further maximizes the density and minimizes the amount of carbon
atoms needed o hold the components together.. This in turn allows for a desirable
oxygen balance. :

In Figure 1 are drawn some of our current target molecules which were
designed by these criteria along with their predicted densities and predicted .
specific impulses. In Figure 2 are drawn two compounds which were designed by
these criteria and then subsequently synthesized. A summary of the predicted
and measured properties of these compounds is included. ,

We are also initiating a basic research program into type 3 internal plast-
icizers (IP's) and energetic internal plasticizers (EIP's). The ethylene glycol
malonate (EGM) prepolymer system has been chosen as our model system because
of its great synthetic. flexability. Hydroxy-terminated EGM prepolymers with vary-
ing percentage of straight chain alkyl groups (12, 14, .16, 18 & 20 carbon atoms)
attached to the malonate moiety will be synthesized. These prepolymers will be
. cured into gumstocks using isocyanate cure agents. The physical and mechanical
properties of the gumstocks will be determined in order to determine the optimum
length and percent incorporation for the side chains for improvement of the low
temperature properties of the gumstocks. An attempt to replace the non-energetic
side chains with energetic side chains of comparable length will then be made.
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CURRENT TARGET MOLECULES

NO, N
. - OZN\N [
N
oS {
/
\N N N /N
] 0,N
NO,
d = 200 , E N d
NG
\ 2
N\N/NVN\
d | = 183 R o d =
'SP = 256 ' ' ' |SP =

FIGURE 1
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COMPOUNDS PREVIOUSLY SYNTHESIZED

33

FURAZANO-FUSED NITRAMINES

- e
4t YT s

SA14438{2) |
NO; NO, ~NO

N '. 2
T | [
0 o |
NNESNS N N
| ! : !

NO;  NO, NO;

A‘ .',. ',' ‘;.' .n‘- Iov .-.:

L]
5

.
961 Y 2000P08K

CL-15 .  DNEFP(CL-7.5)

d =200g¢/CC | | 'd = 183g/CC
Igp =275 - Igp = 256

4
A 2y

¥ : ' PREDICTED AND MEASURED PHYSICAL PROPERTIES OF CL-15 AND DNFP

o . CL-15 N DNFP
_ ' Predicted | Measured | Predicted | Measured

' Density , g/cc 2.00 2.00 1.82° 1.83
Detonation pressure , ibar 637 8.19* 3.58 325
Detonation velocity , mm/ sec 9.57 9.43% 872 8.53#

)
1

1
72
»
e
L)

*Calculated from measured density and heat of formation by the Kamlet Short Method.

FIGURE 2 .
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Synthesis and Reartivity of Uneaturated
Hetal Nitrogen Complexes.

William C. Trogler, Joseph H. Osborne, and Mary Maciejewski
Department of Chemistry, D-006
University of California, San Diego
La Jolla, California 92093 :

. Reactions between organic azides, NjR (R = CH3, CeHs, 2,6-(CH3)2CeHs,
o-biphenyl, SiMes, SiPh;, CPhj, and neopentyl) and (n-CsMes),V lead to
(Pigure 1) either (n-CsMes)VNR or (n-CsMes)2VN3. Mechanisms for the mode
of reactivity will be presented. fThe nitrene complexes exhibit one unpaired
electron according to bulk magznetic susceptibility measurements. At room
temperature EPR spectra are observed that reveal both vanadium and nitrogen
hyperfine splitting. The three dimensional structure of (n=CsMeg) 2VN[2,6~
(CH;) ,C¢H3]) has besn established, in collaboration with Dr. A. Rheingold of
the University of Delaware, by X-ray crystallography (¥igure 2) and the
complex exhibits a linear V-N-R group. The unsymmetrical energetic tetrazene,
Ph(PhC (0) )N=N=N- (PhC (0) )Ph, has been prepared in 4 steps from phenylhydrazine
and its reactivity with metal reagents has been examined. Group I or Il
metal alkyls fragment the tetrazene to PhN3; and NH2[C(O)Ph] while complexes
form with rransition metal carbonyls. Recent chemistry obtained with un-
saturated nitrogen complexes, that are derived from moncsubstituted hydrazines
will be discussed. .
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Figure 1: Reactions Between (n-csnes)zv and Organic Azides.

. ‘ u3n n3n
R= crha. SiMe,, SiPh3 R = aryl

2 iE

Xr LA
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Figure 2:

Molecular Structure of (:1-C

(CH3)5)2VN[2,6-(CH3)06H
Determined by Single Crystai X-ray Diffraction.’
Nonhydrogen Atoms are Shown.
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SYNTHES13 AND CHEMISTRY OF POLYNITROALKANES AND POLYNITROOLEFINS
Contract: F49620-83-K-0028

Clifford Bedford and Robert J. Schmitt
SRI International

Energetic Materials Program

333 Ravenswood Avenue '

Menlo Park, CA 94025

Research programs in energetic materials synthesis and mechanisms
have been hampered by the lack of general methods for synthesizing geminal
dinitroalkenes and non-acidic methods for nitramine syntheais., Efforts to
identify and overcome these research barriers have thus far been directed
toward special situations and have met with only limited success.

The objectives of this research progrﬁ have been to develop new

‘mathods for the introduction of nitro groups on olefins and amines. We

have recently begun the study of new non-acidic methods of amine nitratiom.
This work utilizes the synthetic capabilities of trimethylsilyl (TMS) pro-
tecting/leaving groups.’ The TMS group significantly enhances the solubility of
smines in aprotic solvents while providing a specific site for attack for the
nitrating agents. These protecting groups can be displaced from amines and
potentially olefins by reaction with tetranitromethane, NO,C1, or NO.F. This
unique application of silane chemistry utilizes the fomtion of a very strong
'nls-lhlogan bond as the principle driving force.

We have explored the scope and limitations of our newly discovered nitro-

dealumination reaction. While this reaction has proven effective in the
preparation of s few nitroolefins, the overall scope of the reaction is
rather narrow, limiting its synthetic value for nitroolefin synthesis.

Studies on the synthesis of nitroquinodimethanes have been initiated.
The goal of this work is the synthesis and characterization of novel pi-
electron acceptors. Success will lead to a better understanding of the
chemistry of polynitro compounds and to the. design of a nev class of orgnnic
solids having useful eélectrical properties. .

| The work to date 1s summarized below:

‘ ¢ We have developed a new nitrodesilylation reaction utilizing
- trimethylsilyl groups as protcct:l.ng/laving group- in non-acidie
amine n:l.tration/nittoucim.

e We discussed our coq»lotnd work on the new nitrodululinnticn
reaction,

e We have initiated the synthesis and churactcriution of
tottanitroquinodimetham.

‘o We have initiated a study of the rnct:l.ons of nitryl fluoride with
‘ns-allunu and 'ms—dkynu .
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NEW SYNTHETIC METHODS FOR NITRO COMPOUND SYNTHESIS

© NEW MON-ACIDIC AMINE NITRATION

=G0

R = H,Si(CHg)s

X = F, CQ, “‘N°2)3

©® NITRODEALUMINATION FOR NITROOLEFIN SYNTHESIS

R H CI(NOy), R_ H -
- —2s “Se=c 41% Yield
H,.C=c AR, H NO,

& TETRANITROQUINODIMETHANE SYNTHESIS

cuz CH,NO, | CINOp),
. CINO,), - ]-2 2 2
" 2h2 2) Cyciohexens :
@ IZK’
' Electrochemical
| cmop, | Oxidation, 26~ 0N NO,

JA-8770-20
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NON-ACID NIfRAMINE/NITROSAMINE SYNTHESIS

NO, NO;
+ C(NO: )4 " RT ' + Yield = 66.0
35 1.0
NO, NO,
CHyal, N N _ ‘
+ Nozc‘ ——FE- + Yield = 85
o8& 1.0
NO,  NO

18 10

Advantages

® Non-acidic — No smine degradation by acid

® TMS Group enhances amine solubility in
. Aprotic solvents

@ Strong driving force for replacement
of Amine-TMSbond - -

dA~8770-19

. N N
snop 2% (), Yield = 96%
0F e (L J* |




L 1985 ROCKET RESEARCH MEETING ®#
,Abatraot 7T Pg 1

NEW SYNTHETIC TECHNIQUES
FOR ADVANCED PROPELLANT INGREDIENTS:
SELECTIVE TRANSFORMATIONS AND NEW STRUCTURES

Robert D. Chapman, Scott A. Shackelford,
John L. Andreshak

Air Foroe Rocket Propulsion Laboratory
, Edwards AFB, CA 93523

New chemical transformations and methods are being investigated which pofentially

‘lead to energetic target compounds with new and novel molecular structures, or which

improve synthetic routes to known compounds that are currently expensive propeliant
luxuries. Three of four scheduled research tasks are in progress.

Task | Nucleophilic substitutions of alltyl bromides with silver triflate were conducted to
form precursor triflate ester compounds for -conversion into key energetic ingredients.
Triflate ester intermediates provide a focile and selective pathway to energetic compounds
not available by direct synthetic routes. The scope and limitations of this triflate ester
synthesis have not been investigated systematically, especiaily with dihaloalkanes. The o,w-
dibromoaikanes react much more rapidly with silver ftriflate than do ‘corresponding
monobromoollscnes, and unlike the monobromides, dibromoaikanes resist unwanted |som-
erization to 2° triflate products in CCl, solvent. This behavior is explained by an SN, -
reaction where intramolecular Br anchimeric assistance occurs in bromoaikyl monohllflate
product formation, followed by intramolecular anchimeric stabilization by the triflate group
during alkyiditrificte product formation. There is also a greater tendency to form the
ditriflate product as chain length increases in the «,a -dibromoalkanes up through 1,5-
dibromopentone where this effect plateaus. Higher reaction temperatures render the
intermediate triflate product unstable; decomposition with polymerization then cccurs in
CCI,‘ solvent and aromatic alkylation results in benzene solvent. A manuscript has been
prepared for Journal of Organic Chemistry. ‘

Task 2 The reaoction of alkenes, alkyl carbonyls, or organometallic compounds with
energetic triflate esters could permit selective, direct syntheses of energetic alkanes or
alkenes in which an overall anti-Markownikov introduction of energetic groups is desired.
Preliminary reoctions between fluorodinitroethyl triflate and carbonyl .compounds imply
low-yield formation of- energetic o, -unsaturated ethers. Reactions between nitronium
triflate and. organolithium compounds tentatively show promise as a selecﬂve non-acidic
nitration techniqn, and studies of such systems are’ eontmuing.

JTask 3 Collaborative AFRPLIPt Loma College (D. F. Shellhomer) studies are bemg
conducted with alkene methoxyfluorination reuctions using methanolic XeF suspensions.
Elucidation of this mechanism could permit an exclusive regioselective Control - which
produces the anti-Markownikov ether odduct. Substitution of energetic alcohols for
methanol could directly produce stable, partiaily fluorinated energetic ethers rather thon
undesirable acetcl-type products. Reactions with norbornene produced different fluoro-
methoxynorbornane i :somers identified as those where the methoxy moiety exclusively added
first when catalyzed by BF ,. New isomers occurred with HF catalysis in which the F atom
odded first. This is consuaent with our initially proposed reaction mechanism in which
effecting methoxy oddition first produces the desired anti-Markownikov product. A
manuscript -has been submitted to J. Org Chem. Studies are mderway with the energetic

fworodinitroethonol substrate.
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FLUOROPOLYAZIDU-ESTERS AS ENERGETIC POLYMERS ' B

Rober{ M. Moriarty

University of I1linots at Chicago
Departiment of Chemistry

- 88 1985 ROCKET RESEARCH MERTING @®#
Chicago, 11 60680

The objective of our work is to introduce the eneray
rich azido group into a fluorine containing polymer. The
monomeric compound which we will synthesize are fluorocazido~

ketenes (1 and 2):

—CF, FC
" INe=¢c=0 (_"‘)’ :c=c=o

%—CFR~ B
1 2
The polymefization of 1 and 2 depends upon the soontan—

eous reaction of the highly Teactive a-lactone formec by oxy-
gen atom transfer (0, or C¢H I0) to the ketene:

o . 0-
; / \ s |
ch.-c’o --—----—h- RzC"‘C§° = Rz,‘C"C\\ov

M s 6483 for

) .

fro ro R(.DI lﬂ"_
0

'
‘|'
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- In a second approach to fluoroa:idopolyners,"the copoly=
merization of the intermediary a-lactones will be carried out -
in the presence of azido co-monomers: , ’

’(c;,),c=’c=o | + f_:

NG

N,”

- COOCH,
.S CN

-+

o-—l

<::: C.H,l0

Syntheses of the relevant compounds will be presented.
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NEW ENERGETIC POLYMERS AS BNJERS FOR PROPELLANTS
Mostcfa A.H. Talukder and Stantey DiMorsss « %
A Fare Rkt opln L boraay. 2207
| (University of Dayton Research Institute)
New polymeric symhesa and chain modification techniques are being investigated

‘to cbtain improved mechanical properties of known energetic binders, new energetic

ond binder systems, and correlations of polymerice chemical structure to
physical/mechanical properties. = Its approach centers on new energetic polymer
syntheses via cationic polymerization or by synthetic modifications of known
polymers. Two tasks are active. - ' ,

Jask | seeks to improve the physical and mechanical properties of known energetic
poiyether polymers derived from glycidyl-eubstituted monomers. The modified
copolymerization technique, successfully demonstrated with the PECH polymer will be
uvsed fo prepare modified energetic prepolymers to maximize stress, strain, and

- modulus properties. Epibromohydrin polymerizations were conducted fo assess the

PEBH modified polymer as viable precursor for the aforementioned er: Tgetic binder
materials. it has been shown thot an epibromohydrin polymer can be formed that will
react with or in displocement reactions. The reoct'on rates are faster
than for the react with polyepichiorohydrin.

Task 2 will sesk fo obtain a hydroxy-containing poly-dinitropropyl vinyl ethar polymer
suitable for propellant urethane curing procedures. The dinitropropyl vinyl ether
monomer is acbtained in a high-yield one-step synthesis and has successfully bewn

ymerized info an energetic non-hydroxyterminated binder for pressed HMX
uplosivc fills. Its jnherent superior thermochemical stability, coupled with its
excelient hydrolytic stability md chemical compatibility at elevated temperatures
with mx. malkes it a very attmcﬂve energetic binder candidate for minimum smoke
propeliants.

To*3mﬂnpolynulwlmofwmmgcﬂcmmm
ization reactions will be conducted to characterize new enargeﬂc polymer
structure, functionality, and physial properties.

Jask 4 employs polymerization synthuu ond tednlqua which provide structurolly
controlled .polymer backbones for correlation Investigations. of structure and
physical/mechanical properties. Unlike Task | which sseks to optimize the physical .
and mechanical. properties of energetic polymer via individual synthetic moditication
procedures, Task 4 seeks to modify caly the energetic pendant substituvent on an
Idanﬁcolly synthesized polymer bacidbone structure. Any differences in mechanicu’ or
les of energetic polymer samples will be caoused soleiy by 'the

-NB ONOZ; CF(NO; groups themseives. Because of the ease with which
t rlflcm oouc}boﬂdl:ploood by energetic me;dc .ﬂm:locphlllu
" , glycidyl triflate monomer was synthesi rom reoction

of Spibromefydrin-ond

in ond silver triflate. The method was limited to low yield of the
product. However a modified synthesis-and isolation technique has boen developed to

- increase the yield and improve the purity of the materiol.

It lstobcmtodherethotﬂnmchwkofﬂnprojec'mpostpundfor
M7nmfhsanml986becwaofthMcofrmehp«ml.
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APPROACH

ask I + IV: Modilication and synthesis of glycidyl polymers

- 0

\
H,C— CH

Copolymn.
4OCk; i 0—Copolymer GIOLTTRe 2 buyx
s

| Agore

~40CU5Cl3=— O~ Copolymer
cu0re AgOTE
l Substin. '

+OCH‘§(':H93—o‘— Copolymer _ <
cazx'

B{OCHxCHIZON ¢ Homopolymn.  :2d¢:E>?n ﬁﬁﬁliﬂa'rch::::>cn

caorr | ca,0re . cnzx'
Sudsta. Copely‘l-
{epoxide
B4OCH5CHY= 0N -4°¢l!fl&§:oacopoly-cr.
énzx’ ca,

Task _II: .Poly-DNPVE modification
3 acH-opyp Folymerize uo.m..(cu.fu.;.;-_.oj

CH »
-2 ooNP

DNP = -032C(!02)2633‘

Task 1I11: Nev energetic prepolymer structures

Syntheses H4OCH——mmmCH}— AH, H—kOCHZCHI— OF
via novel | | ° . ;X“
monomers: . guzx' cuzx" 2

XZ C1, Br, I o
 X&-N,,-0NO0,, -OCH,CF(NO,),

-0S
.er- 02c73
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ENERGETIC FLUOROCARBONS

Carl J. Schack and Karl O. Christe
Rocketdyne Nivision of Rockwell International
Canoga Park, California 91304

The purpose of this program is the development of general methods

for the synthesis of energetic fluorocarbons and their conversion

to olefins and epoxides suitable for the preparation of polyether-
type energetic binders. Fluorocarbons with energetic substituents
offer the potential advantages of high energy, high thermal stablllty
high density, and also low senslt1v1ty. This program is in its
initial stages.

The technical approach iavolves the synthesis and characterization
of new transfer agents such as XeY,; and R3SiY {where Y=N3, ClOj,
CF2N02 and CF(NOz)z], B(N3)3, N3S° F, ang NOzN As part of the
characterization of these novel compounds, thelr addition to un-
saturated functions and/or dlsplacement of reactive halogens from
fluorocarbons will be investigated as means for the preparation of
new energetic fluorocarbons.

Applications of XeF, as a highly reactive fluorinating agent for
organic substrates are well known. Similarly, it was shown in

our laboratories that Xe(OTeFg)j> is efficient in transferring TeFg0
grouns to unsaturated fluorocarbons. Consequently, the propcsed
XeY, transfer agents are promising reactants for analogous transfers
of energetic groups. Displacement reactions in fluorocarbons, which
involve fluorine, should be possible by suitable activating molecular
environments such as adjacent C=C, C=0, or C=N functions. Substrates
incorporating these features will be employed with formation of the
favorable byproducts Me3SiF and MSO3F servzng as driving forces for
the reactions.

For energetic binders, the most desirable type of polymeric chain is
' a polyether due to its good thermal stability, flexibility, glass
transition point, and load bearing capability. To synthesize these
ethers, energetic fluoroolefins and their corresponding epoxides

will be prepared in part using the new transfer agents and alternatel
by other known reactions. In addition to the strong focus on azides
and nitro compounds, work 'in this area will also include SFSO- deriv-
atives. It should be remembered that the weak S-F bonds make that

. group an oxidizing substituent. Epoxidation of the olefins will

be conducted with an emphasis on the highly successful technique

of Kolenko using NaOCl in aprotic solvents. The synthesis effort

on the energetic epoxides will be "capped" by converting them to

low molecular weight polymers. These will be homopolymers in order
to minimize complications. : -
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APPRQACHE§

Preposed syntheses of ney transfer aoents

XeF, + 2XNy 501“'5 .,.x::m3 o + 2XF (X=H,C1,Br,I,Na,Me3S1)
 MesSICL + HR, ——————am MesSIR, + HC1 (R, =CF,NO,, CF(NO,))

. . . + -

D , j -lv," + - ’
NO,BF, + N % = NOgNy + M'BF,” (M=L1,Na,K)

Use of transfer‘aoents for the introduction of energetic ordups

. | ]
+ Xe(N3 2-—-——-*-N3-% ? N3 + Xe (innocuous byproduct)

~c-tZ

CF =CFCF=CF » Xe(N3)2——-N3CF2CF(N3)CF-CF2 or NgCF,CF=CFCF Ny + Xe

Olefins suitable for epoxidation and polymerization
| ?
CF3N=CFg + Me3SiNy 2 CFN=CFNs == CF}T o

N N

\N/

| Rino fnrmatlon stabilizes az1do compnund
'crf-a:Fz + N3SOsF ----—-—-—N:,,CFZCFZOSDZF
| | | Fluorosulfate is a reactive fusctionaltty.
CF5CN + NySO5F -:-’-4-5"-2-?—-. CF 5 CF NNy = CF 5 CF=— N

N/




## 1985 ROCKET RESEARCH MEETING ##
Abstract 10 Pg 3

APPROACHES

~Synthesis of energetic monomers and their polymerization

L ' | solv
3 CFZ'CFZ + MN}""—_‘" CFZ'CFNB + MF (M-Na,Me351)
KUH
CFZ-CFH + SF50C1-——-—-»SFSDCFHCFZCI Al SF50CF CF2

CF p=CFY + Na0C1-§-°-1-V—-> CF s—CFY

(Y = energetic group)

L | t:F3 CFZY
YCF . CF = CF o)t R CF .0 CFCF 0 c—c
£
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CONTROL OF THE URETHANE CURE REACTION WITH
SOLID, BLOCKED ISOCYANATES

William H. Graham, JB Canterberry
‘Inella G. Shepard, Jerrsll W. Blanks
Morton Thiokol/Huntsville Division
Huntsville, Alabama 35807

This program addresses the problea of controlling the cure kinetics of the iso-
cyanate/hydroxyl reaction and the formation of polyurethanes. Successful com-
pletion of the program would provide unprecidented control of the reaction; the
goal would ba to demcnstrate an infinite potlife below a "trigger" temperature
and a rapid, but controllable, cure above that temperaturs. More generally, the
approach addresses the question of differences in reactivities of molecules in
solution and in the solid state. Although the system selected for study
involves polyurethane cure chemistry, successful demonstration of the concept
would imply that other solid state compounds could be used in triggering desired
reactions only above their melt temperature, thus providing temperature sensi-
tive on-off control of chemical reactioms.

The matesrials which are envisioned as providing the desired potlife/cure profile
for the polyurethane cure reaction are solid, blocked difunctional isocyanates
wvhich melt at temperatures slightly above a convenient processing tesaperature
but below the desired cure temperature. As the temperature is raised above the
melting point, the blocked isocyanate melts and dissociates to a soluble,.
difunctional isocyanate. If the insoluble, solid blocked isocyanate is evenly
distributed in a difunctional alcohol prepolymer, a curs reaction will take
place just above the melting point, but not below that temperature. After melt-
ing and dissociation of the blocked isocyanate into the reactive, free isocya-
nate, the latter material must be soluble in and diffuse readily and evenly into
the binder phase where it can undergo the polyurethane-producing cure reaction.
The relationship of molecular structurs, melting temperature, solubility in
binder, and particle size of the blocked isocyanate will be determined as it
relates to polyurethane cure chemistry. The process is illustrated in Figure 1.

The results obtained uaing a carbon-filled gumstock of hydroxyl terminated poly-
butadiene (HTPB) and the s0lid blocked isocyanate of o-nitrophenol and
2,4-toluenediisocysnate (TDI) provids experimental evidence of the validity of
the concept. It was shown that at|77°C (170°F) no cure reaction occurred, while
at 121°C (250°F), the melting point of the blocked isocyanate, a cure reaction
proceeded smoothly (see Figure |2). Infrared evidence for the unblocking
reaction taking place only after melting is also shown. The igzocyanate bond at
ambient and 77°C (170°F) reflects the presencs of the single unblocked isocya~
nate; the carbamate carbonyl band (is a strong peak, but this is greatly reduced
at 123°C (253°F) and the isocyanats peak is much stronger as the blocked isocya-
nate has dissociated back to TDI1/ o-nitrophenol.

HTPB was added to the blocked isocyanats (TDI/o-nitrophencl) immediately after
it was prepared and before crystallization occurred. This allows one hydroxyl
on HTPB to react with the remain fres isocyanate group and kept the binder
homogeneous. In this case, the cure took place readily at 77°C (170°F). From
these experiments, we conclude that the crystalline nature of the blocked iso-
cyanate inhibits its dissociation| well beyond its normal dissocistion temper-
ature and allows it to occur only at or near its melting point. '
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PHYSICAL AND CHEMICAL CONSEQUENCES OF ANTIAROMATICITY
IN THE BORACYCLOPENTADIENE SYSTEM

John J. Eisch, Sinpei Kozima and James E. Galle
Department of Chemistry

The State University of New York at Binghamton
Binghamton, New York 13901 '

The mode of chemical bonding between boron atoms and clusters of carbon
atoms should have a fundamental importance in determining the macroscopic
physical and chemical properties of the resulting organoboron compounds.
The stability of the boron-carbon bond is the basis for the use of organo-
boranes as a route to superior refractory matetials, such as the boron car-
bides. By contrast, the lability or chemical reactivity of the boron-carbon
bond in other organoboranes is the basis for the use of these compounds as
rocket propellants. Because of the intimate connection between chemical bond-
ing in organoboranes and their macroscopic chemical properties, we have
sought to learn how pi-bonding between boron and carbon centers influences
the reactivity of the boron center towards oxidants, protolyzing agents and
Lewis bases.
Our initial approach, as depicted in Figure 1, has been to enclose a
boron and an array of carbon atoms in an unsaturated ring. The cyclic systems
of prime interest have been the boracyclopropene ring(A), the boracyclopenta-
diene ring(B) and the boracycloheptatriene ring(Cj. Syntheses of these rings
have involved: 1) the photochemical rearrangement of the diphenyl(phenyleth-
ynyl)borane-pyridine complex to A; 2) the exchange between the corresponding
stannole and the organoboron dihalide for B; and 3) the thermal reaction be-
tween B and an alkyne for C. According to Hueckel MG theory, supplemental pi-
electron delocalization should cause A and C to be stabilized, while B should
be antiaromatic and hence destabilized. As is summarized in Figure 2, penta-
phenylboracyclopentadiene(D) manifests a heightened ease of oxidation, pro-
tolyeis and Lewis complexation, compared with analogous reactions of A and C.
, The insights into the synthesis and structural characteristics of these

boron heterocycles, as gained in our studies thus far, will be: brought to bear
on exploring ways for the preparation of boron-carbon clusters: containing more
than one boron atom in the cluster. From a structural standpoint, what will be
of unusual interest will be to determine at what ratio of boron-to-carbon atoms
the planar structure displayed by the boron rings A-C will be changed for the
electron-deficient structure characteristic of the carboranes. Since.structure
appears to be the fundamental determinant for cherical reactivity, the structure-
reactivity insights gained from these studies should aid our predicting which
structural types should exhibit unusual chemical reactivity in general, and
oxidizability as a rocket propellant, in particular. Analogously, stabilizing
trends identificd by these studies may prove of great use in choosing the best
precursors fcr the preparation of modified boron carbides. All such potential
applications of organoboranes are rooted i{n the same fundamental problem that
wve take as our challenge: a thorough understanding of. the natute and gradations
of boron-carbon chemical bonding.
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High Energy Molecuies of High Symmetrvy

tilliar S, Ander=on

Chenical Systems Divieicrn
Uni*ed Technologlies Corgoration
San Jose, CA 95150-0015

A series of ;yumetrical,_tully hydroxyl-substituted organic
materials is to be preparcd ard then converted to new, oxygeneriek, high-
energy derivatives, The'densities, crystal structuree and heats of formation
of these derivatives will be deter%innd and observed values will be
co~pared with predictinns. The expected outcome is a better understan@ing

of the relationship between chemical structure, density, oxidizing power

and heat of formation in higheenergy molec.les,

Struéturea sf ihe starting materials chosen are zi:own in the
figure sttacund, Ve hOpe‘to belable to convert these per(hydroxy) carbons
into amine nitrates or percilorates, ryd-esine nitrates or perchlorates,

nitro ketals, oximes, nitro comoounds or other axygen-rich derivativee,
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Octahydroxycyclobutane

Leuconic acid

™ijuinoyl hyﬁryte

Pyiqure 1. Some cyclic per{hydroxy)carbone
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Structure~Decomposition Relationships in Newer Energetic Materials

Thomas B. Brill and Yoshio Oyumi
Department of Chemistry
University of Delaware
Newark, DE 19716

Insufficiect information exists to discuss the relationship between the
molscular structure snd the chemical reactivity of energetic matsrials.
Toward remedying this deficiency, we are determining the molecular structures
. and decomposition mechanisms of a wide range of new "research~-type” nitramines
and other energetic matsrials prepered dy our own synthesis prcgraa and froam
efforts at Rocketdyne, Morton-Thiokol, UT/CSD, SRI, and NSWC. The first of
these studies has recently appund.l X-Ray crystallography is being used for
quentitative structure detsrmination, FI-IR spectroscopy at high pressure aad
with high heatiug rates and thermal methods are employed for the decomposition
. studies, and solid-state VR and NQR spectroscopy {s used for snalyzing the
molecular motion as a function of temperature. The advantage of bringing nmsny
. tachniques to bsar on the prodlea is that a multifacetsd understanding of the
thermal behavior of en energetic material can be achieved. The results should
benefit syathetic chemists and propellant researchers by chowing the effects
on the physical properties aand prodvct formation resulting from specific
molecular modifications. Also, a larger framswork for understanding nitrasine
decomposition {n relation to other emergetic materisls will result from this
”ﬂo ) ' .

The structure end thermolysis mschaniss of pentaerythritylistraaine
nitrate, [C(CHaNH3)4]1(N03)4, PTIN, has been cimpleted (see accomplishment
figure). HNOj appears io bs the extsrnal oxidizing agent that attacks the
otherwise stable cation. A study of the structure and molecular motion of
1,3,3,5-tetranitrohexahydropyrinidine (DN¥C) snd 1,3,3,5,7,7-hexanitro-1,3-
diasacyclooctans, FNDZ, has been completed sud shows the importance of
torsional oscillatious within the C(M02)2 group. In situ thermolysis studies
of MMX, RDX, seversl nitrosamfuss, ANDZ snd DNNC have Deen completed as a
function of externsl pressure (0.05-1000 pei) sad heating race (20-210 K
sec~1). The results from DX and RDX reveal the pressnce of HONO ar sn
inftial product, that NO2 is s major initial product whose coancentration
rapidly decresses owing to secondary reactions, that WO is a very minor
initial product vhose conceatration rapidly incresees {n direct proportion to
the loss of NO;. The primeipel effect of pressure {s to slter the rate of
diffusion of the gases eand, in this way, the secondsry reaction rates.
Compariscns of these results to thoee of nitrosamines sad aliphatic nitro
compounds have been made. . , ’

1. 3. Brill, R. J. Karpowicz, T. M. Haller, A. L. Rhefngold, "A Structural
- and Yourier Transtfors Infrared Spectroscopy Characterization of the Thermal
Decomposition of 1-(asidomethyl)-3,5,7-trin{tro-1,3,3,7-tetrasacyclooctane,”
J. Phys. Chem. 1984, 88, 4138, , o
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Approach: Structure and Decomposition Mechanisms ci Energetic Materials

Structure Determination

. / Analysis of diffraction patté.rn
Collimat e— leads to the structure of the
- ....~"'€> constituent molecules.

Crystal of energetic.
material

Thermolysis Studies of Enetletic Molecule AB

Source IR N ' Source IR beam
¢ $
pu—— ) ’
> A time A
A —> '
. y ¢
Solid phase sample " Complete IR spectta for - Spectra monitored for
of sulecule AB fragments A + B obtained several seconds while
heated at 200 X . immediately as they A and B rearrange and
. ug'l. appear (<1 sec). Some . react to produce A'
initial transient species and B'. Permits a
can be observed. Also description of the time-
the sequence of product . dependence of the gas

fomtioa is evident. phase products.

Objective: Corrclatc the structural detaila with the productl of thcmlysu
: to obtain the thct-olynis mechanisa. _
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An Accomplishment: The Thgtnolysis Mechanism of PTIN

Molecuiar structure determinatio
shows that strong N-Hee<(
hydrogen bonding exists between
the cation and the NO3™ anion
and is responsible for lattice
cohesion. PTIN exhibits no
phase transitions up to its
decomposition point.

Decomposition Studies

Time-sequence infrared spectra show_ the following thernolyaiu mechanisa of
PTIN at a heating rate of 50 K sec™ -1,

Initial Step (N-H bond rupture)

+ - .
3 (s) + N03 (s) -—D-Nﬂz(s) + HN03 (adsorbed and desorbed)
(transient)

Another Early Ste
(a) Atmospheric pressute (C~N bond rupture)

by oyt ‘ .
~CH, '“’3 (8) o “CHy (5) * My

{b) >200 psig (C-N bond retention)

A
-CH —NH3 (s) e HCN(S) + HNCO( )
Later Reactions (>3 sec)
BN?S oxidation of tcaiduc — coz(g) + Bz (8) + “03(8)

Conclusion: PTIN deconposen by the production of HNO3 which then acts as a

reactant attacking the otherwise stabla cation of PTIN. The oxidation
. of the cation occurs from the exterior inward.
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Deuterium Isotope Effects in
RDX Decomposition and Combustion Processes

- Scott A Shackelford, Stephen L. Rodgers, Michael B. Coolidge
AF Rocket Propulsion Laboratory (AFSC)
Edwards AFB CA 93523

Robert E. Askins
Morton Thiokol, Inc./Huntsville Division
Huntsvil le AL 35807

The mechanisms of the decomposition and combustion processes of
nitramines have been the subject of numerous research efforts because of
their application as oxidizers in propellants and explosives, The
understanding of these meéchanisms and in particular the overall rate
determining step, would aid in attempts to tailor the burn rates of
nitraaine propel lants. In an attempt to elucidate this slowest step, the
deuterium isotope effect has been used in the investigation of the mechanisms
of thermal decomposition and combustion of RDX.

The deuterium isotope effect is increasingly being used in the
investigation of energetic materials because it provides a way to sort out
the overall rate determining step from amongst the many parallel chemical and
physical processes occurring during a decomposition or combustion event.
Since the isotope effect is only seen when the rate determining step of the
mechanism involves the isotopically lLabeled substituent it provides an unique
method of determining what part of the molecule is involved in the reactions
control ling the rate of the overall decomposition or combustion process.
The investigation of HMX thermal decomposition and combustion processes using
+re deuterium isotope effect has been reported earlier. This report concerns
the continuation of that work with RDX.

The thermal decomposition of RDX was examined using isothermal
" differential scanning calorimetery at a temperature range of 505K-510K. At
this temperature range RDX obeys first order kinetics and shows a primary
deuterium isotope effect (2.1 at 505K and 1.7 at 510K). This isotope effect
would suggest that the rate Limiting step in the decomposition of ROX is C-H
bond rupture. Under the experimental conditions employed, ~the thermal
decomposition occurs solely in the liquid phase with RDX. By the time the
DSC has equilibrated, the decomposition has already started and the DSC
trace is seen as a slow decay. No induction phase can be seen with RDX..

The combustion experiments were performed in a window bomb with the burn
rates measured by high speed photography. 1f the assumption is made that the
' burn rate data is directly proportional to the kinetic rate constants and
that all the other factors influencing burn rate remain the same for both the
deuterated and hydrogenated materials ‘then an isotope effect can be derived
from a ratio of the RDX burn rate to RDX-d6 burn rate. The isotope effects
thus obtained are 1.46 at 1000 psi and 1.37 at 500 psi. At the high
temperature Llimit an isotope effect of 1.35 or greater can be considered to
be a primary effect. So it may be seen that the isotope effect observed in
the RDX combustion is a primary isotope effect which would mean that the
overall rate controlling step of RDX combustion involves the rupture of the
carbon-hydrogen bond. : .

The deuterium isotope effect has been used to examine both the slow
decomposition and fast combustion processes of RPX. In both cases it has
been seen that a primary deuterium isotope effect has been observed
indicating that carbon-hydrogen bond rupture is the overall rate control ling
step in each process. . ' Co
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FLAME MECHANISMS AND FLAME INHIBITION

J.D. EVERSOLE
UNIVERSITY OF DAYTON RESEARCH INSTITUITE, AFRPL
D.P. WEAVER
AIR FORCE ROCKET PROPULSION LABORATORY
EDWARDS AFB, CALIFORNIA 93523

This projéct is concerned with the definition and
uanderstanding of detailed chemical mechanisas in flames. Of

.speclal interest are gas-phase mechanisms responsible for, or

contributing to, the suppression of aftarburning in rocket
plumes. An effort has been made to approach the problem of

'determining flame chemistry with a balance between experimental

data collection and theoretical flame modelling. The over-all
concept has been kept simple to gain as much specificity in the
results as possibla. Data from a laminar, premixed flat-flame
burner is modelled using a detailed reaction, one-dimensional
laminar flame computer program. Experimental data is obtained
primarily by non~intrusive, optical diagnostic techniques. Most
of the uniqueness of this approach lies in the integration of
many separate asspects of the general problem.

A versatile burner facility has been constructed which
incorporates motorized, three~dimensional burner positioning and
sub-atmospheric flame operation. The burner chamber is comnected
to a large capacity vacuum pump external to the ladoratory via a
10 cm diam. stainless steel line and & flexible welded bellows
which allows the chamber up to 16 cm of vertical travel. The

‘'burner can be easily dissembled for modification of the burner .

surface or diameter. Hydrogen/oxygen, methane/oxygen, and
-cthanc/nitroun oxide flames have been run with different amounts
of dilution with nitrogen. Optical diagnostics for the flame
primarily consists of laser induced fluorescence (LIF) for OH
species concentrations, and vibrational Raman scattering which
provides temperature and some major species concentration data.
An effort has been made to obtain these two types of data
uilultancou.ly with the same UV laser pump beanm.

Axial profiles of tclpnrntur. and coacnnctatioua through the
flame zone nre then compared to theoretical calculations
generated by computer for the same initial conditions. PFor the
flame inhibition work, the "unknown” is the chemical mechanism
for the suppressant species. Different hypothetical reaction
schemes can be either eliminated or distinguished by comparison
of the computed profiles to the experimental data over a wide

' range of initial conditions. Most of the effort so far has been

conuected with hydrogen bromide inhibitor ia H2/02 flames. Of
primiry intersst is the use of potassium as an tnhibitor. and
efforts have been made to construct & burner arragement to
introduce the potassium directly as an atomiec vapor.
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FIGURE 1. The experimental arrangement
of the flat flame burner with the
suppressant injector and laser diagnos-
tics is schematically illustrated.
Spatial maps (primarily z-axis) of
temperature and species concentration
‘are obtained from optical diagnostic
data (Ramaz scattering, LIF, and atomic
absorption) by translating the burner.
Representative spectra (N, vibrational
Ranan) taken at different axial loca-
tions in the flame are illustrated at
the top of the figure. Reduced dats

(in this case temperature) will then

be compared to calculated flame profiles
using a detailed chemistry, one-dimen-
" sional flame model (solid line of
graph).
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DISTANCE CM
POSSIBLE REACTIONS
K+0,+M «> KO, +M 4
KO, + O  <» KOH +0,
KOH + O <> H0 + KO0
K+OH+M <> KOH+M S
K+H0 <= KOH+8H ;
1024»3 > Kol-l-'OBl g
K + OH «» KO +H =
g

* PRESSURE

PIGURE 2. Flanme inhibition (suppression) is indicatad by the reduction of the
laminar flame speed, and by the expansion of the flame zone as shown in the

‘top graph of flawe species concentration profiles calculated with and without

the addition of 7% potassium. The detailed comparison of such profiles as a
function of equivalence ratio, total pressure, and dilution (temperature) can
reveal wvhich reaction pathways become dominant under ditfcren: conditiont '
thereby defining the chemical ncchtnisnu

—— ‘
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THE SUFPRESSION OF AFTERBURNING IN SOLID ROCKET PLUMES
BY POTASSIUM SALTS

. EUGENE MILLER
'"MACKAY SCHOOL. OF MINES, CHEM % MET ENC’G DEFPT.
UNIVERSITY OF NEVADA, RENO, NV 89357

The Services have increasingly emphasized the development and
use of low signature tactical solid rocket motors. Visible primary
and secondary smoke have been largely eliminated hy the removal of
ammonium perchlorate oxidizer and most of the aluminum powder and
ballistic modifiers from the .propellant formulation - the so called
min-smoke propellants. The exhaust gases from min-smoke propellants
however contain significant concentrations of hydrogen and carbon
monoxide which when mixed with ambient air afterpburn to water and
carbon dioxide producing visible flash and increased in{rared
radiation. This research is directed towrd preventing or at least
inhibiting the signatures due to afterburning. ,

Potassium salts inhibit the reactions of hydrogen and carbon
monoxide, KNOs and KaSOs have been added to propeilant charges at a
level ot 1 - 3 wt pct to suppress gun muzzle flash and rocket plume
afterburning. The mechanism by which the potassium salts inhibit is
controversial, but it probably involves K, KOH and possibly KC=2
breaking the chain reactions involving H and OH radicals in the
combustion of Ha and CO.

The effects of K, KOH and KOz on the afterburnxng reactions are
being studied by introducing them individually into an opposed 'jet
flat diffusion flame of Ha-CO-0a3-Na &nd scanning the flame in small
increments by infrared spectroscopy. A vaporizer-burner has been
built permitting the vaporization of potassium and its salts prior
to entering the the flame. The emission spectra from the flame is
‘'detected by means of a modified absorptzon spectrophotometer and an
optical scannirg system. It has been found that elemental pctassium
reduces the infrared radiation for rich and lean hydrogen flames but
has a smaller effect on stoichiometric mixtures. KOH in a hydrogen
{lame inhibits the prefzamo reactions ' but actually increases the
infrared radiation at levels below that required to prevent
combustion totally. K therefore appears .to be a more effective
inhibitor than KOH as used in these experiments settling perbaps the
disagreement that has ariser in the literature concernming the
efficacy of inhibition by potassium in hydrogen flames. CO w. not
used in these experiments because rwmaction between Ha ce
produced carbon in the salt vaporizer. The formation vt . arbon
probably also occurs in the rocket plume increasing the intrared
signature. '
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CHEMICAL KINETICS OF NITRAMINE PROPELLANT COMBUSTION

Melvyn C. Branch '
Mechanical Engineering Department
University of Colorado
Boulder, CO 80309

The objective of the studies reported here is to provide insight into the
chemistry of reactions of gas phase species of importance in the combustion of
nitramine propellants. Flame studies and associated chemical kinetic modeling of
" the gas reactions are being used to evaluate critical reaction paths and ener-
getics and their influence on burn rate. The calculations thus far have
identified a mechanism for the rapid reaction between CHp0 and NO2 in the “fizz"
zone at the propellant surface. A slower reaction was suggested for the pn—-
paration” and "flame" zones standing off the surface which was supported by the
exothermic reduction of NO. . Both of these results provide a chemical kinetic
mechanism to explain previous qualitative suggestions about the naturz of the
gas reactions of nitramines. The calculations also indicate that gas reactions
may affect the reported product distributions in studies of nitramines. Finally,
a mechanism for the modification of the reaction rate by NH3 donors was out-
1ined.

There are currently very limited experimental data availab‘le for detailed
comparison to the results of the chemical kinetic modeling. We have begun low
pressure flame studies of cngomoz/ugo mixtures in order to identify reactant,
intermediate and product species profiles for comparison to a kinetic model of
the flame. Addition of NH3 to the flame gases will also indicate tche fea-
sibility of burn rate control by NHp donors. The flame species composition
measurements are by probe sampling and gas chromatography for stable species and
by laser absorption and laser induced fluorescence for unstable species.

Recent evidence also suggests that the reaction between HCN and Noa may be of
major importance in nitramine combustion. As a step in evaluation of this
process. we have investigated the kineti~ mechanism for conversion of HCN to NO
in low pressure Hy/02 flames doped with HCN. The experimental results
oweé good agreement to complete flame structure calculations based on a reaction
nechamsm developed almost solely from d1rect measurements of rate coefficients
reported in the literature. .

Research supported by the Mr Force Office of Scientiﬂc Research under Grant
AFOSR-84-0006.
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SIGNIFICANT GAS PHASE REACTIONS

INITIATION
N0 + M ———> N+ 0+ M

CHy0 + 0 ———> HCO + OH

| PROPAGATION
HCO +M —> CO+H+M
CHy0 + H ———-> HCO + Hy + 27 Kcal/mole
NéO +f —> N2 + OH

NO, + H ———> NO + OH + 28 Kcal/mole

'SECOND STAGE |
¢0 +O0H ——> 0y + H's 26 Keal/mole
NO+H -——> N +OH |
0N > 140

Hy + OH ——> Ha0 + H + 16 Kcal/mole
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Combustion of Hydrogen and Hydrocarbons in Fluorine

Myron Kaufman
Chemistry Department, Fmory University
Atlanta, GA 30322

Because of the extreme exothermicity of many fluorine reactions, fluorine
and fluorine-containing molecules have often been proposed and occasionally
employed as oxidizers in high-performance developmental propulsion systems.
Mechanistically, however, fluorine-supported combustion is not as well under-
stood as oxygen-supported combustioa. In fact, due to hard-to-remove 0
impurity in commercial ¥,, it is often difficult to even identify uniquz
aspects of fluorine combiistion. Some phenomens observed in both oxygen and
fluorine combustion are listed in Pigure 1, along vith their generally accepted
mechanisms in O, flames and some conjectures as to their possible mechanisa
in ¥, flames. zn the current work, ionization and luminescence in the com-
bustion of B, and hydrocarbons with ¥, will be investigated, and special
precautions will be taken to study thu phenomens in the abaence of 0, impur-
ity. In addition, rate coustants and branching ratios of several ruczions
key to understanding fluorine combustion will de seasured. These include
? + HO,, important for understanding O,-retardation of fluorine combustion and
F+ CPZH. a prototype for sssessing t.bz prominence of atom displacsment reac-
tions fn P ~hydrocarbon combustion. Both optical and mass spectrometr; 1ll
be qloyo& in these kinetics studies. Our mass spectromster is a unique
instrument, employing an inhomogeneous magnetic field to direct only paramag-
netic components of the sampled molecular beam into the ionizer, thus allowing
atoms and fres radicals to be monitored with little interference from stable

. molecules. ) ‘

In this progras we vill study both atomic and molecular flames. Lov-pressure
premixed Pz flames are studied in a stainless-steel burner assembly equipped with
Caf. windous to spectroscopically monitor luminescence and mcvable Langmuir probes
to Luun the spacial varistion of ionizatiom. for sost of our studies, tha
premaixed flamss will be diluted with He or Ar. However, when undiluted flames
ars burned in this apparatus, we have observed the interesting behavior illus-
"trated in FPigure 2 for the ¥ ,~CH, flame. Over a range of relative concentrationg,
including stoichiomstric uxlmﬁ. this flams burns as short pulses of duration '
ca. 1 msec and frequencies of 1 to 10 Hz. This behavior is explained as due to

********* ' . flashback resulting from the high burning velocity of these flsmes, followed by
spontanecus reignition vhen the hypergolic mixture is replenished to its ignition
11-1t' . ' . ‘ .
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ANALYSIS OF HETEROGENEOUS DIFFUSION FLAME STABILIZATION

i&mﬁfa? Strahle and Jechiel L. Jagoqa "

of Technology/School of Aerospace Bngineering
""Atlanta, Georgxa 30322 °_ v,

ulate comp.ax turbylent feacxidg flows is in a state.
. vslopment.’ The'*flow investigated here presents.a unique challenge to
~ the Sate-of-the-art. The flow is a fully’ turbulent twd'dimensional flow over
chewvard facmf thh wah-blovlmg of a combustible from the floor
' L la a model for the; flowfield in the flame stabilization'
" regipn; ot,a solié,fuehd ramjet. The anwlytical approach has been with a k-¢
v method gradually being improved and modified as one progresses through
= varigus stages of compiexity - from no-blowing cold flow to foreign gas
. Injection 'In cold’ flow and then to  the full combuition case. A parallel"
2 experimenfal p:oji'am cither validates the analysis or suggests _
v A

5 Fmr shows some typical technical issues on the overall program
2 and dudes some of the analytical issues. Excellent agreement (with one.
R y'of standard analysis) has been found between the theqry #nd
o _ pxpetim fer the cold-tlow, non bleed case. Current concern conaebtually,
‘howewee, with standard methods of applying boundary condition-are !eadmg
, Mflaﬁom , AR ..
3 : e i e
, ..F‘ngure 2 [shows ‘calculated streamline mw CO,, mass fraction
pwmes for the case of cald CO, bleed.. A sscondary recircllation zone has
alsof found Mlmmtany. The concern is, insofar as
Gh s conoerh.d, the severe dimunition of massive
recirculation as|bléwing intreeses. This is also revealed in the CO, protiles
. where a flat ecirculatlon -dominant” profile gives. way to a ‘diffusion
dominated profile as blowiing increases. Detailed checks on vglogity data .

AT i R
e
TN

- show good agr t with the analysu. Comparlson with mass, Sastl h'data
av{ait turther perimentation. L ,;;. \» ;»; *;;v- .,Sm;% e
. S \‘: 5": R
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EXPERIMENTAL INVESTIGATION OF HETEROGENEOUS FLAME STABILIZATION
Jechiel L Jagoda and Warren C. Strahle

School of Aerospace Engineering
Georgia Institute of Technology
Atlanta, GA 30332
Solid fueled ramjets (SFRJ), as other ramjet types, require flame anchoring at the
head of the combustion region. This is frequently provided by a recirculation zone behind a
backward facing step as shown in Fig. 1. Flame stabilization can only be achieved in
regions of relatively low flow velocities (such that the flow velocity does not ‘ek&eed the
burning velocity) and high turbulence and thus high Reynolds stresses.resming in mixing
of the main and bleed flow (such that the local fuel air mixtures lie within the limits of
flammability), In this project the SFR1J is simulated by a flow over a backward facing step
with a secondary tlow entering the recirculation regnon through a porous floor. The flow
properties are determined using a 2-c»mponent LDV system. Bleed gas concentrations are
. measured, simultaneously, using Rayleigh scattering for the cold flow and spontaneous
Raman for concentration and temperature measurements in flows with combustion.
Although simultaneous LDV-Rayleigh or Raman measurements are currently being carried
out for the simpler configuration of jet like flames, this is the first time the combined
techniques are applied to the more complex and practical problems of flame stabilization
behind a backward facing step. ' |

- The expefimengal etiorts are divided into three Steps:
(1) LDV measurements in the main flow over the step without bleed,
(2) LDV and concentration measurements for cold main plus bleed flows and
(3) LDV, concentration and temperature measurements in flows with combustion.
To date velocity measurements have been completed in cold flows with no bleed and two
bleed gas velocnies. Rayleigh measgrements in. the cold flow are underway. _

The experlmental results indicate that the bleed flow has a limited effect on the
flow profiles except very close to the step where a secondary recirculation zone appears
with blowing (Fxg. 2). In the recirculation zone, the locations of maximum normal stresses
in both the u and v directions are movad slightly away from the porous wall by the bleed
flow, as are those of maximum shear stress. In regions of lower shear stress blowing has .
the effect of slightly increasing the measured shear stresses. The length of the
‘recirculation zone, however, is only slightly shortened by the bleed flow, if at all. All
measurements agree reasonably well with the analytical resuits reported separately.




/// REGION OF LOW FLOW VELOCITY (LDV)
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HIGH PRESSURE SOLID PROPELLANT COMBUSTION ZONE STRUCTURE PROM
ANALYSIS OF HYDROXYL RADICAL CHEMILUMINESCENCE

David H., Campbell, Susan Hulsizer,
Tim Bdwards and David P. Weaver
University of Dayton Research Institute and AFRPL
Edwards AFB, CA 93523

The ' goal of this program is to utilize non-intrusive optical
compbustion diagnostic techniques to examine the important chemical
processes in solid propellant combustion. To simulate the tempera-
tures, pressures, and high heating rates encountered in the combus-
tion environment of solid rocket propellants as closely as possible,
optical diagnostic measurements are made by burning strands of
propellant in a nitrogen-purged combustion bomb equipped with
sapphire windows for optical access. A servo-positioning system
keeps the burning surface of the propellant at a constant height
relative to the optical system, and provides spatially precise
measurements with respect to the surface. @ The system is capable of
operating at pressures up to 1400 PSI.

The results presented in this paper concern the analysis of the
natural chemiluminescence originating from the hydroxyl (OH) radical
in the flame above burning ammonium perchlorate (AP) composite
propellant. An attempt has been made to analyze quantitatively the
semi-resolved (~.13 nm) OH emission spectra in the 304.0 to 316.9 nm
- spectral range to obtain a measure of the rotational temperature and
vibrational population distribution of this molecule. At present,
the chemical kinetic dzta base is insufficient to relate the final
internal energy state distribution of OH to the specific reaction
pathways which produce this molecule in specific rotational-
vibrational states. Nonetheless, information about the overall flame
zone structure and reaction processes can be deduced from the
results. ' '

The issue of flame height and reaction zones is important ¢to
the solid propellant combustion modeler because the location of
these zones is an indication of the chemistry (and thus, the heat
release) that is occuring above the propellant surface. Recent
- models for AP composite propellant combustion generally model the
reactions in the primary (oxidizer and binder) diffusion flame and
in the monopropellant flames as occurring within a distance of
perhaps 50 am from the propellant surface, and model any final flame
(CO oxidation or NO reduction) as occurring within appro.imately
190-500 m of the surface at the elevated pressures witbin the -
normal rocket operating regime.

' Basically, the data :oduction technique consists of an itera-
tive scheme to match the experimental spectra to synthetically
generated spectra uaing rotational temperature and vibzrational popu-
lation distribution in the OH upper electronic state as variables.
A sample match is shown in FPigure 1. Emission spectra were: obtained
for a series of pressures and distances above the surlace of an AP
based compositc propellant. The rotational temperatures determined
~ from thase spectza aze shown in Figure 2. If the highly exothermic
CH + 02 -» CO + OH* reaction is the primary source of excited OH.
molecules,  then the results show that primary reaction zone
" chemistzy occurs at distances much greater than would be oxpectad
from current solid p:opollant combuution modoli.
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OH ROTATIONAL TEMPERATURE FROM AP PROPELLANT EMISSION
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Figure 2: AP hropcllant OH emission analysis results - rotational
tempersture variation (v'=0). ' .
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Bvaluation of HMX Propellant Chemistry Froa Raman and Laser
Induced rluorelcence Species and Tempersture Measurements

David P. Weavcr and Tim Edwards
Alr Porce Rocket Propulsion Laboratory
Edwards AFB, California 93523-5000
Susan Hulsizer and David Campbell
University of Dayton Research Institute
Edwards AFB, California 93523-5000

The adbility to accurately anticipate the behavior of burning
solid rocket motor propellants is highly dependent on specific
. knowledge of the kinetic mechanisms and heat transfer properties
of the reacting species near the surface of the burning
propellant. With the developement of mcdern 1laser diagnostic
techniques, the possibility of determining spatially specific
species concentrations and temperstures related to the distance
(e.g. the reaction time) from th2 burning propcllant surface has
emerged. The goal of the present is to gather such experimental
information and to comnstruct from it kinetic pathways in a
laboratory propellant flame and to correlate their dependence on
propellant compositioa. Such specific chemical information could
then be relatead to known macroscopic properties of the solid
propellant such as burning rate.

A schematic representation of the experimental arrangement
for this measurement is given in Figure 1. Here the source
radiation is injected into the propellant sample chamber and the
resulting scattered radiation collected and focused onto the
entrance slit of a dispersive spectroscopic element. A variety of
optical techniques for 'obtaining species numbder density and
tempersture are employed including spontaneocus Raman scattering,
coherent. sati-3tokes Raman scattering(CARS), lasez~induced
fluorescence(LIPF) and lnylclgh scattering. Major species such as
W2, 02, NO, NO2, 42, CO, and CO2 are monitored with Raman .and
.layloigh tcchniqnoo nnd combustion intermediates and flame
radicals such as OH, CE, CN, and NH are dctotuincd using Raman
scattering. .

Initial efforts arqf being directed toward ., acquired
temperaturs and concentratiou profiles through the £flame 3zo0nes
near the surface of the burning ‘solid propellsat. Both low and
high pressure studies on propellant flomes are underwsy ia an
effort to identify resctant, intermediate, and product species
values and to compare these results with simple kinetic models of
known hydrocarbon Treactions. Correlation of this data with
propellant compositional vaviation will allow an overall
quantitative assessment of the role of specific gas-phase
kinetics in solid propnllnnt combustion.
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,APPLICATION OF MOLECULAR KINETICS MODELS TO.THB PREDICTION
OF BACKFLOW CONTAMINATION ’ '

David H., Campbell and David P, Weaver
Univ. of Dayton Research Institute and AFRPL
Edwards AFB, CA 93523

The goal of this research project is to obtain a fundamental -
understanding of the basic physical mechanisms producing - the
unanticipated high level of backflow contamination observed upstream
of the nozzle exit plane of spacecraft rocket nozzles and control
thrusters. Information on the internal energy state population .
distributions, gas species number densities, flow velocities, and.
degree of condensation near the exit plane of a nozzle will provide

the nozzle and around the nozzle lip. . Such information is critical
-to the accurate prediction of contamination 1levels of sensitive
. spacecraft surfaces. ,

At present no vacuum expansion flow model exists that accurate- '
ly predicts observed backflow mass flux levels since these models
fail to account for some of the important physical mechanisms which
occur in the flow, such as non-equilibrium gas dynamics and conden-
sation. Monte~Carlo models for vacuum plume flows, for example,
have been shown to miss experimentally measured backflow mass flux
levels by an order of magnitude or more (Figure 1). Clearly, a moze
accurate collisional model must be determined before the models will
be useful for the prediction of backflow contamination,

Vibrational and rotational internal energy state populations,
translational mode temperature, gas species number densities, and
condensed species densities are being acquired in laboratory scale
vacuum expansion flows for diatomic and triatomic gas species using

" non-intrusjve laser spectroscopic techniques. A map of these para-
meters near the nozzle lip will be used to correlate the degree of
non-equilibrium and the degree of condensation with the velocity
field and gas number density. The relative importance of these.
processes to the flux into.the backflow region can then be deter-
mined, : ' -

' The expected form of the experimental data and its utility is
illustrated in Figure 2, An observation of the distribution .of
population in the vibrational state levels near the nozzle lip is
compared to the mass flux for various angles. Two cases are shown
in Pigure 2: 1low nozzle stagnation pressure and high stagnation
pressure. At the lower pressure the gas experiences significant
vibrational. decoupling from the rotational and translational modes
as it expands. This produces a higher population in the vibrational

" levels than would occur if the vibrational state cooled along with
the translational modes of the molecule. This in turn increases the
total elastic scattering cross section of the gas and thus produces
significant scattering of molecules into the backflow regicn. At
higher stagnation pressures the density of the gas will be higher at
any given point in the flow and consequently the vibrational state
does not decouple from the translational mode until much later in
the ' expansion process, at which point the vibrational state has
cooled considerably. This produces a much lower population in  the
upper vibrational levels and a lower total elastic scattering cross
section. The flux into the backflow will then be reduced due to .a
lower rate of scattering into that region of the flow. -

the basiz for more accurate modeling of the expansion flow inside
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EVALUATION AND C(MPILATION OF THE THERMODYNAMIC
PROPERTIES OF HIGH TEMPERATURE SPECIES

Malcolm W. Chase
The Dow Chemical Company
Thermal Lab
Midland, Michigan 48674

The JANAF Thermochemical Tables are a set of self-consistent thermodynamic
data. These tables result from critically reviewing all literature sources,
evaluating the accuracy and precision of the experimental data/theoretical
calculations, calculating temperature-dependent thermodynamic functions, and
publishing thermochemical tables for use in the Air Force community. During
1985, the JANAF Thermochemical Tables (3rd edition) will be published as a
supplement to the Journal of Physical and Chemical Reference Data (a hard-
bound book in two parts).

_The past years contract involved the re-examination of the five alkaline
earth metals, their dimers, oxides, hydroxides, "halides, carbonates,
sulfides, and sulfates. Bibliographies, data graphs, and data summaries
were generated for 80 species; this will result in approximately 200 single-
and multi-phase thermochemical tables. The examination of experimental/
theoretical data for a given species by itself may not be sufficient to
indicate potential problems whereas the examination of families of species .
often reveals interesting problems and discrepancies. For example, three of
the five alkaline earth metals are not well characterized thermodynamically.
This study revealed probiems with the calcium data. To resolve this problem,
two laboratories in the U.S. are currently measuring the low temperature heat
capacities and high temperature eiithalpy of calcium, In addition, the
simultaneous study of the 20 alkaline earth dihalides yields a large frame-
work in which more reliable decisions can be made as to the validity of the
available data as well as guide better estimates for missing data; i.e.
portions of the CaCt, data s questionable, .

The quality of the tabulation {s often temperature-dependent and is a.
compromise between the quality and extent of the available data and the
calculational procedures used to generate the thermochemcal tables. 'The
calculational procedures are always being re-evaluated in 1ight of the
- extensive data available in some areas. For example, the thermal functions
: for monatomic and diatomi¢ gases are being re-examined to determine the
- effect and reasonadleness of new theories. Figure 1 shows the current Cp
' value for the alkali metal dimers recommended by the JANAF staff, Figure 2.
shows the dependence of the calculated heat capacity values for Li 2(9) on,
some: calculational pathways. Discussions are in progress as to the proper

mode of calculation. '

The successful application of these tables depends on the user being aware of
the uncertainties in the numerical values and the possible physical and
chemical phenomena peculiar to the species of interest. Current effort
- directed towards preparing annotated bibliographies, data graphs, and data
summaries is intended as an additional aid to the users 1in Jjudging the
effects of the uncertainties on the end results.
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EVALUATION AND COMPILATION OF THE THERMODYNAMIC
PROPERTIES OF HIGH TEMPERATURE SPECIES

Malcolm W, Chase
The Dow Chemical Company
Thermal Lab
Midland, Michigan 48574

" The JANAF Thermochemical Tables are a set of self-consistent thermodynramic
data. These tables result from critically reviewing all literature sources,
evaluating the accuracy and precision of the experimental data/theoretical
calculations, calculating temperature-dependent thermodynamic functions, and
publishing thermochemical tables for use in the Air Force community. During
1985, the JANAF Thermochemical Tables (3rd edition) will be published as a
supplement to the Journal of Physical and Chemical Reference Data (a hard-
bound book in two parts). :

The past years contract involved the re-examination of the five alkaline
earth metals, their dimers, oxides, hydroxides, halides, carbonates,
sulfides, and sulfates. Bibliographies, data graphs, and data summaries
were generated for 80 species; this will result in approximately 200 single-
and multi-phase thermochemical tables. The examination of experimental/
theoretical data for a given species by itself may not be sufficient to
indicate potential problems whereas the examination of families of species
often reveals interesting problems and discrepancies. For example, three of
the five alkaline earth metals are not well characterized thermodynamically.
This study revealed problems with the calcium data. To resolve this problem,
two laboratories in the U.S. are currently measuring the low temperature heat
-capacities and high temperature enthalpy of calcium. In addition, the
simultaneous study of the 20 alkaline earth dihalides yields a large frame-
work fn which more reliable decisions can be made as to the validity of the -
available data as well as guide better estimates for missing data; f{.e.
portions of the CaCe, data is questionable. : .

The quality of the 'tabulation 1s often temperature-dependent and is a
compromise between the quality and extent of the available data and the
calculational procedures used to generate the thermochemcai tables. The
calculational procedures are always being re-evaluated in 1ight of the
extensive data available in some areas. For example, the thermal functions
for monatomic .and diatomic gases are being re-examined to determine the
effect and reasonableness of new theories. Ffigure 1 shows the current Cp .
value for the alkali metal dimers recommended by the JANAF staff. Figure 2
shows the dependence of the calculated heat capacity values for Liz(g) on
- some calculational pathways. Discussions are in progress as to the “proper”
mode of calculation.

The successful application of these tables depends on the user being aware of
the uncertainties in the numerical values and the possible physical and
chemical phenomena peculiar to the species of interest. Current effort
directed towards preparing annotated bibliographies, data graphs, and data
summaries is intended as an additional aid to the users {in Jjudging the
effects of the uncertainties on the end results.
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CRITICAL EVALUATION OF HIGH TEMPERATURE CHEMICAL KINETIC DATA

Norman Cohen and Karl Vegtberg
Asrospace Corporation
P. O. Box 92957
Los Angeles, CA. %0009

The rapid growth in chemical kinetic dsta and in the uwumber of
nonspecialist users of such data in DOD-related work hss created a nead for a -
reliable, easy-to-use compilacion of evaluvated rate daia ~ud reccamended rate
coefficients. To snswer this need, a program for tia evaluation of kinetic
data and preparation of cousietently formsatted data sheets patterned after
JAMAF Thermochemical Tables wa3 undertaken with the joint support of the Air
Porce Office of Scientific Research and the National Bureau of 3Standards. '

High-tewperature data are of special interest to the Air Force, axd this
war the first data-eveluation program to extrapclate routinely rate
coefficients for btimolecular reactious to higher temperatures using nethods
more sophisticated than the familiar Arrhenius oxpression. Theozry is also
used to predict r-te coefficients for important reections for which thers are
0o experimental data. Because ths most rigorous current versions of
transition stzte theory are difficult and costly to apply to all but the
simplest resctions, a major part of this year's efforts has been devoted to
examining the justification of using a simpler, more approximate version as an
extrapolative tool and to deteraining its limits of reliability. A recent
" techanicsl report does this for the family of reactions of O atoms with
alkanee; the report has been accepted for publication. An important result of =
‘that study is a series of simple exprassions for estimating the value of the
room temperature rate coefficient for the reaction of J atoms with say alkans,
and then for extrapolating that rate coefficient to temperatures up to 3000
' Ke The results of this work were used to aid in the preparation of a new
series of data sheets for 15 reactions of O atoms with various alkanes, one of

which is showa in Pigs. 1l and 2.

As a related effort to the aforementioned work, the experirental data for
the reactions of O atoms with methane, ethane, and neopentans at temperatures
below ca. 600 K were reexamined. In the cass of -tlum and ethans, a set of
alementary resctions was assembled that describes the complex chuut:y
occurring in the original studies.  With the aid of previously written
computer codes, the original data were Teansiyzed. It was found in both cases
that the ssesurements wers especially sensitive to errors caused by secondary
resctions not taken into account originally and to impurities in the reagent
alkane. It appears, qulintinly. that the values for the 0 + Ci, end O +
Cylg rate coefficients were overestimated by approximately factors of 2 to I
in the 250 to 600 K temperaturs range. This work has also been written up 1in
a technical rcport and submitted for publication.

Durin. the remainder of the fiscal yur. e phn to prepare datz sheets
for reactions of O and OH with NH; and NoH,, and for reactions of OH with ¢
series of haloslkanes. Previous work on and ¥ + Hy will be updated and
prepared for publication. lhthodo for :ruting uu-ohcuhr reactions will

also be examined.
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CH, + OH —— »
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YONTAMENTAL STUDIES OF AZIDE DECCMPOSITION AND COMBUSTION

Joaaph B, rlmm. Dean 0. Woolery, Wallace W. Thoapson
Rockatdyne Division
ROCKWELL INTERMATIONAL
Canoga Park, CA 91304

The utilization of sside (-N,) ingredisnts is rapiily increasing in a wide
speatrum of Alr Yorce applicaticns. \3ide matsrials ara primarily char-
acterised by (heir high positive heatr of formsticn in sddition to wmique

combustion festures such as inhersnc high-buzning rates and self-exting-
guishnent at pnnum above ambient.

This ntu_dy will clucmu tludoenpouttionmd cosbustion characteristice
of various z3ide ingredisants vis high temperature. high heating rate
pyrolysiz-gas chromatography-mass spectrcastry.

Tha apyroach will be threefold:

1. Definition of aside decompoditicn chemistry with structuro.

2, Effect of azide dscompositicn chemistry upon uhcud provellars
wmt.o '

3. Correlation of doenouu.u pheacnens with rropolhnz burn rates.

The effort during the first nn has resulted in s determinstion of aside
decomposition chemistry via high pressurs (30-500 PSIC), high heating '
rate pyrolysis of variocus aside ingredients comsisting of: (1) Aliphatic
asider; (2) Aszidonitramines; (3) Asidoslcohols; (4) Multi-sudstituted
asides; (5) Cyclic aside monomers; (6) Asids polymers - a) GAP; b) uox;
e) 803 4) JMAMO; (7) GAP gumstocks.

The effect of preasurs upod the pyrolysis of liquld GAP polymers of 600,
2000, 2500, and 3800 moleculsr waight at 30, 100, 230 and 300 PSIC wes
determined. Incresse in CO and decrssses 1o H,0 yields vers found with
increasing pressure for all polymsrs. N, snd Gther product yields remsined
essentially conastant with pressure inanu These tesults indicate more
, .duem: carbon muoa with pressure incteess.

The effect of pmaun upon the pyrolysis of the respective CAP polyu: gu-

stocks cured vith DI weae determined. These ptopellants self-extinguished
up to 50 PSIG. Gas product distribdutioes from pyrolysis wers determined at
100, 250, and 50C PSIG. These product distributions were influenced by DI
concentration dictated by GAP bydroxyl equivalent weight. In all cases, CO
yield increased uzh inere2oting preocure indisating mors efficisnt cathon
oxnidation. :

Burn rate studies have demcnstrated three pressure dependent aside polymer
deflagration phenomens consisting of very rapid combustion, salf-extinguish-
msnt, and smooth regression over tha pressurs mm of 0 to 2000 P8IG.

' Preliminary data shows ;ood correlation between weight nrcnt GAP, flane
temperaturs, and burning rate for cured gumstocks of verious GAP samples.,
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| SCIENTIFIC APPROACH

® FIRST TIME EVER ELLCIDATION OF AZIDE DECONPISITION CHENISTRY
VIA R |

EIGE EEATING BATE
HIGE FRESSUIR .~ — SPECTRONETIY
FYRCLYSIS =

o ALIPEATIC ASIDES, ASIDOMITRANINES, ASIDOALCONOLS,
© CYLIC ASIDE MOWGKERS, ASIDE POLYNERS
o CORRELATI“ OF PYROLYS!S miﬂw CHEHISTRY “ITH BURN

RATE A
* GAP mm 600, 2000, 2500, 3000 MOLECULAR WEIGHT

‘e GAP - HNDI GUMSTOCKS

CO AND Ho0 YIELD FROM NEAT GAP (370-1940 EW) PYROLYSIS

-l
0 e 0O YIELD GA? 370 IV

O = 0 YIELD GA? 1190 TH
x = €O YIELD GAP 1940 BV

¢iil&9‘ﬂﬂtb¢ﬂ? 370 ™
A= YIELD GAP 1190 I¥

¥.2.R,0 TIELD GAP 1940 I¥

100 aeo 300 400
PRESSURE (PSIG)
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PRIMARY ACCOMPLISHMENTS

©® ELUCIDATION AND IDENTIFICATION OF AZIDE DECOMPOSITION CHEM!SfRY

o INFLUENCE OF OTNZR PUNCTIONAL CROUTS
¢ IXFLUENCE OF DCLYMERIZATION

@ CORRELATION OF lucmsen CARBON OXIDATION FROM PYROLYSIS WITH
PRESSURE INCREASE AND BURN RATE

©® FIRST TIHE.DWSTRATIUN OF THREE PRESSURE DEPENDENT AZIDE
POLYMER BURNING PHENOMENA CONSISTING OF

® VERY RAPID CONBUSTION

o SELP-EXTINGUISENPNT

e SMOOTH REGRESZION |
GA? (370-1940 EW) HMDI GUMSTOCK BURN RATES

1.0 4

“e 500 PSIG
.+ = 100C PSIG
0.8 - o= IS00 PSIG

BURN RATE (INCHES/SEC) -

INCREASING MOLECULAR WEIGHT GAP —mmme-

W .
76 7% . 80 2 84 (1] (] 80 92

WEIGHT PERCENT GAP. I GUMSTO~
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STABILITY OF RDX, AP, AND BTTN NEAR ROUM TEMPERATURE
Douglas B. Olson and Robert J. Cill

AeroChem Research Laboratories, Inc.
P.O. Box 12, Princeton, NJ 08542

The ovarall objective of this work is to gain a more fundamental understanding
of the chemical reaction mechanism and kinetics responaible for aging of solid
rocket propellants at near ambient temperature. The chemical aging process is
envisioned to result from the slow dccompositirn of some ingredients producing
highly reactive species which then chemically attack ottar ingredients, especi-
ally the polymer binders. The present studies includz the decomposition kin-
etics of selected pure ingredients as well as the degradarion reactions of two
binders. Mechanisms will be posiulated, usirg the mendured kinetic parzmeters,
and the predictions of this chemical aging "model” w..! be compured with avail -
able data. A noteworthy aspect of this prograi 1. t:e use of highly specific
and ultrasensitive analytical probes which altow s:udics to be performed at
realistic storage temperatures, over short time spens, 7! with little degrada-
tion, compared to the more usual accelerated tcesting at h-ph temperatures,
wnich then requires extrapolation of rate coefficients over many decades.

Progress to date has included measuroments ~f tne low temperature decomposition
rate coefficients of RDX, AP, and BTIN usiag gas evolution analysis, as ache-
matically illustrated in Fig. 1. A corrier sas 1s passed over small samples of
the ingredient under test in heated is thermal cells (T =20-100°C). A highly
' gensitive NO/O, chemiluminescence an.ivw.er is used to measure the real-time NOy
concentration (or NHs ccncentratins. frea AP) evolved from the samples to com-
pute a decomposition rate coeffir.zat. This is performed at several tempcra-
tures to establish the Arrheni: parcmeters of the process. The technique is
capable of measuring rate ¢ tf’:j:ats as small as about 10='* s~ (half-lives
greater than 10* years). us.g the same apparatus, the reactivity of decomposi-
tion products, such rs NO,, with Individual ingredisnts and mixtures is also
being measured over #!.rt, 1~100 hour, storaze t'mes.

Figure 2 shows low tcrerature kinetic data messured in this program on RDX, AP,
and -BTTN as well as scmc earlier A.: _frca {ata on other materials. The activa-
tion energy for RDX decomuoeition it & s :prisingly low 25 % 1 kcal wmol™?!, al-
though when the rate exniession : : «x'~apriated to 450 K reasonable agreement is .
obtained with previous cetinutes. The rite coefficients shown for two perchlor-
ates, AP and CP, illustrate their 1.3h szability. The AP data are in good
agreement with some of til:e p-evious kigh temperature measurements.

Results are also shown for three nitrate esters, NC, PETN, and BTIN. Recause. of
some experimental difficulties and a large disagreement between these data and an
earlier Hercules/Allegany Ballistic Labs. study, we report this BTIN rate coeffi-
cient as a preliminary value. Note that the measured activation energy for BTIN
(Eg=41 kcal wol=') is oimilar to thar of the other two nitrate esters, although
the previously reported BITN value (E,=26 kcal mol™') is much smaller.

This uork'is continuing and will conceﬁt:ate on the reactions of decomposition
products with propellant ingredients and the aging mechanism of HTPB-éoptalningr
propellants. . v : :
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PROPELLANT AGING RESEARCH
- Approach

X NOx OFFGAS ANALYS!S
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. FIGURE 2 DECOMPOSITION RATE COEFFICIENTS OF
PROPELLANT INGREDIENTS

. Activation energies in kcal mol-! for: -
‘nitrate esters - NC (Eg(T < 90°C) = 25, £, : .
© (T > 90°C) = 43), PETN (Eq = 40), anl BTTN .
" (Eg4 = 41); the nitramine RDX (Eq = 25; und
perchlorates AP (Eq = 30) and CP (Eq = 32).
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FUEL-RICH SOLID PROPELLANT BORON COMBUSTION

Merrill K. Kiang and James J. Komar
Atlantic Research Corporation
Alexandria, Virginia

Boroa particle combustion is retarded by inftisl preseance ot
an oxide coating. 1Ia curreat boron igaition models, oxygea is
assumed to dissolve ia the oxide aand diffuse to the B!R203
iaterface for reaction. Measuremeats of exotherms for
oxide-coated particles ia hot O /N2 mixtures have quantified
oxidation rates, but have not u%equivocally established whether
oxygea cr boror (suggested by theoretical solubtlity
considerations) moves across the oxide. Possible asor-equilibrium
condensation of borom oxide/hydroxide products during rapid
cooliang (e.g., nozzle expansion) {s also important - siganificant
performance is lost without such condensation. Past condeasation
studies have beeun conducted uander unrealistic coniitions or
iavolved limited diagnostics, ianadequate for mechanisa Qefinition.

Regarding the first problem, a uanique experimeant (FPigure 1lA)
utilizing two sealed vessels (one contaianing argoa, the other an
argon/oxygen mixture) separated by a controlled thickaess/
temperature liquid B,0, film oa a porous platinum disk, will be
performmed. Oxyger perTmeability will be determined by moaitoring
0, concentration vise in the argoan vessel with a2 mass spectrometer
of NDUV detector. Oxide film temperature will be controlled bdy
resistance or iaductive heating and measured by two-color
pyrometry aad/or thermocouples, while thickaess will be
established by oxide volume and disk area. Equal pressures will
dbe maintained in the vessels by bdellows sections or use o’ a
manometer connected across chambers with coatrolled bleeds as
needed. Several temperature, 6;1de thickness, and oxygea level
combinations will be studied. Results will be compared with
calculations from previously refereaced oxide~cocated boron
particle exotbecms (Figure 2A4). A

Ia Task 2, a unique coabinatfoa of laser diagnostics aad a
2-D windowed expaasion section (with pressure taps) attached to a
gaseous cowbustor will be used to quantify boroa oxide/hydroxide
condensation processes at realistic coaditious. (Figure 1B). Wat
and dry, unseeded (homogeneous) and seaded (heterogeneous) systems
will bde studied. A long-residence-time combustor usiag oxygea, CO
or propane, nitrogen, and 820 or triethylborane will produce well
defined (composition, temporagurc) products. - Various thrsat sizes
and nozzle coatours provide various controlled temperature-
pressure-time profiles. Optical ports permit use of laser-based
disgaostics for measuremesnt of flow velocity, composition,
temperature, particuiate conceatration, and cordensate sizes

. varsus distance (time). From analysis of changing gas composition

aad particle quantity and size aloag the nozzle (for various
1aitial coanditioms and expansion rates) condeasation mechanisms

will be defined. :
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1A. APPARATUS FOR DETERMINATION OF SOLUTIOM/TRANSPORT .
{RPERMEARILITY) RATE OF OXYGEN ACROSS A BORIC
OXIDE FILM

13.. STUDY OF COMDEMSATION PROCISSES OF BOROW
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Mass Flux Across Film x Film Thickness

Oxygen Pressure
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2A. PERMEABILITY EXPERIMENT————-—ANTICIPATED RESULIS

wir @ DATA TO BE OBTAINED
FROM THIS STUDY IF
OXYGEN SOLUTIOM/DIFFUSION
POSTULATE IS VALID
w—iL BASED OM SAFANEEV DATA FOR
HEAT RELEASE RATES FOR OXIDE-~
COATED BORON PARTICLES IX
 OXYGEN, ASSUMING THAT THIS
_ RATE IS CONTROLLED BY SOLUTION
AND DIFFUSION OF O, ACROSS
g vt TEE PILM 2
g
3 wt
gg, BASED .OM GRIGORIEV DATA UNDER
SAME ASSUMPTIONS AS STATED FoR @
SAFANEEV DATA
.
L o
”'4 1 1 1 ] ] 1
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28. CONDEMSATION EXPEKIMENT OUTPUT

Por Various Chember Cas Temperatures,Pressure, and Composition, and
Various Rates ¢ { Change Of Tempersturs (Controlled By Nozzle Contour),

Obtain Temperature ,
- Major Species Concesti-tion
Pressure : ' vs Distance (Time)
Amount of Condensed Oxide
Minor Species Identification

: hnd:l.u to Model of l‘luclcition/bondnnudoi Processes Capabls of

Being used to Predict Degrees of Supercooling in.Various Situations
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CRACK GROWTH BEHAVIOR IN A COMPOSITE PROPELLANT WITH STRAIN GRADIENTS
C.T.LIV
Air Force Rocket Propulsion L -.5orctory
~Edwards AFB CA 93523-5000 (80S) 277-5502

- The main objective of the Siructural Mechanics Research Proqrom is to odvonce
the current understanding of the crock growth behavior in solid propellants. The
specific objechve of this present research program is to investigate the crack growth
behavior in solid propellant in the preserce of nonuniform, gross applied strain fields.

In this study, the crack growth behavior in a highly fi’ied composite propellmf .

_with strain gradients was studied 1hrou¢' the use of precrociked biaxial specimens.
Two different shapes of biaxial specimens were considered; nomely, the rectangular
. shape ond the wedge shape. Through crccks with d:ffenv + crock lengths ond
eccentricities, with respect to the vertical centerline of tre specimen, were cut along

the horizontal centeriine of the specimen. Crack propoation tests were conducted

under a constant strain rate condition at room tempercture. The measured crack

length, load, and time served as input to a computer prograrr that calculated the crack
growth rate ond the stress intersity foctor, and then determined the functional

relationship between these two parameters. : ,

In onalyzing the data, time was selected as he independent varicble, whereas
crack length and load were selected as the dependent variables., With this selection of
independent ond dependent variables, the crack length ond the load were meosured
every three seconds (i.e., A t = 3 seconds), which was selected just for convenience.
Based on the measured a versus t data, the cruck growth rate, =, was calculated by
four di{ferent methods for five different time intervals, At =" '3, 6, 9, 12, and |5
seconds.

At the time of this writing, progress has bean made toward developing a crack
growth model to predict the crock growth behavior in solid propellants, and the data
analysis had been completed. Based on the results of the data analysis for the
condition considered in this study, the follewing conclusions are drawn:

I The spliné fitting mefhod'in'froduces the least error into the crock growth
rate. :

2. Thereison opﬁmum & t-measurement mcrement that will minimize the erruL' o
in crack growfh rate caleulation.

3. The time range of the crack growth tronsition zone is msensitive to the
change of the initial crack length ond the nonuniform gross strain field.

4. The crock growth resiﬁfance curve is insensitive to the initial crock length.

5. : In the stable crock growth stoge, the effect of the initial crock lenath and
the nonuniform gros strain field on the crock growth behavic- is negligibly small.

6., A power law relofiondﬂp exists between the crack growth rate % ond the ' .
stress infenslty foctor Kj. .

7. The eccentricify of the crock hos no signiflcmf effect on the crack growfh
behavior, -

8. When the crock grows into o lower nonuniform, aross strain fneld, fhe crock
growfh behavior shows a pronouneed cyclic flucfuaﬂon.
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NONLINEAR MODELING AND ME(]'HOl'D- l(l)JF PREDICTING CRACK GROWTH
Alr Force Rcv'xe} é;owlslm Loboratory
Edwards AFG (.. 93523-500C (Ru3) 277-5502

In the past decade, many experimental studies were directed primarily toward the
characterization of frocture behavior in solid propelionts under various looding
conditions. The experimental resuits revealed that despite the noniinear nature of
these types of materials, linear viscoelestic fracture mechanics theory or slightly
modified nonlineor versions had been successfully used in charocterizing the crock
growth behavior in some propellonts. However, it should be pointed out that the
verifications were limited to rather ideal stress states and simple loading conditions.
Therefore, in order to characterize the fracture behavior in solid propetiant, under
reaiistic and: general looading conditions, the effect of material nonlinearity on the
crack initiation and the subsequerit crack growth is required.

The objective of this study is to develop a nonlinear crack growth model which
con be used to characterize crack growth under large deformation conditions and to
determine the range of applicability of the linear theory in predicting crack growth.

The approach will involve 3 combination of analytical and experimental studies.
Experiments '(destructive end nondestrustive) will be conducied to .determine the -
failure process, the damoge zone, the failure property, and the strain field chead of
the crack tip. This information will be used fo determine the domoge parameters
associated with the nonlineur viscoelastic constitutive equation and to determine,
together with the criterio developed from the theoretical analysis, the failure process
zone, The material response near the crock tip will be modeled by the 2-D nonlinvor
viscoelastic constitutive equation. This crack tip model and the generalized path-
independent J-integral, developed by Schapery, will be incorporoted into a computer

~ code to calculate the value of the J-integral. This information will be used to predict
crack initiation and propagation in solld propellants under various load:ng conditions.

The preliminary zone study was conducted by using the acoustic imaging
technique. A typical resuit is shown in Figure 2. The contours shown in Figure 2 are
the ocoustic fringes of o strained propellant which indicate the intensity of the
damage developed in the material. It can be seen that, near the crack tip region, the
shape of the contours or the damage zones are commensurate with the stress fields
developed in the maierial and they resemble the plastic zones near the crack tip in
ductile metais. . This preliminary study suggests that the acoustic imaging technique
can be a promising technique to determine the damage zone size in solid propellonts.
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HIGH-RESOLUTION MOVIES OF PROPELLANT DEFLAGRATION

Roger J. Becker, Paul F. tuehrmann, and Janet L. Laird
University of Dayton Research Institute
Dayton, Ohio 45469

This program has been designed to enhance our understaoding c? the behavior

of the particles at the surface of 2 grain-dufing deflagration. A special

emphasis has been placed on qualitative knowledge of particles and agglomerates

ranging in size from 20 to 70 um. Cooverative behavior and the nature of the

immediate particle environment are of particular concern. The ultimate goal of

this initiative is experiments correlating partiole behaviour with external
parameters, such as the flow field and pressure oscillations.

Our approach has been to exploit the unique capability of the newly
developed copper-vapor laser as a light source for front-lit cinephotography.
The 30 ns pulse width, 1.2 nu pulse . 2rgy, and 5 kHz repetition rate of this
laser are ideal for front-l1t einephotography. The short pulse width freezes
the motion, the high-enerqgy, monochromatic pulse penetrates the flame, and the
5 kHz repetition rate captures dynamic phenomena. We have also developed a
dfode-array detector for our servo positioner, due to severe depth-of-field
- restrictions. : :

We have succeeded 1n makfng movies during pressured burns on ,
wide-distribution propellants.l Our diode-array detector has worked uell and our
" movies are immune to flame brightness, show no motion blur, and have enabled "¢
to photograph the intermediate sized (20 um) particles and their agglomerates.
In all movies using different formulations, the intermediate sized particles are
seen to undergo rapid and large amplitude oscillations, as 1f tethered to tie
surface by fine fibers. '

we are developing an {mproved nhiditor for strand burns that gives no
smoke, causes little flaking, and is relatively successful in presarving the
strand profile. We have also built and test:d »n.optical correlator for
quantitative analysis of our films. An optical approach allows for parallel
' data processing, and .is. therefore both fast and economical. Preporatioos for
stereo movies are 1n progress. : , C o -
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WIDE DISTRIBUTION PROPELLANTS

Robert A. Frederick, Jr. and John R. Osborn
School of Aeronautics and Astronautics
Purdue University
West Lafayette, Indiana 47907

Conposite propellants containing a wide AP particle size distribution have

exhibited unpredictable ballistic properties. Highly loaded propellants of

this type do not burn continuously but show local stepwise burning patterns at
the propellant surface. The propellant burns quickly for a short period of

time, then "rests” for a short period of time. The increments of burning occur
over distances comparable to the diameter of the coarse AP, while the rest _
period has been linked to the energetic properties of the binder for 'IPDI and

ODI formulations. _

These observations challenge previous conclusions that propellant burning

‘rate is controlled largely by the deflagration of individual oxidizer crystals

and their surrounding binder. Scenarios which describe propellant combustion

.- as strictly a time average or area average process are inadequate to describe

this local intermittent combustion. It now appears possibie that AP particle
ignition and binder pyrolysis are controlling combustion mechanisms, at least
for wide distribution formulations.

The goal of this research program is to identify conditions which produce
local stepwise burning of solid propellants and to identify the physical pro-
cesses that control the duration of the burn periods and “rest" periods.
Perfecting a technique to continuously measure the local burning rate is a
major task in achieving this goal. Measurements will first be completed
using high-speed photography as a preliminary screening tool. The desired
technique, however, is a direct measurement using a laser position detector

. (LPD). This LPD is being de:igned and developed to continuously record spat-

ially local (40 micron diameter circle), high resolution (20 micron) distance
measurements. With an adequite technique perfected, systematic composition
variations will be exam?ned to determine the role of AP ignition and combustion
properties, and the energetic nature of the binder on the locdl and average
burning rate. Specifically, the binder curative, oxidizer modal size ratio.
and pressure will be investigated as independent variables.

* The significant achievement to date has been the continuous measurement
of average burning rate of solid propellant burning at atmospheric pressure
by sensing the position of a modulated laser team refiected from the propellant
surface. The instrument tested compensated for the variable optical properties
of the propellant surface and the combustion gases.
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~ FEATURES OF APPROACH

. ' o HETEROGENEOUS SURFACE CHEMISTRY
- LARGE SIZE DIFFERENCE BETWEEN COARSE AND
- FINE AP | /

o FIRST DIRECT MEASUREMENTS '
- MEASUREMENT OF LOCAL MICROSCOPIC NON-STEADY
- BURNING

0 SYSTEMATIC VARIATIONS
- AP DECOMPOSITION CHARACTERISTICS
- BIWDER ENERGETICS
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Coupling Between Velocity Oscillations
and Solid Propellant Combustion

R. S. Brows, A. M. Blackner, P. G. Willoughby, and R. Dunlap

United Technologies/Chemical Systems Division
San Jose, CA 95150-0015

Cold-flow studies are being conducted to define 313141 characterize the
basic flowfield and heat transfer mechanisms controlling the coupling be-
tween the acoustic velocity and the solid propellant combustion zone. This
coupling produces a substantial effect on the overall stability of the com-
bustion pressure, yet substanthl dcf:l.c:lenciel exist in the curreant basic

knowledge.

Previously reportad measuresents of the cscillatory heat transfer
demonstrate that this coupling is extremely nonlinear at relatively low
acoustic pressures (< 0.4%). The data also show that the current heuristic
model for velocity coupling (which is incorporated into the Standard Stadil-
ity Prediction Program) is largely wrong; the differences in the head-end
and aft-end coupling are reversed from those prodictcd by the conceptual
model.

Radial profiles of the acoustic velocity have been wasured at several
axial stations for two surface Mach numbers, fraquencies, smd scoustic
pressure levels. The data, vhen normallized to ths head-end acoustic
pressure, show that at low acoustic pressures (f.e¢., 0.05Z), the acoustic
waves axtend across the entire cross-section in the region upstream of the
transition in the mean velocity profile, witi nonplanar and nonlinear behavicr
observed iia the near surface regions. Dowastream of the velocity :
transition, the acoustic wvaves do not penetrate through the near wall tur-
bulence. At higher acoustic pressures (i.e., 0.4X) the upstream nonlineari-
‘ties increase in magnitude and extend across the entire port. Downstream
of the velocity transition the cors noulinearities decay while the linear
ent penetratas through the turbulence to the wall. These rewults
letély consistent with the oscillatory hest transfer measurements.
her substantiste the large error in the conceptual model of the
chanics used to prsdict velocity coupling effects in mofur stability

lated.| There is s threshold position along the propellant grain upstream
of vhich the propellsnt surface responds to the acoustic velocity. Down-

of this position, the propellant does not respond to the acoustic
velocity. The threshold position appears to be dafined by the growth of
ce in the flow near the propellant surface. Wall blowing/acoustic
tions produce surface heat trzisler oscillations which are not

"in phase"” with the centerline acoustic velocity. This proves that the
eodution response based on driving Ly the centerline velocity must
quantitatively account for both propcunt and ﬂwfiold effects.
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FLAME-ACOUSTIC WAVE INTERACTION DURING AXIAL
SOL.ID ROCKET INSTABILITIES

Ben T. Zinn, Brady R. Daniel, Jechiel J. Jagoda,
-Uday Hegde and Subra V. Sankar

Aerospace Engineering,
Georgia Institute of Tecnhlogy
IAtlanta, Georgia, 30332

This theoretical and experimental ressarch program is
concerned with the determination of (1) the processes which
control the driving of axial instabilities by solid propellant
flames and (2) whether existing mcdels can indeed determine the
interactions between s0lid propellant flames and oscillatory flow
fields. . Since experimental investigation of actual solid
propeilant flames is currently not possible because of the
extranely small dimensions of their cosbustion zones, the present
study investigates the characteristics of a premixed, flat flame
stabilized within an acoustic boundary laysr next to’" a porous
side wall in a specially developed expsrimental setup, see Fig.
1. In this sctup, a combustible mixture enters the duct through
the porous side wall and it burns in a flat flame stabilized at
some distance downstreem of the wall whicn permits performing the
indicated diagnostics. Simultaneously, the response of this flame
to acoustic excitation is modeled using an approach similar to
those utilized to model the responses of solid propellant flames.
This model requires the steady temperature distribution within
the flame T(y), the wall admittance % , the acoustic pressure -4
and the steady wall velocity U(y=0) as inputs and it prcdicts th.
normal acoustic velocity at the boundary layer edge V) which
determines the local flame driving. To check the validity of the
developed model, both the required 1nput data and the predicted
quantity (i.e.,Vy) will be measured and Ve will be compared with
the model predictions. In addition, the experimental efforts will
investigate the possibl. presence of unusual features such as

‘vortex sheets, distortions and turbulence within the flame. There

studies will be conducted for cosbustible mixtures having
different compositions, for differert wave amplitudes and
frequencies and for flames located on different portions of tho
standing acoustic wave structure.

Todatw, the development of the theoretical nod.l has been
completed and typical predictions of the distributions of the
acoustic solutions . in the flame are shown in Fig. 2,
Intor.stinqu, these solutions show that . driving occurs(i.e., vJ
increases) in the region of the flame heat release. In addition,
this model shows that (1) contrary to earlisr analyses, the
steady shear 2u/3y cannot be neglected in the vicinity of
acoustic pressure nodes, (2) periodic vortices are present within
the flame and (3) the flame driving depends upon ' the steady
velocity at the wall, the wall response and the steady state
flame characteristics. Finally, computations were performed to
determine the ranges of frequencies and stcady v.locitios at the
wall for uhich the model is valid. .
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x‘ns_.vgca ogxgv’zs (1) Determine the gas phase processes which coatribute to
flame driving during combustion instabilicies,

(2) Determine whether state of the art models can describe
the driving provided by oscillatory gaseous flames,

» v Theoretical Modelling of
., THEORY | =(theoretical) D the Experimental Plusc

COMPARE BN 9 ~— ' .
® mEORY VIDI DATA | 'e(theorstical) = 'a(experimental) I ., |

lo - Wa ttance

Ee.r),
DIAGNOSTIC | o

) Pressurs Optical Temperature '
TEGINIQUE _Transducers 2V  Measurements Thermocouples l

o DATA v:(uxpormntal)

: s Q N Water Cooled
Ny

"' N\ l&lu of Stokes inyc

Opeical Quarez

SETU JRY ) e Micro-Etch -
P v 1 b , . (s/s screen) .
S o ey ‘
N\
% Seeding Chamber:

e Sintered s/s

N . Seeding Tibes

Cosbustible ’ I .

- Mixture ' ‘\ N

Figure 1. An Outline of the Proposed Research Approach (top) and
o & Schematic of a Cross: Sectional View of the Developed
Expsrimental Setup and Flac Flame
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MECHANISHS FOR ACOUSTIC SUPPRESSION

Principal Investigator: Nerriﬁ W. Beckstead
Coinvestigator: R.L. Raun
Brigham Young University, Provo, Utah 86402

Acoustic suppressants are commonly added to low smoke and smokeless
propellants to avoid the problem of combustion instability. Suppressants
apparently work by one or more of three mechanisms: (1) energy loss due to
viscous dissipation due to drag forces, (2; modification of the propellant

-combustion response function, or (3) eneruy {nterchange due to distributed

combustion. '

Yiscous dissipation of acoustic energy by drag forces on a suspended
perticle is the most commonly recognized mzchanism, befng a direct analogy to
suspended moisture in a fog. A second mechanisa can occur with solid

additives within the propellant that hus a catalytic influence on the .

combustion response. The third mechanism considered 1s due to the effect of a
particle burning as it traverses a relatively _arge portion of the system. As
it does so, the interchange of energy between the burning particle and the
acoustic envirorment can result in either a driving or damping contridution to
the acoustics of the system. This third wechanism is the primary area of
study of the current contract. ‘

The principle objective of this work is to {dencify and develop an
uaderstanding of the mechanisms whereby acoustic supyressants modify an
acoustic wave. Figure 1 {s a graphic {llustration of the approach, soee of
the technical advantages, the data to be collecteu and the data analysis to be
performed. .In the past, T-turners have usually been used to make measurements
to study additives. The experimental basis for the technical approach of this
study is the Rijke burner. The Rijke burner 1s & gas burner with a paddle to
control (stop and start) combustion oscillations, over frequencies ranging

.from 500 to 1500 Hz. The unique advantage of this approach ({.e. using the

gas fired Rijke burner), allows separation of the three mechanisms mentfoned
above by testing an additive iadependent of the propellant burning surface.
Other advanteges includ. avoiding use of solid propellants, ard allowing for
1=ddependent control cof frequency, O0/F ratio, tomperature and particle
addition. .

Figure 2 summarizes the most significant data obtained during the past
year. Al and IrC are commonly - added to solid propellants and exhidbit
significantly different combustion characteristics, Al being very reactive and

ZrC slightly reactive. The experimental results cotained using Al a=d ZrC in -

the Rijke burner (Figure 2) indicate that both additives do cause a. . ‘crease
in the acoustic growth rate when compared to growth rates obtzined wi.sout any
particles in the system. - The increase caused by Al {s greater than that
caused by ZrC. Because the reaction of Al releases more than twice the energy

. IrC does, 1t would be expected to have a greater influence on th system than

ZrC. The increase in the acoustic growth rate {is apparently the resuit of
energy being added  to the system by the distributed combustion of the
particles. : ‘ | . ‘
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MECHANISMS FOR ACUUSTIC SUPPRESSION

How Do Suppressants Work in Solid Propeliant Rocket Motors?‘

yai \
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“Mechanisms of Acoustic Suppressants: -

Viscous dissipation due to drag forces
Modification of propellant respexse function
Effect of distributed {>mbustion

CURRENT PROGRAM:

o Separate Effects of Different Hechanisms Using
e Unique Experiments - )

o The Modified Rijke burner

o Use gas (eHminates solid propellant) B -] Paddle
o Evaluate acoustics w/o particles ek -
o Can feed particles indeperdently | o
e Vary particle type, size aad concentration A . :
o Evaluate reactive or fnert particles , fi§ % |
) Use paddie to control acoustic growth , |
Particles Y R
| Gas ;ﬁé?t
e Results : )

e Moniter particle combustion nith high speed movies J SR
e Evaluate acoustic growth rates with and without particles

e Evaluate mechanisms of reactive versus inert particias

o Measure effect of pertinent parameter
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FLOW FIELD EFFECTS ON COMBUSTION INSTABILITY

T.J. Chung

Departument of Mechanical Engineering
The University of Alabama in Huntsville

_ The main topic of research during the past two years has been the
theoretical and numerical studies of the coupiing mechanism of acoustic
. and hydrodynamic wave oscillations and its effects on combustion instabil-
s ity. The so-called "hydrodynamic stability boundary" concept is well knowm,
CEe A as illustrated in Fig. la. A question arises: What hapoens if acoustic
oscillations are coupled with the hydrodynamically oscillating system?
To see this phenomenon, consider the rocket motor simulator in Fig. 1b.

: - © We derive, by means of Green's function integrals, an expression for the '
o . . 3rowth constant in the fora, a=a, + 0y, where a, and refer to the growth
. - constants corresponding to acoustic and nydrodynamic oscillations, respec-~
- tively. @, is s function of the mean flow velocity, acoustic pressure and

. frequencies, whereas o is a function of additional variables such as the
vortical component of velocity and hydrodynamic (vortical) frequencies as
wall as those for 0,. PFinite elements are utilized for calculations of
nean flow fields, eigenvalue analyses, and the evaluation of the growth
constant integrals. For a given excited acoustic frequency and Reynolds
ounber, we plot the Oy versus hydrodynamic frequencies, as shown in Fig.
2a (solid lines). This information leads to acoustic-coupled hydrodyna-
mic stability boundaries (see Fig. 2b). Similar graphs can be constructed
for other combinations of excited acoustic frequencies to Mmtify the

g .most critical cases.

R Based on this research, we conclude that an acoustic coupling with
ER - hydrodynamic oscillations causes the hydrodynamic stability boundaries to

expand into higher'as well ss lower frequency regions. Furthermore, there

are some regions of damping (stable) due to acoustic coupling otherwise un-
stabla. This phenomenon divides the single hydrodynamic stability bound-
ary region into several (typically three) regions. It suggests that there
are certain combinations of acoustic and hydrodynamic frequencies &t which
stable and unstable situations arise, and the method of analysis described
herein provides such predictions. Can this be substantiated by laboratory
messurenents? This subject is ‘considered as a challanging future labora-
tory experizental task.

. Other ressarch activities during this period include particle dnping

based on multi-dimensional flow field analysis and two-dimensional response .

function calcuhtioul as listed below.

Chun;. T.J. nnd Sohn, J L., "Interactions of Unsteady Acoustic and Vortical
o‘cuhttm in Axisy-‘tric Cylindrical Cavity", AIAA Paper No. 84-1635,
T 1984,

Chung, T.J. and Chan, S.K., "Particle Damping Effects on Combustion In-ta-
bilicy™, AIM Paper No. 84-0373, 1984,

Chun;. T.J. and Kim, P.K,, " Finite Element Approach to Response Function

Calculations for Solid ?ropclhnt Rocket Motors', AIAA Paper No. 86-1633
1984
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ROCKET MOTOR FLOW-TURNING -LOSSES

Alan S. Hersh :
Hersh Acoustical Engineering, Inc.
Chatsworth, CA 91311

. "Flow=-turning”® losses represent one of the least understood mech-
anisms in the acoustic gain and loss estimates used in rocket
motor stability calculations. According to theoretical models pro-
posed by Culick, acoustic energy is absorbed during the energy

_exchange process governing the interaction between mean flow and
longitudinal waves within the interior of rocket motors. To vali-
date his model, Culick undertook a series of tests which proved
inconclusive because of experimental difficulties. A series of
experimental investigations were undertaken to provide fundamental
understanding of thce "flow-turning” acoustic loss mechanisms.

The experimental investigation was unique in four important ways.
First, meaningful test data was collected using injection volume
flow rates on the order of 100 times the values used in Culick's
tests. Second, detailed two-dimensional surveys.of the mean and
acoustic profiles across the injection test section were conducted.
Third, the effects of mean flow turbulence were removed by signal
processing. And fourth, acoustic energy flux losses across the
injection test section were directly measured. The accuracy of the
acoustic energy flux measurements will be improved this year by
conducting hot-wire measurements of the acoustic particle velocity
across the injection test section. , , .

Figure 1 is a schematic of the experimental facility. Sound was
introduced at one end of the faciltiy. Uniform transverse flow was
injected into the test section through individual air plena. This
was necessary to compare the test results to theoretical models
which assume uniform transverse injection rates. The amplitude and
phase of the sound pressure within the test section was measured
using the probe tube arrangement shown. The meagurement program

. consisted of measuring the sound pressure within the test section
as a function of lateral injectinn flow rate. The idea here is
that if "flow-turning” losses indeed absorb sound, then the sound
pressure amplitude should decrease with increasing injection flow.

Figqure 2 summarizes the current findings of the study. The symbols
represent the measured acoustic energy flux losses across the
injection test section.as a function of injection flow ‘rate. The
solid line represents an one-dimensional estimate of the acoustic
losses while the dashed line represents a refraction corrected
one-dimensional estimate, B ‘ '

It is clear that the "flow-turning" process absorbs sound. The
measurements show  that most, if not all, of the energy absorption
takes place at the finite admittance side wall panels. A reason-
ably accurate one-dimensional model of the sound energy absorption
was derived providing the efficiency of the sidewall panel absor-
ption was increased due to injected mean flow gradients/rafraction
amplification of the local sound pressure at the sidewalls. The
refraction effects arc clearly two-dimensional and were incorpor-:
ated in an ad-hoc manner into the one-dimensional model.. The
identification of the redistribution of the sound pressure is new,
at least in rocket motor stablility calculations, and many have
important applications to other rocket motor stability

mechanisms, : ' '
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OVERVIEW: AFOSR INTERESTS IN ROCKET PROPULSION

-Leonard H. Caveny
Air Force Office of Scientific Research
Bolliag AFB
Washington, DC 20332-6448

Rocket propulsion requirements, both present and plamned, present important
challenges that are not addreased adequately by present technologies. PFuture
propulsion systems must be improved to assure that the winning edge is
maintained. As the conventional propulsion technology matures, the need '
persists to attain yet another round of performance gains. Thus, the technoliogy .
challenges becone even greatsr since the obvicus advancesents are being
implemented. Also, broad classes of problems {e.g., costs, hazards, combustion.
instability, service life, signature, low-temperature structural integrity,
light weight thermal protaction) are never solved eantirely and recur often as
important considerations (ard compromises) prior to propulsion systea
qualification.

Powerful motivations continue for basic research on topics such as reacting
flows, energetic materials, stability, refractory materials, and propulsive
processes. Many phenomena, not explained adequately, are accommodated by
specific designs. Periodically, this lack of understanding is the precursor to
major setbacks. Clearly, rosket motor processes present scientific challenges
suggesting that properly conceived ressarch will continue to provide the

fwundation for higher wror-noe, red.ced risk, lower development ooct.s, longer
service 1life, eoto.

- This meeting is the first review following the inomud emphasis in advanced

energetic materials. Accordingly some introductory comments will be provided by

. several of the investigators to help put portiona of this ressearch into

perspective.
The recent emphasis on apace and the reusable launch vehicle capability to low

" Barth orbit present new considerations for advanced propulsion for ordit

transfer. Transferring the projected large payloads using conventionmal
propulsion imposes severe limitations on the missions. For example, 708 of the
mass delivered to low Barth orbit may be the chemical propulsion systes required
to raise the other 30% (i.e. the active payload) to geosynchronous Eaurth ordit;
nonconventional propulsion offers the promise of reversing this ratio of
propulsion and payload masses. The technology 1ssues are necessarily ‘complex;
ocontroversial approaches are to be expected. Much of the research is coupled to
optimistic proJoct:I.ona for uchnolagicd advamu by the 1995 to 2000 time
period. .

‘The Wednesday afumoon session treats fundamental processes related to beamed

energy and solar propulsion, i.e., radiation transaission and absorption in .
flowing media, plassa initiation, and chamber configurations. The immediate
advantage of beamed and solar energy is high specific impulses obtained by using
low molecular weight working fluids heated by external power sources to
temperatures greatly above combustion gas temperatures. The preamise of the
beamed energy approach is that suitable megawatt laser sources will be available
and justified for applications other than propulsion. Recent studies support .
the thesis that ground based free-electron lasers operatirg at suitable short

. wave lengths will enable attnotin transaission efficiencies and compact

collection opuca.

. . . - Y s ' . .
T T I e e e e e e e i S e U gt~
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The Thursday morning session on electric propulsion emphasizes concepts which

lend themselves to sustained operation at megawatt power levels. This

represents a major departure from millinewton thrust, pulse-mode electric

propulsion considered for station keeping or planetary probes, e.g., milliseoond

pulses driven by a capacitor bank charged by a dedicated kilowatt power source.’

Present mission analyses are exploring the dual mode premise of the megawatt

nuclear power supply onboard for the mzin mission being available for propulsion

power. Thus, propulsion does not take all the weight penalty for the power

source. When large total impulses are required, thruster mass is ssall compared -
to the fuel mass; thus, a premium is placed on increasing fuel efficiencies and
the 1w thrust densities of the thrusters become less important. Electrode and
insulator lifef.imes have dbeen identified as primary barriers to sustained, high
power density operation of magnetoplasmadynamic thrusters. Accordingly a major
portion of the research is directed at mass loss mechanisms and conditions , -
leading to abusive environments and inefficient operation.

Ample opportunity exists for new approaches. During the last year, several
investigations into the synthesis of energetic ingredients were initiated;
complementary research is needed to improve the characterization techniques for
these higher anergy (and mors temperamental) ingredients and propellants. Good .
progress is being made on understanding the origins of combustion instability;
mors attention must be given to the mechanisas of deliberate suppression. The
advent of qusntitative flow visualization for turbulent reacting flows has not
been accompanied by corresponding theoretical treatments to fully exploit array
data, capabls of revealing rapid evolution of flow structure and flame frouts.
The remarkable advances in optical diagnostic techniques present new approaches
to investigate plasma flows which must be understood and controlled under
magnetoplasmadynamic and beamed energy thruster conditions. The research on
life limiting processes which occur at the surfaces of electrodes, electrical
insulators, and refractories will benefit from advances in remote sensing of
surface temperatures, composition, and structure. Space missions will present

established to anticipate and guide the advances in sensors, adaptive control,
thruster configuration options, etc. Sustained megawatt operation of space '
thrusters will be limited by the inability to reject heat; research is needed to
enable advances in light weight radiators and thermal nanagelent systems. Ve
will welcome discussion on these and other topics pertinent to the Air Force
basio research program on energy conversion.
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INTERACTION OF MULTI-DIMENSIONAL MEAN AND ACOUSTIC
FIELDS IN SOLID ROCKET COMBUSTION CHAMBERS .

Joe?h D. Baum and Jay N. Levine :
Air Force Rocket Propulsion Laboratory/DYCR

Edwards AFB, CA 93523-5000

The objective of the present research project is to seek an understanding of the
physical mechanisms by which energy is exchanged between the mean and acoustic flow
fields in resonance combustion chambers (in particular, solid rocket motors). These
processes which have the potential of contributing significantly to the growth or decay of
pressur2 oscillations in solid rocket chambers, have been the subject of much speculation
in the past, but have never been thoroughly investigated. Specifically, the phenomena to
t¢ investigated are the interaction between the acoustic field in a chamber and a free
shear layer (i.e., vortex shedding) and the so called "flow turning effect” (i.e. energy
tronsfer between the acoustic field in *he combustor and the meon flow of combustion
products entering the chamber parallel to its axis). The presentation this year will detail

. efforts, to date, to develop the computational capability to properly address such °
problems via a solution of the compressible, turbulent, time dependent Navier-Stokes
equations, and will report progress made toward the understanding cf flow turning and
acoustic refraction (which results from the interaction between sound waves and a
coexisting mean sheared flow, as shown in Figs la and Ib for downstream and upstream
wave propagation, respectively). E :

Acoustic refraction effects had to be investigated since they result in redistribution
of acoustic pressure and velocity (and thus acoustic energy) in the rodial direction. When
sound waves travel with the sheared meon flow in a combustion chamber, ocoustic
refraction results in increase of acoustic pressure and velocity near the burning propellant
surfoce thereby enhancing the propellant burning rate (due to the coupling between the:
pressure and velocity fields and the burning rate of the propellant). ‘This results in further
erhancement of acoustic energy production, in controst with the coexisting phenomenon
of acoustic energy dissipation that results from acoustic energy dabsorption by the
incoming flow of combustion products.

' A computer program was developed to solve the time dependent, turbulent,
compressible Navier-Stokes equations that describe the flow in a compustion chamber and
a hard wall tube (utilized to study the phenomenon of sound wave propagation in a
coexisting sheared meon flow). Studies were conducted to evaluate explicit versus
implicit codes (implicit was chosen as more computationally. efficient) and proper
definition of the boundary conditions, The results obtained in the acoustic refraction
study demonstraie significont distortion of the initially plone waveform as the wave
traverses the tube length, as shown in Figs 20 and Zb for the pressure and axial acoustic
velocity, respectively. After 600 time steps, when the solution is terminated, the
‘omplitude of the acoustic pressure at the wall is 39.5% larger thon at centerline, while
the amplitude of axial velocity oscillations near the wall is 31% larger than at centerline.
‘The results for downstream propagation demonstrate significont increase of acoustic
pressure ‘and velocity near the wall with respect to the corresponding values at the .
centerline. For upstream propagation the reverse phenomena occurs. Additional results
demonstrate that acoustic refraction effects: a) increase with frequency; b) increase with
Mach number; ¢) are higher for upstream wave propagation; d) are significantly lower than
predicted by classical acoustic theory; and e) acoustic refraction effects which have not
been previously considerd in motor stability analysis, should be included in the models. To
the best of our knowledge, these are the first. solutions demonstrating acoustic refroction
effects that are obtained through solution of the complete Navier-Stokes equations.
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LASER THERMAL PROPULSION

Dennis Keefer, Carroll Peters,
Herbert Crowder and kichard Welle
Center for Laser Applications
University of Tennessee Space Institute
Tullahoma, Tennessee 37388

Laser sustained plasmas (LSP) have been proposed ac s means of B
converting beamed energy from a remotely located 12ser to provide efficient ~ .
propulsion for orbital transfer. Successful {zpiementation of this concept N
requires that the detailed energy conversion processes that control plasma e
stability and fractional energy zisorption within the LS? be thoroughly SN
understood. An experimeriii study of these mechanisms is being conducted ’
using argon plasmac sustained by a continuous wave carbon dioxide laser in
a controlled, forced convection flow. Detailed measurements of the plasma
temperature field are obtained using digital images of the plasma continuum .
radtation within a narrow spectral wavelength band. Using the measured T
temperature field, the interaction among the absorbed laser power, thermal -
conduction, and thermal radiative transfer can be calculated at each point ' -
within the plasma. :

Experiments have now been performed, using both 8-inch and 12-inch N
focal length lenses at incident power levels to 1 kW, pressures from 1 to , R
3 atm. and flow velocities to 21.4 cm/s. The data has been reduced to =
provide the measured temperature fields for most of these experiments, but ) e

_ the calculation of absorbed laser power was delayed by the need to perform .
real-ray analyses of the focusing optics to account for spherical aberrations. g
One of the most important questions concerning LSP behavior was the effect of o
forced convective flow, since no previously reported experiments were ' o
performed under these conditions. It was found from our experiwents that,
at a given condition of pressure, incident power and focusing geometry, the
L5? is relatively insensitive to the incident flow velocity. This can be o
ceen from Figure 1 where images of the plasma have been computer enhanced ' .
t> show the isoradiance contours. The plasma shape and velume remain '
neariy. constant, and the principal effect of increased velocity is to move
the niasma closer to the focal plane. No instability of the LSP has been
observed as a result of forced convective flow.

For the range of parameters which we have studied to date, the LSP was , ‘.
found to be most sensitive to pressure and to the focal length of the lens. .
inese effects can be seen in Figure 2. These data were acquired at a : T
constant volume flowrate of 3.2 standard liters/min uysing the 8-inch focal
jength lens, and shows that the plasma radfance increases with pressure,
reaching a maximum at about 2 atm. The sequence of images in Figure 2b . N
was obtiained at the same conditions except that the 12-inch focal length lens o 5
was used. In this sequence, the maximum radiance is smaller, and occurs for .
a pressure of 1.7 atm. As the pressure is increased, the plasma moves ‘
closer to the lens and decreases in length until it becomes unstable and
extinguishes, This result is somewhat surprising since, as a result of
reduced spherical aberrations, the peak intensity of the laser beam is
greater for the 12-inch lens. Further explanation of this effect must
await the detailed analysis of the laser beam absorption within the LSP.

to
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1.3 ATM

2. The sequence was obtained using the 8-inch focal iength lens.

1.3 ATH

3.2w™
708 W

b. The sequence was obtafned using the 12-inch focal length Tens.

Figure 2. The effect of pressuﬁ- for two
. different focusing lenses. ~
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AMALYTICAL MODELING OF STRONG RADIATION
GAS-DYNAMIC INTERACTION

Charles L. Merkle
The Pennsylvania State University
University Park, PA 16802

The principal objective of this research progras is to determine the .
dominant characteristics of the interaction between & high power laser bLeas
and a flowing gas. The method of investigation is by numerioal analysis
with primary emphasis on the steady two~dimensional prodblem. The
one-dimensional prodlem and the stadility characteristiocs of the
' interaction are also being oconsidered. The gecmetry of interest is the
convergent portion of a oonverging-diverging nozzle. This geometry, along
with the major physiocal phencmena included in the analysis, is shown in
Fig. 1. In particular, the analysis includes the effects of a converging
laser beam with an arditrary intensity profile. (Present calculations are
using & Gaussian beam.) The mass flow through the noszzle {s fixed by the
back pressure when the nozzle is unchoked, and dy the choking oondition
vhen the noizle is operated superoritically. ' Real gas properties,
including viscosity and thersal conductivity, corresponding to those of .
equilidrium hydrogen are used for all thermodynamic variables. Gas
abecrptivities corresponding to hydrogen—seedant mixtures have been ohosen
for ths ocslcuiations to date. The looation of the heat adeorption sone and
the fraction cf power abtecrbded are found by satisfying the ocomplete ’
oonservation laws.

" The nuseriocal procedure is a lineerized, blook implicit time-dependent
schame. TO ensure acourate mass and energy dalanoss, both the fluid
equations and the radiation equation are expressed in fully conservative
fora. Boundary oonditions are expressed in proper characteristiocs fors,
and all csloulations are done in a body-fitted cocrdinste system.

Some representative results of a parasetric study ourrently {n :
progrses are shown on Fig. 2. These ocalculations represent the first ever
two~dipansional analysis of the laser abeorption problem. The left side of
Fig. 2 shows temperature ocontours for three different laser powers. Note
that the heating zone exhidits steeper gradients in the radisl than in the
. axial direotion. For the conditions computed, much of the abeorption is
scoomplished in the diverging part of the beam, dut the resulting
interaction remains stadle. The fraction of laser power abeorded in these -
cases ranges from 50 to 705. The frectional power abteorbded can de
. incressed and the heat addition zone cam bde moved forward by raising the

stagnation pressure or the dack pressure or by mm inoresses in the

',1“90'-'

The variation in the oross-bdess lutmuy is nhwn on the rtmt side
of Fig. 2. At and neer the noszle inlet (x=0 and 0.5) it remains Gaussiasn,
but preferential abeorption Dy the hotter gases on the axis destroys the
Caussian shape toward the end of the nozsle. At the exit, almsost the
wmtire saount of energy on the ocenterline has bdeen absorbed, but
subztantial power remains in the outer portions as seen by the x=1.5 curve.
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Experimental Studies of Laser-Sustained Argon Plasmas
Fcr CW Laser,Propulsioq Applications

Herman Krier and Jyoti Mazumder
University of Illinois at Urbazna-Champaign

Experimental studies of laser-sustained plasmas in pressurized
flowing argon are now underway. Figure L presents preliminary :
global absorption data, as measured calorimetrically, over a range .
of laser power for air anéd argon at 1.1 atm., Such absorption data
§:§ flowing argon at these power levels has not been presented
ore.
The data shows strong laser energy absorption by argon,
approaching 89% at higher powers. The argon absorption is
considerably stronger than that of air, due mainly to its higher
absorption coefficient. The absorption coefficient of air is
degraded by the presence of extraneous species with larger
electron collisional cross sections. These tend to deexcite free
electrons and lower electron temperature, reducing inverse
Brehmsstrahlung absorption, the dominant absorption mechanism.
The data also indicates a tendency for global absorption to

-rise with laser power. This is most likely a geometric effect.

Total absorption depends both on absorption coefficient and on
plasma size. Plasma size is an eigenvalue solution of the steady
state energy balance equations (see Pig. 2); producing a finite
plasma size for a given laser power and flow conditions. As laser
power increases, the plasma size and therefore the absorption
lcngth grow, causing a net increase in global absorption.

The data also suggests asymptotic behavior at high power (see
Fig. 2b). As laser power increases, the plasma grows until it
reaches a point where radiative losses from the enlarged surface
“area offsets the increase in power, preventing further growth in
absorption length., Thus there is probably an upper limit to

' absorption percentage, depending largely on beam geometry and

radiative behavior.

Minimum maintenance powers are also lndicated. One reason for
the difference is again the lower absorption coefficient of air
(see Fig. 2c). Near plasma extinguishment, the plasma is held

' near the focal volume, where absorptive area and length are

comparable for the two gases. Since the absorption coefficient of
argon is higher, it can be maintained at the focus at lower power
levels. Minimum powers will be lower once our optics atc
optimized, and when higher gas pressures are used.

The dashed line above the argon data represents an analytic
corzrection for the heated gas that becomes trapped in our '

_ calorimeter; it is based on thermocouple readings taken inside

the calorimeter. Actual measurements of the correction facto: are
now being made using calorimeter windows.
In addition to these absorption studies, we are cuttently:
1) examining plasma initiation using targets and aerosols, 2)
producing detailed temperature and number density measurements in
the plasma core using spectroscopic relative~line-intensity and '
line=broadening techniques, 3) extending the temperature data
downstream using infrared thermography and thermocouple grids, and
‘4) devaloping an LIF disgnostic system for studyinq convective
ni:ing bohavio:.. , -
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inverse Bremssirahiung Absorption :
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Physical mechanisms affecting the energy balance of the LSP.
The plasaa stabilizes at & point in the focused heam where
the absorbed power equals all loss mechanisms.

rig. 2a

Pig 2b 1Increased radiative lbsaos rig 2¢. Near pPlasma extinguishment,
due to lacrger surface area offsot

absorption area and length .are fixed

increases in laser power and fix by the focal volume. Thus, minimum

" an upper limit to plasma size and maintenance power is a function of

globsl absorption fraction. absorption coefficient only,
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LINZAR AND SATURATED ABSORPTION OF LASER RADIATION IN HEATED GASES

Robert H. Krech, Lawren M. Cowles,
George E. Caledonia and David I. Rosen
Physical Sciences Inc.

Dascomb Research Park, P.0. Box 3100
Andover, MA 10810

The physical processes involved in heating the working fluid of a rocket
engine vith a high power CW laser beam can be simply described. The gas is
injected into the stagnation/absorption zone at a temperaturs most probably
determined by regenerative cooling requirements. As the gas flows toward the
throat it is heated by absorption of laser radiation. With hydrogen as the
primary propellant constituent, the equivalent of nine 10.6 ym photons per
molecule must be absorbed to reach a stagnation condition that yields a speci-
'tic impulse of ~1000 s.

The absorption scheme originally considottd requir~d the lasor-inducod
breakdown of the Hy “fuel® followed by the formation of a stable laser-
supported combustion (LSC) wave. The principle absorption mechanism in this
case is inverse eslectron bremsstrahlung which requires significant ionization
levels in the gas. PFor pure H2, lonization becomes significant at ~10,000 X
with the developmant of a stable LSC vave requiring temperatures of ~20,000 K.
It has been suggested that the introduction of alkali seeds, which will begin
to thermally ionize at temperatures of ~3000-3500 K, would allow operation at
temperatures of <10,000 K, thns providing a lass severs thermal environment
for thruster design.

Although the use of alkali seeds appears promising, an LSC wave mechanisa
is required to heat the gas to T ~3000-3500 K to initiate alkali ionization.
Alternatively, other "seed” molecules can absorb the laser radiation via
vibration-rotation band transitions. :Such absorbing molecules can provide for
gas heating to tolporatut.l of ~3000-3500 K, so that heating from the ini-
tially "cold” gas to stagnation conditions can be continuous rather than
through laser-induced breakdown. Furthermore if such species can absorb to T
»4500-5000 KX, then specific impulses of 31000-2090 s can: be achieved without
the need for ionization (and thus alkali seeds!}. .

The present program has been directed towards studying the absorption
properties of potential “high temperature" molecular absorbers over the tem-
perature range of 1000-3500 K and at CO2 (~10.6 um) and DF (3. 8 um) laser
vavelengths. These measurements have been performed behind incident and
reflected shockwaves. Species studied to date include H20, CO2, NH3, SPg and
NP3, Swmall signal (linear) absorption coefficients have been measured for
- these species (including effects due to dissociation fragments). These 2ea-
surements have been performed under pressure and temperature conditions, and

within non-equilibriul chemical kinetic regimes, appropriate to the propulsion
" application. In addltion observations of saturation phenomena in the inten-
sity range of 103-106 W/cm2 have been performed at CO3 laser vavulcngthn for
the spécies C02 and NH3, -

A brief overview of the technical issues involv.d and. tonoarch appxoach
used to address these issues is provided in Figure 1. Figurs 2 provides a
summary of our small signal absorptiun observations for the CO3 P(20) transi-
tion. ‘

b
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ENERGY DEPOSITION OF PULSED ONE MICRON "\
LASER RADIATION IN H AND AR -

David I. Rosen and Nelson H. Kemp

Physical Sciences Inc.
Dascomb Research Park -
P.0O. Box 3100 : .
Andover, MA 01810 e

‘ In RP (repetitively-pulsed) laser propulsion the propellant energy is :
supplied by the absorption of short, repetitive laser pulses beamed to the -
thruster from a remote laser power station. In the RP thruster concept shown ' e
in Pigure 1 parabolic nozzle valls focus the incoming beam to yield propellant -
breakdown at the focal point of this parabola. Depicted schematically in ) ' > B
‘Pigures la to 1d are the four principal stages in the operation of the pulsed

laser-heated thruster: (1) ignition/breakdown, (2) post-breakdown plasma

absorption and growth under the influence of the laser radiation field,

(3) blast wave propagation into the surrounding gas, and (4) late-tim: @pan-

sion and cooling of the laser-heated gas. )

In a previous study at PSI experimental and theoretical investigations of
laser~induced gas breakdown at short laser wavelengths (< 1 um) were crrried
sut for a variety of propellant gas candidates. The rxasults of those studies
have helped to establish the threshold irradiances required to initiate an
optically absorbing plasma and the scaling of those irradiances with gas den-
sity, pulse duration, and concentration of low ionization potential additives.
With the ignition/breakdown criteria thus established, the next step was to
evaluate the subsequent laszer ensargy deposition that occurs in the post-
btoakdovn plasma. o ) N

In the present study. we have porfornod exporinontl to investigate the
degree of laser optical absorption and the resulting plasma-dynamics which
occurs vhen high energy pulses of 1.05 um laser radiation are focussed into
varigul gases at focal intensities above the breakdown threshold (1010-1013 .
'/C' ). -

The amcunt of laser energy absorbed into the gas vas inferred from a
coabination of experimental mesasurements and coamputer modeling calculations.
In the experiments, the laser beam attenuation was found by optical transais-
sion msasurements, and the shock wave trajectory was measured from time-
resolved interferomstric measurements. A computer model of quasi-one dimen- '
sional flow was adapted to calculate spherical expansion of a heated gas
sphere, including thermochemical equilibrium. The mesasured shock trajectories
vere compared with the calculated ones to infer the energy absorbed by the gas - .
from the laser. Details of the work will be discussed in the talk to be pre~- N
sented. : ' ' .

A summary of the :osults based on our prnlininary analynil can be found
in rlguro 2 for hydrogep and argon. The results indicate that, under appro-
priately chosen conditions, conversion efficiencies of pulsed laser energy to
blast wave energy can be achieved that approach 1008, The data analysis also
revsala, however, that a proper treatment of 'real gas' effacts, i.e., energy ‘ .
partitioning into internal dngtocl of . freedom ot th. gas, is essential to any e
-odeling analylil. . 3
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ADVANCED ENERGY CONVERSION CONCEPT FOR MICROWAVE BEAMK)-ENERCY PRCPULSION

Professor Leik N. Myrabo
Department of Mechanical Engineering,
Asronautical Engineering & Mechanics

Rensselaer Polytechnic Institute
Troy, New York 12180 -

The principal objective of this study is to perform basic resesrch investiga-
tions on an innovative electrostatic force geaeration principle. Basically,
microvave energy is besmed directly to remote RF linear accelerators (LINAC)
enclosed by a specially-shsped envelops/body within a planetary atmosphere. A
number of low current (1A peak, 100 mA avdrage) 5 MeV LINACs eject free-eléc-
tron charge to a distaisce of 5 to 10 m from the body, thercby establishing a
"charge cloud" and res:ltant high electric field between the cloud and body.
In less than a microcecoad, thuse free electroms attach to previcusly neutrai .
oxygen and water molerules (forming negs:iive ions), and drag the lsrgely neu-
tral air-mass "cloud" back to the body wkich is now positively charged. Force
generation is postulated to occur on a millisecond time scale, and may be
limited to some exteat by icun-slip processes. As shown in Figure 1, repeti-
tively-pulsed operation (e.g., 1000 Hz) of the LINACs could give rise to
quasi-steady electrostatic forces, wnich accelerate the air-aass vorking fluid

. within a stresm tube of a given crpture area — as established by the radius of
the E-beam at the point of maximum range from the ‘accelerator.

The reaearch program proposes to exsmine the physics of global body electrosta-
tic charging and artificial atmospheric charging, formulste a model for elec-
trostatic force generation and finally, conduct sn analysis of the cloud/ body
interaction physics. Figure 2 graphically presents the results of a "first-
order" calculation of anticipated surface-field thrust, free chargs, and stored
energy.
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Basic Proceases of Plasma Propulsion
Herbert 0. Schrade ‘
Institut fiir Raumfahrtantriebe der Unlverutit Stuttgart

The goal of this program is to get a better undentunding of a) the
scceleration mechanisms and b) the electrode effects in gelf mag-
netic pulsed and continuous MPD-arc: thrusters. In order. to assess
the applicability of these thrusters as space propulsion systems
such an investigation is mandatory. Moreover, since similar problem
areas can be found in many other low to medium pressure arg de~ .
vices, the results of this study should be also of interest for
electrically induced gasdynamic lasers, MPD-power generators and
- power switching devices,

a) the magnetic thrust of a MPD-arc propulsion device increases
with the square of current. Unfortunately by increasing the current
above a critical value, one observes strong voltage fluctuations
and sisultanecusly a detrimental increase of electrode and’
insulator erosion. This fact, which has been found in all steady
and quasi steady self field thrusters severely limits their perfor-
mance. 50 far besides the two known explanations of this “"onset
phenocaenon® ,~ the first of which is an anode sheat failure due to
plasaa ontvation caused by a radial magnetic pressure increase
{Bigel) and the second which is an excessive back EMF (Lawless and
Sakramanian)- another explanation. could be put foreward which also
accounts for the electrode and insulator erosion., This new expla-
‘nation is based on a plasma instability, which leads to a deviation
off the axisymmetrical current distribution and hence to a current
concentration on the anode surface (see Pig. 1a). The derived onset
conditions for this instability phenomenon agree gquite well with
those found in experiments. However in order to relate this onset
conditions to the overall quantities of any thruster type like mass
flow rate and total current,one has to know the average current
contour and flow lines within the thruster. Therefore a simplified
rotationally symmetric, twodimensional numerical aethode to calcu-
lats the flow pressure and current density field for different
thruster geometries has been set up and will be successively
iaprooved. The current contour and: conastant pressure lines of such
a numerical calculation for the Stuttqart MPD-Thruster assuring
isothermal conditions for the electrons and an isotropic behavior
of the heavy particles are shown in Pig. 1b,

b) In order to gain a better understanding of the cathode pheno- .
menon and in order minimize the erosion rate in MPD-arcs an oxpori- :
‘ment has been initiated in addition to the thoonucal ‘work. The
experimental set up is schematically shown in Pig. 2 and is placed
in a vacuum test vessel which allow pressure variations between
10-3 and 104 Pa for different gases. The cathode sample which can
. have different shapes (cylinder, flatt plate, etc) is mounted
between two rods. The arc discharge is struck between the cathode
saaple and an anode of variable length. The electrode system is
energized by a pulse forming network of electrolytic capacitors
delivering a rectangular current pulse lasting about 2 ns with
currents which can be varied between several hundred amperes up to
10 kA. By means of an suxiliary electric current through ' the
cathode sample the cathode can be puhutcd and/or a transverse
magnetic field of different strength can be applied.. By meuns of
this test apparatus the cathode . attachment behavior, the mass
loss, erosion rate and surface damage for different cathode materi-
als under various - upouunq eondiuonu uux be denratnod and
investigated.
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ELECTRODE TEST CONFIGURATION

VARE LATODE COnFOURATION

Tasks: - o Determine the mass loss and th
weighing the cathode sample bef
series of discharge pulses

o Investigation of arc traces (
cathode surface by means of opti
electron microscopy

¢ Observe by means of high speed
attachment motion '

riq; 21 Cathode zxpcrinint:' Scheme . of Elec
figuration; proposed Tasks.: ‘

erosionrate By-
re and after a

raters) on the
al and scanning

cameras the arc

trode Test Con-
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PERFORMANCE-LIMITING FACTORS IN MPD THRUSTERS

By Manuel Martinez-~Sanchez, Daniel Heimerdinger, Mark Chanty and David Melanson
M.I.T., Dept. of Aeronautics and Astronautics
Cambridge, Maasachusetts 02139

Continuing our research effort into the ph¥sics and design of MPD thrusters,
we are this year addressing three primary questions: (a)Based on a simplified
model of the plasma physics (but still retaining the Hall effect), how should
an MPD channel be lofted to insure a smooth current distribution? (b)Developing -
a uwumerical simulation code for off-design or off-shape channels. (c)Development
of experimental tests and diagnostics to verify the above. This approach differs
from the more traditional route , in which the channel shape is arrived at in a
. purely ewpirical manner, and also from earlier plasma flow analvses. where the

crucial rcle of the Hall parameter (particularly for onset) was not acceunted for.
We are also hoping to bring to bear advanced diagnostic techniques (fiber optics,
fine spectral measurements and active laser probing).

. s
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During the past few months we have formulated the governing dynamic equations
for a fully ionized plasma with tensor conductivity in terms of axial distance
and stream function, using boundary layer approximations for a slender geometry.
The distribution of total pressure (ordinary plus magnetic) along the channel
is prescribed, which nearly prescribes the current density, and the sxial and trans-
verse profiles of the remaining quantities are then computed, among them the
cross-gsectional area. Insight is derived from the exf{stence of a simple analogy
to gas-dynamic nozzle flow when the magnetic Reynolds number is high; thus,
choking at the throat occurs at the magneto-acoustic velocity, and Prandtl-
Meyer expansion fans, whogse fanning constant-density lines are also the current
lines of the comonly observed anode-exit arc, are seen as a natural effect
at the channel end, Finite magnetic Reynolds mumbher effects modifv these results.
The theory also yields a simple design showing no axial current, and hence no.
side force tending to produce onset phenromena, but this requires an axial
field, hence segmentation. Even in designs with no axial field (monolythic
electrodes), the possibility of reducing the inlet and outlet current concenta-
tions is likely to lead to a delay in the onsct of instability. We hope to
use our computsr code based on the above theory to design a longer life,
higher onsat channel.

in partllcl wi:h this, several other activities are ‘baing pursued. They
"include a full 2-D, time-varving numerical simulation of plasma flow for a
- prescribed geometry, which is undergoing tests, and preparation for exverimental
. testing of & channel designed according to our theoretical wotk. These tests
will bc in cco:eration with RDA. Washington office.
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How 10 pes1GN MPD THRUSTERS WITH MINIMAL CURRENT
CONCENTRATIONS AND DELAYED ONSET PHENOMENA

APPROACH:
IRECT NUMERICAL MODELING (GIVEN SHAPE

§§ bNVERSE (pESIGN) CALCUU\TI?‘J OF AREA n;smmu*mu
G
mxmm:. VERIFICATION
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NEW RESULTS AND WORK IN PROGRESS

A) HAVE FORMULATED ANALOGY CF HIGH INTERACTION MPD To
ORDINARY GASDYNAMICS

B) HAVE FOUND LIMITING CONFICURATION WITH NC AXIAL
. CURRENT - REQUIRES CONTOURING. AND SEGMENTATION OF
ELECTRODES : .

C) HAVE DEVELOPED DESIGN CODE FOR NON-SEGMENTED,
COMTOURED CHANNELS WITH SMOOTH CURRENT DISTRIBUTION

J
| ] [
Ll Ll 2 7 T 7A=Y T 777

\T
* J 08

()

D) ARE PLANNING PULSED TEST OF CONCEPTS, USING FLOW
DIAGNOSTICS TO VERIFY ANALYSIS, ALSO TWO-DIMENSIONAL
CODE DEVELOPED, _ o
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EROSION AND ONSET MECHANISMS
| IN
MAGNETOPLASMADYNAMIC THRUSTERS

John L. Lawless ‘ .
Carnegie-Mellon University .
Pittsburgh, Pennsylvenia 15213

MmmmutmjaconminMPDmmduign.vaylimeu
presently known sbout it. To minimize erodion, it is desirable to operate in the diffuse
as opposed to spot mode of rurrent conduction. The goal of this work is (1) to
detecmine the limits of diffuse mode operaiion and (2) to quantify iis erosion rates.
Since, at present, there are no theories to answer either question, this work is upique.

it is boped to clarify the relationship between ecrosion and the experimental

d 10 bc due to evaporation and sputtering. Evaporstion i3 a
sten clectrodes if the surface temperalure reaches 3000K, as it
might in stesdy-state operation. The surface temperature is determined by a heat transfer .
problem involving the plasma, the sheath structure, and the electrede cooling mechanisms.
The imporiance of sputtering is delerminod by the rate with which energelic ions strike
mejor unknown here is bow such high energy ions
Kuriki and Onishi, is that they are created in a high
voltage region of the anode sheath. ~ Another possibility is that they sre created by
thermai means witkin the plasma, possibly in the relatively hot boundary layer. The
above considerations are illustrated in figure 1. The importance of sputlering may be
strongly affected by the demsity of second ions. The importaance of second ions is

currently being studied.

8
i
g
g
‘.

To guantify erosion, knowledge of plasma temperature and compositional profiles is
peoded. To this end, a flov mode! is being studied This model includes the effects of
'pressure gradients, magnetic forces, ohmic hesting, and convection in a quasi-one-
dimensional approximation similar to that . of King ect. aL(1981}).  The effects of
ionization on the otherwise ideal gas flow. bave been studied. The results chow that
jonization greatiy affects the choking condition and hence the electrical characteristics of
the thruster. This is illustrated in figure 2. '

The primary scleslific accomplishment to date has been the prediction of a new ‘ .
onset mechanism. This mecbanism predicts .that the back emf rises rapidly emough to
" limit the current to some critical value. This mechenism .is distinct from the anode
sheath failure mechanism analyzed by Baksht et. al.(1974) among others. It shouid be
possible for experiments to distinguish between these two mechanisms. The Bsksht
mechanism would be observed as a rapid increase in the vcltage drop of the anode s
sheath pear the exit as onset is approached The propos=d new mechanism would be .
observed as A rapid drop in curreut demsity in the middle of the thruster. The
preliminary evidence exists to support the existence of both mechanisms but is
inconclusive about whick occurs first under different flow  conditions. Current work
shows how these onset limilations are sliered by ths presence of ionization.
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£ If the exit occurs here, third
g lone and higher way be found
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If the oxit enthalpy reaches this level,

by sscond jons may be importast

ummmmmmufnwu ,"."'
;‘ ’

tn this region requires higher applied voltages o
T " T . T T . . “

' T ' ‘»j‘»_;
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MAGRETOPLASNADYMAMIC THRVZZZR EROSION RESEARCH

Przid Q. King
Jet Yiopulsion Laboratory _
California Institute of Tachmology
Pasadena, California 91109

Hagr~toriassadynanic thruster (MPUT) lifetise at sustained multi-megavatt
pover levels ~ unknown but vill be governad by plassa erosion of thruster surfaces.
Before tie thi.ater can be developed for an ordbital propulsion application the
physics of the erosion mechanisns must be studied. The research propossd herein
wzr:uu the follovwing key Qquestions that must be resolved in order to understand
erosion: -

1) Vhat are the erosion mechanisas on the anode, cathode, and . .
inuslator and vhat are the quantitative rates for each?

2 Vhat governs the cathode heat balance at high current density R
(>200A/ca?) and mrgavatt pover levels. - L
s) at governs the anode heat balance. '

q) Hov does the cathode vork function change vith time, and vhat - .
effoct does this have on erosion.

The spproach is unizae in that it aims at developing an understanding of the
erosion of the electrode and insulator surfaces by conducting experimenis on a T
steady-state, scaled-down MPD device, and by analysis of key processes. Figure 1
shovs the cathode and cathode sheuth region and identifies two types of emission
processes, one of vhich is destructive the other non-destructive.

The primary accomplishment this year is to have shown, by steady-state
tests and analysis that the cathode cperates in a diffuse, thermionic mode which can
be considsred non-destructive in some cases. Figure 2 shows thoriated tungsten a
cathode tip tesperatures measured by an optical pyrometer that are commensurate
vith high current density, field-enhanced therajonic emission.

: Analysis of the data provides a further insight by exposing two key 'y
processes in the cathode heat balance. Here, a large flux of lov energy ions ;
bombard and heat the cathode as they are dravn into and acceleratied by the cathode
sheath. Each ‘?ﬂi@ic electren emitted from the cathode removes the work

function in ‘thersby providing a cooling effect that increases with current
density. The bottom of Figure 2 shovs that at lower current densities, ion _
bombardment dominates the heat balance and can cause temperatures high enough to
material quickly. The bottom curve, at a lover plasma denmsity . o
reduced ion bombardment and indicates reduced temperatures :
commensurate vith experiment. The temperature at various plassa densities are e
' point at extremely high current densities by the effect of ;

The design of multi-megavatt MPD' engines is advanced by the realization A

densities demanded by size and efficiency constrains are in fact

necessary to the c:ttlilod. cool enough, by electron emission, to prevent severe A
sporation. '

-
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FIGURE 2 — MPD THRUSTER EROSION RESEARCH — RESULTS

STEADY-STATE CATHOOE TIP
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COMPLETELY MAGNETICALLY CONTAINED ELECTROTHERMAL THRUSTER

George R. Seikel
SeiTec, Inc.
P.0. Box 81264
Cleveland, OH 44181

Results of previous major MPD arc thruster experiments with applied
magnetic fields are summarized in Ref. 1. The highest measured performances
were: 1) a thrust efficiency of 37% at 2200s specific impulse with & xenon
prope]lant thruster operating at a power of 0.48kW, and 2) a thrust effic-
iency of 34% at 2500s specific 1mpulse with an argon uropellant thruster
with & 1T superconducting magnet at a power of 25kN.

Results for both this 25kW thruster and a MW quasi-steady thruster also
demonstrated that efficiency significantly increases with the applied mag-

"netic field strength up to the experimental limits, 1 and 2T respectively.
At these field strengths the cyclot.on radius of the propellant ions becomes
smaller than the anode diameter, and heating, containment, and arceleration
of the plasma ions can be directly accompllshed by the applied radial elec-

*ric field and expanding axial magnetic “nozzle" field.

These prior experiments all had irefficiencies, operating ivmlts and
life limits associated with their physucal upstream thruster backplates
One such problem is illustrated in Fig. 1.

Fig. 1 shows a 0.5kW thruster which was life-tested for 1332 hours.
Also shown are cross-sectional sketches of the upstream boron nitride in-
sulator after 735 and 1332 hours of operation. This wear was life limiting
and refiected a iarge inefficiency. Efficiency was improved over 10 points,
tc the previousiy cited 37%, by modifications providing a stronger upstream
magnetic mirror field. However, this higher efficiency thruster was limited
fn power level by heating of the backplate. As it became heated to a dull
red, the efficiency decreased.

' Backplate problems have also limited higher power MPD thrusters which
to date have all used coaxial cathodes and anodes. In the only life test of
'a radiation cooled 25kW thruster, testing had to be termirated at 553 hours
because of rapid erosion of the thrusters boron nitride insulator.

The subsequent, previously mentioned, superconducting maghet thruster

used a hollow cathode to better control current attachment; however, for

. stable operation it required all the propellant to be introduced into the
cathode which penalizes performance. A downstream cathode could eliminate
this problem but will not eliminate backplate heating and erosion problems.’

The present research is developing conceptual designs of a novel thruster
concept which avoids backplate inefficiencies, operating limits, and life
limits. This concept, Fig. 2, prov1des ‘for complete upstream magnetlc
containment of the plasma. The magnetic field is designed to insure both
stable plasma containment in the upstream "U" and efficient expansion in the
dowrstream magnetic nozzles. Two designs are being defined. The first for
quasi-steady (1ms) Mw operation with 1T fields. The second for steady-state
radiation cooled operation at a few kW with 0.037 fields. Both will have the
same size and geometry, but will have different thickness coil turns and
number of turns {to limit.voltage). The plasma containment tube will be
the anode and a single downstream cathode will be used. Anticipated perfor-
nance improvements over that of prior thrusters will also be estimated.

1 Seikel et 2}, P. in Astro. and Aero., Vol. 89, 1984, L.H. Cavery editor, pp. 260-302.
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'WASWOI STUDIES IN A HYBRID VPLUHE PLASMA ROCKET
r. R. cm;.? W. A. Krueger, T. P. Yang, J. L. Fisher't

Plasma Fusion Center
Nassachusatis Inatitute ¢ Technology
Canbridge, MA 02139

A hydvrid plume is here define! 23 one vhere the fluid properties exhibit
a drastic variation from one rcgion to another, The conceptl has a potential
spplication in magnetic divertors for energy recovery ard impurity control in
fusion rcactors, as vell as in rocket propulsion using high temperature
Plasms. In a lydrid plu=e plasua rocket, for example, the téemperature at
the core of the exhaust is extremely high; whersas, near the edge, the
temperature is quits lov. PFurthermore, the variation in temperature from the
plums centerline to the outside can be many orders of magnitude. While ehc
axhaust fluid at the center is a fully ilcaized plsima (st .5 to 1 keV),
sctually becoaes a neutral gas at the edges {(at .1 to .3 eV). The net mult
is a plume, cool at ths edges, thereby relaxing the heating constraints on
the nozzle mterial, but hot at the center, thus preserving and even enhancing
the allovatle pover density and specific imuplse of the dsvice.

. In principle, such & hybdrid configuration could be echieved by surrounding
the hot plasma flowing cut of one of the end cells of a tanden mirrord vith a
coaxial flow of high speed gas (Fig. 1). The gas would be injected through a
hypersonic snnular noszle immediately dovnstream of the mirror end cell. The
hypersoni: gas would have the dual purpose of: (1) effectively insulating
the nozzls walls from the the hot plasma, and (2) increasing the availadle
mass fiov rate and hence the cverall thrust of the system.

' The physics of high temperature hydrogesic plasma, interacting vith hyper-
sonic gss Jets are not well understood. Analytical and numerical modeling of
these interactions requires the simultanecus, self-consistent solution of
particle, momentum and energy transport equations for each particle species.
Moreover, the solution approech must bave sufficient spatial: gmuhrity to
resolve: -a-.u ‘regions of the flow pattern.

The present recearch covers the ares of plasza/gas intersction and
describes the basic mechanisms for energy and particle transport. The soclution
approach assunes cylindrical gecastry snd includes & multiplicity of atomic
reactions, av vell as the presence of & strong magnetic field. The principal
reactions are electron and ion impact ionization, as wvell as charge exchange
between hot ions and cold neutrals. Radial particle and energy transport is
mainly by diffusion. Accordingly, the present dueription includes a modified
Bohm d{ffusion mcdel for plasme in the core of the plume, and clagsical neu-
tral particle diffusion in the ccoler regions of the flow. Neutrsls are allcved
to "free stream" in the lov density regions, vhere the collision mean<free-path
becomes comparable, or even hrgor than the chnmtoristic dimensions ot tha
systenm,

| TAstronsut Ottico of the HASA Johnson Space cmor. Hmtan. ™~
'"Soutlnnst Research In-titutc, San Antonio, TX
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A TANDEM MIRROR PLASMA SOURCE FOR HYBRID PLUME PLASMA STb'DiES

T. 7. Yang, F. R. Chang,t, R. H. Miller,
K. W, Wenzel, W. A. Krueger :

Plasma Fusicn Center
Passachusetts Institute of Technology
Cambridge, MA 02139 ‘

This peper dascribes a tandem airror device to be ccnsilered as a hot
plasma scurce for the hybrid plume rocket coocept discusaed in Ref. 1. The hot
plasza from this device {s injected into an exhaust duct, which vill interact
with an sanular hQypersocic layer of asutral gas. Such & davica can be used to
study the dynamics of the hybrid plume, and to experimentally verify the
eumerical predictions cbtained with coaputer codes. The besic aystem design
is also geared towards lov weight and compactness, as well a3 high power
density (i.e., several kiW/cm?) st the exhaust. This feature is aimed towards
the feasibility of "space testing™. '

The basic structure of such a device consists of four major sudsystems:
(1) an electric power supply; (2) s low tespereture, high density plasme gun,
such as & stread gun, an MPD source or gas csll; (S)Gpanrbo«torintzn
form of a tandem mirror machine; and {4) en exhoust nossls arracgemsnt. T
configuration of the tandem mirror section is shown in Pig. l.

'A tandem mirror :ch;m appears sttractive for this particular applica-
tion. These devices?~ can produce the necessary plasms conditions with mini-
ml further technological development. Ir present day tandem mirrors, the
plasma density varies fros 1011 to 10l3ca~3 and the confinemsnt time varies
from munéreds of aicrossconds to tens of milliseconds. The pover ocutjut ranges
from & few kW to 100 kif. Advancemsat in doth understanding of physics and
technology to bring such a device to a high power level can' de expected.

Prasently these machines are large and hesvy because they aim to achieve
a high coafinement time and the temperatures of 5 to 10 keV required for a.
fusion resctor. Sowever, relaxing the confinemsnt and temperature requirements
translates 4irectly to lower magnetic fields. For example, the maximum field
required for a fusion resctor is usually about 15 T. In comparison, the
mximm field needed for this application is 0.5 T, or 30 times smller.

Another {mportant considesrstion in an experimental arrangemsnt of this
nature is the basic method for plasma heating. In the present configuration,
the tandem mirror section Behaves as & power booster. The mechanisa selected
for energy coupling to the flowving piasms is iom cyclotron resonance heating,
or wore simply stated, microwvave injection at the ion cyclotron frequency.
This is a proven method for heating ilons in fusion grade plasmas. The ions

- in the system absord approximataely 53% of the power, vhile the electrons

receive 3%. This is o desirable result since energy transfer froa the ions
to the neutrals is more efficient thaz from the electrons to the neutrals.
Efficiencies of 30% to 50% have been obtained.l .

TAstrooaut Office of the NASA Johnson Space Center, Houstom, TX - .
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Another aspect under investigation is the overall stability of the plasma
column. In general, the plasma in linear devices such as this one is rich in
wvave phenomena, and simple magnetic mirrors exhibit "bad curvature" (1.e.,
the field lines bulge away f oa the axis of symmetry). The plasma in these
configurations tends to be MHD unstable. Stability, however, can be resdily
attained in the tandem mirror geometry by the influence of the end cells.
The outermost cell at each end of the mirror is appropriately designated as
an “unchor”. Notwithstanding these sarguments, the MHD stability of these
devices must be evaluated on an individual basis, particularly in relation to

the axial asymetry in this particular applicl.tion (1{.e., a source at one end’

and an exhaust at the other).

A generic device for this experimental application has been investigated
in light of the above requirements and considerations. PFreliminary results
on its mode of operation, critical mechine parameters, overall size, plasma
stability, as vell as an evaluation of the microwave heating reaquirements will

. be presented.
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COUPLING BETWEEN GAS DYNAMICS
AWD MICROWAVE ENERGY ABSORPTION

Michael M. Miccel
The Pennsylvania State Univeraity
University Park, PA 16802

Microwave energy can be absorbed by a gas in one of several modss -
order to heat ths gas to a high temperature. Because the region of en¢ .y
deposition can be located away from any materlal walls, a higher ter;- ature
can be obtained than in devices which utilize wall heating. Allox: -z the high
temperaturs gas to expand through a nozzle converts the internal chermal
energy to directed kinetic energy to produce thrust. Hydrogsn is the gas of
choice for this zpplication since its low molecular weight gives the highest
exhaust veiocity for a given chamber tempersture. There iz an understanding
of the process of microwave energy addition to a high pressure gas for some of
the available absorption modes but no unified comparisca of all the modes in
terms of absorption efficiency, maximum temperature, <ic.' Also there is
1ittle knowledge of the coupling of the absorbed encrgy to the gas dynamics
required to obtain propulsive thrust. The proposed research will be the first
experimental effort to examine and ccepare free floating filamentary and
toroidal aicrowsve absorbing plasmas and planar propagating plasmss in
hydrogsn gas as vell «s the first examination of the coupling of the snergy.
absorption to the gas dynamics in order to convert internal thermal energy of
the gas to cireoted kinetic energy by mesas of a nozzle expansion. Figure i
{illustrates the three absorption modes to be examined along with the three
modes of hLeat transfer which say couple the abaorption region with the
interiocr gas dynamics.

This program will consist of analytical modeling of the microwarve
absorption regions dboth with and without gas flows and experimental
measurement of key physaical paramsters such as gas temperature and heat fluxes.
Heat 1csses from the absorption region and the amount of cooling gas required
and its effscts on final exhaust velocity and efficiency will be examined.
Questions to be resolved includs the relative roles of conduction, convection
and radiation in transferring the zbsorbed microwave power to thrust power,
the stability of such flows and the mixing prccesses of cold gas with the
microwave sustained plasma. Figure 2 fllustrates the anticipated scientific
accomplishment of this program. The research will provide insight to the
entire rield of high temperature gas flows driven by radiation absorption.
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PULSED INDUCTIVE ENERGY TRAKSFER =

Peter P, Mongeau and Douglas P. Hart

Electromagnetic Launch Research, Inc. .??

625 Putnam Avenue &

Cambridge, MA 02139 Lo

Advances in electrical propulsion have inspired a variety of o

approaches for orbit raising propulsion. One such technique, the SR

metallic induction reaction engine, uses a so0lid metallic poe
reaction mass rather then a gas or plasma to achieve a high i

thrust density and efficiency. The reaction mass is inductively ~?;
accalerated by a2 magnetic pulse coil, thereby eliminating the ¥

problems of erosion and wear. Y
Durinq the past two years, Electromagnetic Launch Research, ‘.
Inc. has been investigating the pulsed inductive acceleration N

process, It is the goal of this research to establish the basic

energy transfer mechanisms and’ the performance 1imitaticns of
this device.

Experimental and numerical simulations of the pulsed B
inductive acceleration process indicates that the performance of =
the metallic induction reaction engine is more dependent on the .

density of the reaction mass material then it is on the
conductivity of the material (Figure 1). Furthur analysis
performed numerically indicates the existence of a back EMF
saturation effect which can inhibit energy transfer to the pulsed
inductive system. This saturation effect can be greatly reduced . 3
by using a compound pulse coil rather then a face coil to ’

accelerate the reaction mass. - k

The high initial conductivity of metals such as aluminum,
sodium, and lithium greatly reduce the energy transfer losses . BN
nornally associated with inductive plasma excitation. Alsog, :
because these low density metals are accelerated in a solid form, . "
a high degree of mass utilization is achieved. Ohmic heating -
during acceleration can melt and even vaporxize these metals and '
in the process decrease the reaction materials conductivity.
However, it is assumed that if sufficient voltage is induced by
the pulse coil, the metal will icnize and continue to conduct
-electricity well past its vaporization point.

A compound pulse coil and an experimental aparatus has been
constructed to observe and analyze the effects of back EMF aad
reaction mass ionization (Figure 2). _

E&MWMBL R R R N R R RS PRI TR o




®8% 1985 ROCKET RESEARCH MEETING *® o
Abstract 58 Pg 2 R

1.6 MPa THRUSTER PERFORMANCE COMPARISON

PROPELLANT METAL: , ' :
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Figure 1l: Reaction Mass Compariscn
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LASER DIAGNOSTICS FOR ELECTRIC FIELD MEASUREMENTS
Roger J. Becker, Blair A. Barbour, Alan T. Buswell

The sbjective of this program is to develop accurate means of measuring the
electric field strength in transient plasmas with good spatial resolution. This
requires a nonintrusive (optical) measurement that wili prcvide reliabie data 1r
a conducting medium.. o

Our approach'is to usg:sélection rule breakddwn fn a laser scattering
measurement. The.selection rule breakdown is very sensitive to external
perturbations such as electric fields. Its application to electric field
measurements. is, to our knowledge, totally unique. Two scattering spectfosco-
pies will be explored. Onetbf these, Rayletgh Depoléfization Scattering (RDS),
is direcfed at gas atoms and ions and highly symmetric molecules. The second
method will use CARS to measure selection rule breakdown in Raman scattering,
and will be applied to a wide class of molecules. This progfam is scheduled for
completion by October 1, 1987, ' '

Initial measurements are being -made using RDS ana a (cw) argon-fon laser or
gases. These measurements will be followed by experiments in partially ionized
gases. The cw measurements will then be supplanted by pulsed measurements using
.a copper-vapor laser. The'experiments are being augmented by calculations of
the electric-field induced &épolafization.

The sacond half of the program will focus on the setup and'testiﬁg of the

Raman selection rule technique usiﬁg CARS. This will require‘thé construction

-of a dye 1:'er for use with a copperfvaboh laser;,fAII measurements will be made
in OC électric fields. A synchronization c¢ircuit will be built for the pulsed
measurements.
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SCIENTIFIC APPROACH

- LASER LiGHT SCATTERING

GOOD SPATIAL RESOLUTION
IE ‘ STRONG SIGNAL STRENGTH

- DISTORTION OF RAMAN AND
‘ | o " RALEIGH SCATTERING TENSOR
| BY E FIELD '
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ANTICIPATED RESULTS

@ DEMONSTRATICN OF PHYSICAL EFFECT

- @ DEMONSTRATION OF TEMPORAL AND SPATIAL
RESGLUTION CAPABILITY

@ ESTIMATION OF RANGE OF APPLICABILITY
® DETERMINATION OF LIMITING FACTORS

@ CALCULATION AND MEASUREMENT OF TENSOR
 COEFFICIENTS - |

® PUBLICATION IN REFEREED JOURNALS
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“OPTICAL TECHNIQUE TO MEASURE ELECTRODE EROSION

James D. Trolinger and David F. Schaack
Spectron Development Laboratories, Inc.
Costa Mesa, California 92626

'l'he failure mechanism in a number of extresely hportanc
components and systems is electrical erosion, for example, in electtial
propulsion systems or other components exposed tc plasmas and arcs.
Lifetime improvement and testing of such systems is extremely important:
and is difficult because ercsion is sometimes extremely slow, requiring
thousands of test hours. The present research will determine the
ability and provide the required technology for highly sensitive optical

methods to serve as a diagnostic for miniscule amounts of surface
erosion. .

Such methods, while relatively strsight forward when applied to
optically smooth surfaces or to surfaces which the microscope structure
remains unchanged, become much more difficult for an eroding surface
undergoing changes in alcroscopic surface structure. '

A major question to be addressed concerns thc effect of such a
surface on optical properties which are relevant to the msasurement of

' erosion. Perhaps, the most important of these is the change in the

coherent speckle which will occur as the aurface structure changes.

Three candidate optical methods will be analyzed for erosion
msasurement. They are (1) holographic interferomstry, (2) diffuse point
interferometry, and (3) an astigmetic ranging probe. All three methods
possess the potential for measuring during lifetime testing of elact-
rical systems with resolutions of one micrometer or better. Each method
would be considered applicable to the high resolution contouring of a
surface which changed profile without the assoclated change in
microscopic surface featuras anticipated with 2lectrically eroding
surfaces. UWhen surface changes are monitored with classical

- interferowetry the change is manifested in a measursable shift in the

phase nof an optical wavefront. The surface microstructure adds 8 random
phase term to the wavefront undergoing measurement. This term could be
easily subtracted from the measurement unless it is changing. When it
changes with time the chang: mugt be accounted for by either measuring

. it or averaging it out. The measurement of this change may not.only

allow the use of interferometry but may also ptovi.de itself an extremaly

sensitive muuremnt of erosion.

_ The most favored -candidate will bte assembled on a research
breadboard experiment in which an electrically eroding surface
simulating a useful application wili be monitored. The technique will
be further expanded and refined laying the groundwork for production of
a diagnostic instrusent which can ultisately be appued in 3 lifetime
te-ting facility. .
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VARIABLE FIELD CFFECTS FOR THE ROTATING FLUIDIZED BED REACTOR

Owen C. Jones
Rensselaer Polytechnic Institute
Troy, New York 12180-3590

The rotating fluidized bed nuclear reactor is a concept which has the poten- .
tial for very large power densities, one to two orders larger than those cur-
rently available, very large turn.down ratios, and, for propulsive purposes,
very high specific impulses of ~ 25-50% higher than those associated with
chemical rockets. The scientific questions which «ust be addressed to deter-
mine the technical feasibility of this concept include material studies of
nuclear fuels and thermal-hydraulic studies of the behavior of rotating fluid-
ized beds of various shapes and under centrifugal g-fields up to several thou-
sand g's. The latter questions are the subject of this research program,

The approach used in this research includes a combination of analytical and

~ experimental methods. The first year of the program was devoted, by mutual

agreement, to questions of a scoping nature. Specific results of this scoping
effort included: 1) An evaluation of fluid-bed expansion and development of
new predictive techniques; 2) evaluation of the quasi-l-dimensional coupled
thermo-nuclear stability of reactor operation; 3) examinatien of the hydro-
dynamic stability of fluidized beds, development of some initial predictive
methods, and initiation of a simple experiment to evaluate the results; 4)
evaluation of the potentially concept-killing problems associated with thermal
stress in the blind end plate of the reactor.

Figure 1 shows the fluid bed geometry of concern indicating the question of
bed expansion. Bed bubbling instability would result in pockets of gas form-
ing and percolating through the expanded bed, Figure 2 indicates the results
of our modeiling applied to fluid bed slugging instability in pipes. Similar
modelling applied to bubbling instability appears reascnable, but cannot be
tested due to a total lack of data, hence our initiation of experiments in
this area. These simple experiments directed to bubbling instabilities are
unique in that all important variables will be determined and a broad range of
fluid-solid combinaticns will be studied in one configuration. Even exact
combination of controlling parameters had not heretufore been identified.

Our analysis,related to coupled thermo-neutronic stability has determined the
effects of zone lumping and, more recently, been directed: to the 2-D effects
of neutron leakage out the exhaust path. Conservation analysis of the two-
phase gas-solid fluidized bed behavior shows that in the averaging processes
used to obtain the field equations there are many terms which cannot be evalu-
ated using current knowledge. These averaging processes are similar to those
which yield the beta factors in. simple pipe flow or lead to the usual turbu-
lent shear stress quantities in the estimation of turbulent flows. In addi-.
tion, closure of the two-phase flow problem requires knowledge of the interac-
tions at phase interfaces, behavior of assemblages of particles near solid
boundaries, and other interaction effects which can only be crudely approxi-
mated using simpie single-particle relationships. Therefore, progress can
only be achieved through the study of these very basic questions in the long
term and, in the short term, treating the problem as if these covariance and -
interaction effects either do not exist or can be approximately formulated in
parametric forms which seem to make sense., This is the direction in which our

future analysis will be directed.
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void fractiona=1-€

<« fuel fraction &

Figure 1. Schematic of geometry of considératfou,for the f}'uid‘lzed
bed reactor research showing both bed expansion -and bubbling
instabilities. - - o . ' :
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Comparison of prediction of slugging instability dati with

the model developed in the progrum.
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EFFECT OF INTERFACIAL PHENOMENA ON CONTACT LINE HEAT TRANSFER

Peter C. Wavner, Jr.
Department of Chemical Engineering and Environmental Engineering
Rensselaer Polyteciinic Institute
Troy, NY 12180

Very 1ittle is known concerning the stabiiity and heat transfer charac-
teristics of the contact line region of an evaporating thin liquid fiim. Our
objectives are to measure and model the procgsses of heat, mass and momentum
transfer in the film thickness region § <10-° m. Our experimental work is
unique in the use of a miniaturized heat transfer ceil on the stage of a
microscope equipped with a scanning microphotometer. Our theoretical work is
unique in the combined use of the interfacial concepts of disjoining pressure,
.. spre&ding pressure, fluid microstructure and surface tension to analyze the
transport processes and to develop a macroscopic suction potential model for
the integral heat sink.

Figure 1 11lustrates the unique use of a scanning wmicrophotometer to determine
the steady state evaporating liquid film profile as a function of the integral
heat transfer rate. The thickness proflle is needed to calculate fluid flow
and heat transfer in thin liquid films.! The figure also {llustrates the use
of small temperature sensors to measure the surface temperature profile which
is needed to calculate the heat transfer rate for commarison with the fluid
flow rate tased on the thickness profile. We note that the exact location of
the temperature sensors in the evaporating film can te determined during eva-
poration. By varying the concentration of the liquid charge we can determine
the effect of concentration by analyzing the measured changes in_the thickness
and temperature gradients with concentration and heat flow rate.© The use of
a new circular cell design eliminates edge effects. These measurements along
with the concepts of disjoining pressure, surface tensicn, surface pressure,
and fluid microstructure will be used to develop an integral heat transfer
suction potential model.

Figure 2 11lustrates the new smail circular heat transfer cell which we ‘
designed and built during the first six months of the contract. We note that
since the cell {s passive in that the interfacially induced flow rates are’
controlied by the heat input, the selection of the liquid composition and cell
dimensions are critical, It is currently being tested for its' response to
the following variables: the volume of liquid charge, the external heat

" {nput, [the bulk 1iquid composition, and the cxternal heat sink. Our initial
tests indicate that the cell design dimensions 2re apgroximately correct in
that the internal flow fields are desirable. We are still fn the process of
developing small temperature sensors. : :

1. R.

e Region”, A.S.M.E. Journal of Heat Transfer, 103, 325-330 (1981).‘

2., C.Y. Tung and P.C. Nayner, Jr., ‘Effect of Surface Shear on Fluid Flow in
an {Evaporating Meniscus of a Mixture of Alkanes®, Proceedings of the Sth
“International Heat Pipe Conference, Tsukuba. Japan, May 14-17 . 1984, Part

. 1,201~ 207. ' .
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INTERFACIAL HEAT TRANSFER
CONTACT LINE REGION

GOAL
UNDERSTANDING OF TRANSPORT MECHANISMS IN EVAPORATING
THIN LIQUID FILM (THICKNESS < 107 m)

GENERAL PRINCIPLE

HEAT, MASS, AND MOMENTUM TRANSFER ARE CONTROLLED BY
. INTERFACIAL PHENOMENA RESPONDING TO GRADIENTS IN THE '
THICKNESS TEMPERATURE AND CONCENTRATION & L

TECHNIQUES

1. MEASURE LIQUID THICKNESS PROFILE, 5(r), AS A FUNCTION

| | OF BULK CONCENTRATION AND EVAPORATION RATE IN NEW
| _ CIRCULAR MINIATURIZED HEAT TRANSFER CELL USING :
. . SCANNING MICROPHOTOMETER.

——— SCANNING MICROPHOTOMET ER, 4()

jp————— 25mm ————— _ CONDENSATION

s};‘; o " s - EVAPORATING LIQUIG MENISCUS
| SILICON SUBSTRATE
: HEAT SOURCE

MINIATURE TEMPERATURE SENSORS, T{r)

2. MEASURE SUBSTRATE TEMPERATURE PROFILE T(r), USING SMALL
TEMPERATURE SENSORS.

W

EVAPORATING LIQUID MENISCUS .
__ MINIATURE THERMISTOR
'e.,snucon SUBSTRATE

L J Lenmmnd | .

( e 50 gg =4 : +20 u+

3. COMBINE THE FOLLOWING CONCEPTS INTO HEAT TRANSFER
o SUCTION POTENTIAL MODEL: ©!S.;0INING PRESSURE, FLUID
~ MICROSTRUCTURE, SURFACE T. .SION, APPARENT CONTACT E .
S ANGLE, 6{r), T(n). |
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ACCOMPL!SHMEN‘I’S
® 1. A SMALL CIRCULAR HEAT TRANSFER CELL WAS DES!GNED AND
. BULT | N
SCANNING MICROPHOTOMETER
GLASS PORT
ALUMINUM COVER|  jem—— 25 mim—————t \

VACUUM

CLLLLLLLLL L L L LLL
' PORT

ALUMINUM CELL WALL ENlSCUS

L)

// ° - ‘
| TerLon BASE siLicon THERMISTORS
! R .
ALUMINUM BASE —— RESISTANCE HEATING

2. CELL DESIGN 1S BEING TESTED FOR RESPONSE TO:

. ' a. VOLUME OF LIQUID CHARGE
% ' - b. EXTERNAL HEAT INPUT

c. LIQUID COMPOSITION

d. EXTERNAL HEAT SINK

3. SMALL TEMPERATURE S'ENSORS ARE UNDER DEVELOPMENT . |
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UNIFJED STUDY OF PLASMA~SURFACE INTERACTIONS
FOR SPACE POWER AND PROPULSION

Peter J. Turchi, John F, Davis III,
Joseph Norwood; Jr., Craig N. Boyer

R & D Associates, Washington Research Laboratory
301A S West Street, Alexandria, VA 22314

The efficiency and lifetime of high specific power/high
specific impulse space power and propulsion devices often depend
on particle and energy transport at electrodes and insulators -
~in low temperature (0.5-5 eV) plasma flows. In the preserit
study, actual measurements of particle and field distributions
near solid surfaces in controlled plasma flows are performed
and used to develop models for particle and energy transport.

A unique advantage in such model developmeni. is our ability to
vary flow conditions, surface orientation, cnd material properties
(plasma and solid) and to compare data within a unified experi-
mental framework, thereby allowing complicated interactions to

be delineated.

The basic arrangement is depicted in Figure 1, indicating a
. quasi-steady MPD arcjet that provides plasma flow over a surface
sample. The orientation of the sample to the flow, placement in
different regimes of density and velocity, and choice of electro-
magnetic boundary conditions can all be adjusted while maintaining
diagnostic access. The magnified insert suggests one of the many
possible interactions near the surface, specifically, transport
of neutral surface atoms into the local plasma a distance gcaled
by the mean-free path for electron-atom ionization Al,, followed
by Coulomb collisions, with mean free path Al;, that prevent the
sufface article from returning to the local surface (if A§;<<
‘Aga €< AX4i.aA the mean free path for atomic momentum-transfer
collisions]. Measurements of particle densities, temperatures,
flow conditions, and electric sheaths, combined with variation

of atomic properties can be used to assess the actual ordering

of mean free paths and establish proper modeling.

. -A quasi-steady MPD arcjet plasma source has been designed,
built and installed in the 2xisting 6 m long x G.6 m diam vacuum .
facility. The arcjet is powered by a rectangular current pulse
(<20 kA, 160 usec). Figure 2 shows a time-integrated photo of
the overall arcjet flow onto a sample. An RDA-built microchannel
plate camera system is used with a 1.5 m spectrograph to. obtain
time-, space-, and spectrally-resolved photos., For example, with
the slit normal to the surface, measurement of the Stark-broadened.
Hp~linewidth provides the electron density (n, » 2-5 x 1015 cm=3)
nga: a polyethylene sample stagnating an argon plasma flow (u =
17 km/8) at selected times during flow operation, -
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CLOSE-SPACE, HIGH TEMPERATURE
KNUDSEN FLOW

JOHN B. NcVEY

RASOR ASSOCIATES, INC.
253 Humboldt Ct.
Sunnyvale, CA 94089

The objective of this research is to investigate the discharge processes
and performance characteristics of thermionic energy conversion systems
operating in the collisionless (Knudsen) mode. The specific processes under
study are shown in Fig. 1. The interslectrode space charge can be reduced by
Cclose interslectrode spacings (“vacuua® mode), contact ionization of cesium

"' at the emitter surface (unignited mods), or introduction of icns produced in

an externally generated arc. Soviet results suggest that structured emitters
can increase the current and power densities in the unignited mode by a
factor of four. Our experimental approach has been to use small diode
structures called SAVTECs, with spacing set by thermal expansion, to meusure
converter performance at interelectrode spacings below 20 um. Measurements
have covered both the "vacuum” and unignited regimes. Two variable-spacing
planar converters containing mixed cesium and barium vapor ars planned in’
order to verify and investigate the structured emitter effect. Theoretical
studies and computer models of the collisionless thermionic converter and its
interaction with an external arc supplement the experimental work. A two-
dimensional analysis of the particle kinetica associated vith st:uctu:od
emitter 13 planned.

During the first year of the program, experimental results werse cbtained
from a close-spaced diode (d = 6.5 ym) at amitter temperatures up to 1250 K,
The performance characteristics agreed well with vacuum diode theory. In the
second year a diode with 18-20 um spacing has been tested. Maximum output
power as mesasured at the electrical leads is shown in Pig. 2 as a function of
emitter temperaturs. Up to about 1580 X, the data are well characterized by
vacuum diode theory. Above that temperature the data follow the higher
pecformance predicted by unignited mode theory. A beneficial effect was
produced by the presence of oxygen in the system, which increases the adsorp-
tion of cesium on the emitter surface ‘and lowers th. cesium pnnm neces-
sary to achieve a low emitter work functim :

The rest of the program will concentrate on the. structured emitter
effect. This is more applicable to the high~power regime than SAVTEC, which
was proposed for low-power systems. Analysis has ruled out associative
ionization'as an important mechanism in such converters; we will therefore,
concentrate on undonundim the particle kinetics. Two convertars are
planned, one with a structured and one with a smooth emitter in order to make
a comparative study of performarce. Ths second converter is being substi-
tuted for a planned experiment on breakdown effects between SAVTEC diodes.
This is consistent with the shift in emphasis in the national pzoqn- to
highepower systIms.




Teansport of euternally
produced
iaterelectrode 1pace

®8 1985 YOCKET RESEARCH MEETING ®#
' Abatract 60 Pg 2

WEAT INPUT : o -

\ 4

EMTTER
1200-2200 X

®e

ELECTRIC
QuUTPUT

fons inte

V4

: COLLECTOR
S 600-120 K

Kinetic effects due to
structured sattter
increase current and power

‘donsities,
) ) HEAT OUTPUT
Regative spaca-chorge of thermientcally ' Positive costum tens produced by swrface
emitted elecirons st be overcems ia {ontzetion nevutrelize space-charge.
ordar Lo preduce wseful levels of current . Tropping effects incresse retention of foms.
and pamr Consity. This can be accemp)ished
by & close interelectrode spece (<10m) or
oy mtuuuue_- by pesitive fens.

‘Fig. 1 Discharge Mechanisms in a Knudsen-Mode Thermionic Energy Converter
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Fig. 2 Measured Maximum Output Power from a SAVTEC Diode
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TWO-PHOTON DETECTION TECHNIQUES FOR ATOMIC FLUORINE

William K. Bischel
SR1I International
Chemical Physics Laboratory
Menlo Park, CA 94025

The remote detection of atomic fluorine {s an extramsly difficult prodlem
that needs to be solved for a variety of applications. The fact that all v
optically allowed single photon transitions to excited states cccur at wave-
lengths below 100 nm greatly hampers efforts to davelop optical detection
techniques. Consequently, thers are curreatly no laser based detection -
techniques for F atoms that combine high sensitivity with a point detection . .
capability.

We address this problem by examining two-photon excitation processes in
fluorine. Unfortunately, there is very little data concerning the spectro-
scopy and kinetics of the two-photon sccessible elactronic states. Data
conceining two-photon excitation cross sections, radiative lifetimss and
 queachiing rate, and photoionization crose sections for thess siectroaic states
are crucial to> the development of a viable detsction technique based on
two-photou excitation. We have thersfore started a research prograa to obtain
data on the spectroscopy and kinetics of the odd parity electronic states of
atoaic fluorine while demonstrating two differeant types of detection
techaiques.

The slectronic states of primary interest here are shown im Pigure 1.
The two states that !111 be the focus of the . riments are the ’1/2 state
at 404 ca™ and the “Dy/, state at 117,624 ca” ", doth of whizk have two-photon
allowed transitions from the ground state. Two different types of experiments
will be utilized to detact and study the properities of these excited
states. - The experiment eondgctd during the first yesr of the project will be
the Raman excitation of the 'l /2 state as {llustrated in Pigure 1. The
spparatus for this experiment is illustrated {a Pigure 2. This experiment
will use two visible lasers: s pulsed dye laser laser and & C¥ kryptoan ion
laser vwith the frequency difference between the two lasers equal to
404 cn ', The Ramsa giin induced on the CW laser by the pulsed laser will be
recorded as & function of frequency. From this data we vill determine the
spectroscopy of the fine structure Raman traasitions, the Raman gain croes .
section, and the collistonal Ramen linewidth. This data is critical for the
deternination of the sensitivity of this datectioa techaique.

' The second experiment is the direct two-photon excitatioa of the 2”5/2' ,
state. As shown in Figure 1, fluorescence emission at 773 ns will fora the .
observed signal. This experiment requires laser tadiation at 170 ns. Hence
an isportant part of this experimeat is the generation of the vuv radiastioa at
the required intensity. DOifferent generation techaiques will be studied
during the first year of the project. . : : :

' Ve anticipate that the results of both experiments will be two fold: (1)
tew remote detectioa techniques for atomic fluorine vill be dewonstrated and,
(2) a wealth of nev data concerning its excited states will be generated.’
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COHERENT OPTICAL TRANSIENT SPECTROSCOPY IN FLAMES
John W. Dally

Department of Mechanical Englneering
University of California
Berkeley, Ca 94720

Coherent optical transient spectroscopy {s a tecnnique {(n
which the transient response of a group of molecules to laser
excitation is observed. The uniqueneas of the method lies in the
fact that when transient experiments uire conducted on a time
scale short compared to collisional relaxation times, coherent
phenomena occur which enavdle one to directly observe the rates of

& variety of collisional processes. Furthermore, the coherent
pheenomena can bde quite strong, resulting in large signals and

thus Frigh data rates. - Processes such as state-to-state energy
transfer, optical dephasing and veloctty redistribution can be

.studied.

An example experiment {s shown in Figure 1. An actively
stabilized CW dye laser is used as a source. By passing the bean
through a traveling wave modulator to which a2 high voltage pulse
has been applied, the frequency may be shifted up to 15 GHz
within 150 paac for periods of several nanoseconds. Thus, one
may shift {nto or out of resonance with an adsorption line of
interest and observe the transient behavior that results. The
type of transient we will be observinx is Free Induction Decay in
which the laser beam is suddenly shifted out of resonance with an
absorption line and the transient abdbsorption signal obdbserved.
The decay rate of the transient signal is the collisional
dephasing rate for that transition. Also i{llustrated in Figure !
are several other types of excitation, the transient they produce
and tholquantitlco one can. odbtain, -

We have bdeen focusing on studying CH in our low pressure
flame facility. A complete layout of our equipment {n two
configurations, one for COTS and another for making high
resolution adbsorption measurements, is shown in Figure 2, A

risetime curve for the traveling wvave modulator is shown’

desonstrating a less than 200 psec electrical rise tinme,
Emission profiles through the flame are also shown as are
Boltzmann plots showing that the excited CH is fairly well
equilidbrated. Also shown is s high resolution laser induced
fluorescence line profile and an example of the resolution
obtained in the abdsorption configuration. Coupled with a
thorough study of CH in our flame by emission and high resclution
flurescence and absorption spectroscopy., the COTES measurments
will provide information essential for making accurate

. fluorescence and coherent Raman measursments i{n practical

combustion devices.
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Development of Velocity M:asurement Technique

by Pulsed Laser Doppler Anemometrv

Department of Chemical Engineering and
Fuel Technology, The University of Sheffield,
~ sheffield. England

B.C.R. Evan and J. Swithenbank

The objective of the presant study is to yxtend the conventional point
measuring ability of lager Doppler anemometry to a line measurement. Such

a fac'lity will be an important advance ard ¢f particular use in transient
flow situations such as periodic combustion systems or small rocket firings,
wvhere it is impractical to traverse the fizld of interest in the tim: avail~
able. ‘ e

Two inmediate requirements follow from this modification. The first is that
of wonitoring several points along the line measuring volume simultaneously,
leading to a multi-channel data collection and analysis system. The second
stems from the diminished beam intensity in the measuring velume due to its
axtension and the naed to restors scattered light intensity by increasing
laser power or scattering particle diameters. The present approach aims at
invertigating thesa requirements by two parallel lines of study. S
The first aims at developing the optics and signal processing necessary to
produce und analyse the Doppler signals. This is being done using a CW
argoa ion laser operating in a conventional laser Doppler configuratiom,
with the exception of the output lens , which is cylindrical and produces a
line intersection within the measurement field. Scattered light from this
line is imaged on to an array of detector slaments, which for the argon
laser, consists of five single core fibdre optic heads. Each of these leads
to u separats photomultiplier tube producing five parallel cutput channels.
Two hardvare options are being pursuad to analyse these chanuels.

The firsc is te use a multi-chaimel disc or tape recorder to stors the
individual Dopplar bursts for subsequent analysis, channel by chamnel. The
interfacing and software to analyse these functions already exists.

At the ssme time a five channel real time processor is being built, the:
output from wvhich casa sasily be monitored vxith a micro-computer. Due to

the higher frequency handling ability of such a processor, compared with _
the 2 Mz svailable with magnetic tape, this i¢ a preferred solution, since:
wi.h an increase in frequency, measuring volume width can be reduced lewd~
‘{ng to better signal to noise ratios. Figure 1 shows a schematic of the
present system, ,

Progress vith the argon ion syitem to date consists of the completion of
the optical arrangement iz cemjunction with an air jet and suitable part-
fjcle seeding, capable of producing sonic jets. An indication that good

data can be obtained from the extended line volume is shown in Figure 2,
which shows 3a expanded image o»f the line intersection and also a typical
Doppler burst, both in its raw and filtered state. -

The second parallel element of tha study aims at overcoming the low light
level in the measuring volume using the high powers available with pulsed
lasers. In this way it is also intended to switch from PM tubes to solid
state detaction. For this purpose, a five element photodiode array of the
correct bandwidth {a being fabricated and this will fill the place of the
present fibre optics when the pulsed laser study begins. An important part
of this development involves the suitable shaping of the pulsed rudby out~ .
put pulse in order to match this to the particle transit times. Present
pulse widths without Q switching are around 5 usec vheras transit tioes
_of around 10 usec can be expected. The possibilities being investigated
centre around the suitable choice of laser cavity gain and ultimately by
applying negative feedback te the qain to axtend the pulss. . o
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QUANTITATIVE FLOW VISUALIZATION

Ronald K. Hanson

Mechanical Engineering Department
Stanford University :
Stanford, California 94305

The utility of flow visualization in fluid mechanics is well established.
Until recently, however, inost visualization techniques have been qualitative
and based on line-of-sight approaches poorly suited for flows with three-
dimensional characteristics and varying composition. With the development
of laser-based light scattering techniques, it has become possible to obtain
temporally resolved, quantitative records of flow properties throughout a .
plane (and ultimately throughout a volume) using sheet illumination and tech-
niques such as Raman, fluorescence and Mie scattering. The aim of the Stanford
program has been to establish methods for visualizing a range of flowfield
parameters including temperature, velocity, species concentrations, pressure,
and, in the case of two-phase flows, droplet or particle distributions.
Ideally these techniques should be applicable to nonreacting and reacting
flows, including plasmas. Most of our work has utilized planar laser-induced
fluorescence (PLIF), except for particle visualization which uses planar Mie
scattering (PMS). , ‘

The approach and some representative resuits for temperature and velocity
are shown in the following figures. Figure 1 provides an overview of the
fluorescence-based temperature sensing strategy, and Figure 2 presents repre-
sentative results for instantaneous temperature contours in a vertical plane
in a rod-stabilized, premixed CHg-air flame. Figure 3 is a schematic diagram
of the two-frequency strztegy for monitoring velocity, also based on fluores-
cence, and Figure 4 provides sample results for the axial velocity component
in a subsonic, room temperature nitrogen roundjet. For both temperature and
velocity visualization, the recording camera has been an intensified Reticon .
array (100 x 100) interfaced with a DEC 11/23 laboratory microcomputer for
experiment control, data processing and display. For temperature measurements,
the 1ight source.is a pulsed dye laser system, yieiding tunable output near
226 nm, and the absorbing/fluorescing tracer species is nitric oxide. For
velocity visualization we employ a tunable cw Art laser, operating on a single
axial mode near 515 nm, and the tracer species is iodine. We should note that
the two-frequency velocity scheme also yields a value for the normalized slope
of the absorption lineshape function, (dg/dv)/g, at each flowfield point.
,Owing to the sensitivity of this function to pressure, it should therefore
‘be possible to simultaneously infer pressure from the same observations when
pressure broadening is significant. Combined pressure and velocity visualiza-
tion in supersenic flows will be attempted in future work. o .
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OPTICAL PROCBSOING AND PMB DONJUGAT!ON

Lambertus Hesselink
Stanford University
Stanford Cal. $4305-2186

RESEARCH OBJECTIVE The objective of the research program is to investigate inno-
vative sew approaches for makiag quastitative measurements in combustiag Sows. Techaiques
uader investigation inclede optical aad digital image processing, holography aad phase conjuga-

EXPLANATION OF THE APPROACH Two aew disgnostic techmiques are uader
hvmpuo. The first techuique is a aew method for obtaining species comcentration ia a flame
usiag phase cosjugation (DFWM). Two comater propagating laser beams (or sheets) are incident -
o8 a fam® seeded with sodium, and a third probe beam intersects the other two. The probe aad
pemp beam 1 form 3 gratiag in the medium by modulating the index-of-refraction throegh s noa-
linear x* process. The second pump beam is used to read out the hologram in real time aad »
‘fourth counter-propagating or phase coajugate probe beam rescits. The inteasity of this beam is
du'ectly proportional to the local sodium number density aad thus provides a means for measuring
species concentration. As as exampie we have discussed ndmn, but reaction species and radicals
can be messured in the same fashion »s well. :

The second techaique is 3 new. method for making real-time velocity meulmnenu ins
plane using speckie interferometry. A sheet of laser light is used to illuminate a particle laden
combusting Sow and scattered radiation, culled a speckle pattern, is recorded om 3 high resolution
photorefractive crystal. Velocity information can be obtained by superimposing two speckle pat-
terss on the erntal. Upon iflumination of the crystal by another laser beam Young's fringes
result in the far Seld difiraction patters. The fringe spacing and oricatation of the fringes areé
directly related to the velocity vector. It is sleo pomible to record multiple exposures and thws
provide a time-sequences of velocity at repetition rates in excess of thoussads of frames per
secoud for a total of a few huadred frames. In addition the crystal can be used for optical pro-
cossing such 23 determining coatour lines of equal velocity.

UNIQUENESS OF THE APPROACH. 'l'he new technique of pbue mupnol
' (DFWM) in & flame can be compared with CARS or BOXCARS. DFWM is superior to the alter-

satives in that the signal strength is substantially higher, which allows for better spatial resolw-
tion sad S/N for a gives amount of laser pawer. The optical configuration is also very much
simpler for DFWM because phn matching is astomatically aceomplubed Ia addition, since
oaly light of » chglo frequ.ey s uod 20 mosochromater or other beam separation devices are
seeded.

Theumof a pboconfneme recording material for opeekle metrology allows reak-time meas-
eremeat of velocity in a plane for the first time. in addition movie data can be obtained at very
high rates. Other spproaches involving solid state cameras do not have the required resolution for
speckle metrology aad the mve-tionl technique of wsing film provides only saap shot velocity
information.

BESUL‘X‘S. The first demstnziol of DFWM was schieved in our laboratory a few

_months ago. The comcentration of sodium in a small Iaboratory lame has beea messured using
the new DFWM technique; results of this experiment ire reported in a publication submitted to
Opt. Lett. The technique shows excelleat promise as a diagnostic tool for combustion research.

The real-time speckle velocimetry work was started a few mosths ago, but preliminary
results sre available. We have demonstrated that indeed photorefractive materials can be used 28
a recording medium for speckle patterns. A new laboratory facility has beew set up, iccluding »
small jet facility, optical components and instrumentation for asalyzing the l'nngo putem We
expect to demoastrate » vorking system wuhn s few mtln.
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PHASE CONJUGATION

- e L AP et et

- v s e e

phase conjugate
output

NOVEL ASPECTS B | |
e First demonstration of phase conjugation in a flame.
o Better signal strengths compared with CARS or.
BOXCARS. | o |
o Excellent spatial resolution.
o Only light of one color required.
‘e Simple optical set-up. a
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REAL-TIME SPECKLE VELOCIMETRY

| ’Ll. red

photorefractive . CCD array
~ combusting  X-tal

NOVEL ASPECTS
¢ Real-time velocity measurem t ina plane
- ar volume. o
e Movie data of veloelty can b obtalned at very

'.-hlghratulnexcmoftho ds of frames per

second. )

‘e - Optical proceulng can provlde, for instance,

. contour lines of velocity. i

" o Excellent spatial resolution.
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STRATEGY POR ADVANCED SENSING AND CONTROL
GF COMBUSTION

Merk L. Magurks, Juan I. Ramos and W.A. Sirignano
Department of Mechanical Engineering
Carnegie-Mellon University
Pittsdburgh, Pennsylvanis 15213

The objective of this research program is to investigate approaches to the
sensing snd comntrol of combustion processes. In order to achieve this ob-
joctive 3 series of control problems are being considered. Each successive
problem contains a more detailed model of the combustion process than the
previous problem. In the first problem, 3 wodel equation describing the '
tewperature distribution through s propagating flame has been studied. The
sensing snd control problem is formulated such that a ruitably defined flame
front is drivea to or maintained at a desired location. Various definitions
for the flame front location have been used to generate control problems for
distributed parameter systems (DPS) in s classical format. Por example, the
flame can be defined as the inflection point of the tempersture profile.
Using such a definition is possidble to state an ordinsary diffarential

- equation governing the flow velocity and/or mixture ratic. The flow velocity
and thermochemical properties of the mixture are collapsed in one parameter

V here referved to as velocity. Solution of the partirl difforential equation
governing the tempersture distribution together with the ordinary differential
equation for V yields the results for the controlled problem. Two sensors

at neighboring locations and the temperstures measured by them are esployed
to determine the velocity V. The gain of the control system is reflected
throuth a characteristic time r. Figures 1 and 2 present the temperatures
measured at the two semsor locations and the controlled parameter V as a
function of time. The temperatures and velociiy converge to a stable steady
solution. For the model problem considered hers, an exact analytical solu-
tion is known for the steady state and it coincides with sur converged result
obtained by meaus of a finite-difference solution of the unstealy problem.
(The finite-difference method employed in the calculstions shown in Piguros
"1 and 2 is second-order accurste in both space and time, and is based on a.
time linearization of the reaction terms.) In this first problem, the
location of the sensors was selected a2 priori and calculations wor"porfor-ed
to investigate the effects of the sensor locations, reaction rate, and .
characteristic time t on the control problem. In the next class of problo-s.r
we will optimize the location of the sensors in order to achieve the resoarch

program ¢oals. .
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1-D Laser Doppler instrumentation

Holger T. Socamer
Department of Mechanical Engineering
. Carnegie-Mellon University
Pittsburgh, PA 15213

The need for time and spaca resolved simultaneocus velocity information increases .
with growing sophistication of turbulence models. Theoreticians request initial

and boundary conditions for turbulent guantities currently inaccessible to

expsrimantal techniques. Laser-Doppler veloc imetry has developed to an accepted
method for investigating the turbulent tlow fields. However the information

obtained applying LDV to turbulent flows is restrictad to measuring velocity

components locslly and simultansously. In addition to velocity data obtained at

. one point in the flow, turbuience is influenced by the local, instantaneous

velocity gradient. -

This project focuses on the development of the relisble measuremant of instanta-
necus velocity gradisnts by obtaining profiles of ons component of the velocity
vector instantly. The instrument consists of the standard transmitting optics

of a LDV-gystem modified with cylindrical lenses to form laser sheets. The laser
sheets cross and form a cylindrical LDV-messurement volume. The fringes of the
volume are oriented perpendicular to the velocity component of interest and
scattered light from paticles moving through the volume tranamits the velocity
inforuation to the photo diode arrsy. The signal from ths photodiodes is pro-
cessed in two different ways. The analog LDV-burst is stored on tape. Lacer

on it is digitized and numerically analysed to obtain the relevant velocity
tnformstion. The second method of reducing the data involves optical irequency
snalysis developed earlier wirh AFOSR support. The laser dopplar signal detected
by the photodiodes i3 high-pass filtered and amplified. This signal drives a
Bragg-csell which acts as an opticsl frequency anslyzser. The displacement of the
first order of deflection of a laser beam passed through the Bragg-cell is propor-
tional to the signal frequency. By feeding the laser doppler bursts observed by
different photodiodes to the Bragg-cell, and correlating the frequency proportional
displacement of the analyzing laser beam with the locatior along the LDV-volume,
a velocity profile csn be obtained. 'In order to obtain instantaneous velocity
profiles, a time window is opened whica is sufficiently short to time resolve the
turbulence of the flow. The coincidental property of these measurements is of
importance to msssure turbulent properties liku the dissipation rate of .

turbulence, § . ,

W\ o |
ee () L

In which tl;.a gradient of the fluctutling velocity dissipates the kinetic energy of
turbulencs. . A

Figure 1 shows a schematic of the transmitting and receivin3 optics of the system
developed with AFOSR support. Figure 2 1llustrates the diagnostic electronics of
the first method to record the data and reduce them to useful informatiom. Figure 3
shows the optical frequency analyszer. .
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Figure 1 Optics set up to messure instantanecus
velogity profiles
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- Figure 3 Optical frequéncy analyzer
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RESONANT CARS DETECTION OF OH RADICALS

Jases F. Verdieck
United Technologies Research Center
East Hartford, CT 06108

Coherent anti-Stokes Rasan spectroscopy (CARS) is an isportant
N spectrosopic technique which fulfills several requiresents for
probing hostiles combustion environsents that are of prisary
interest to the Air Force. The several advantages and nuserous
applications of CARS diagnostics have besn well-chronicled
, elsewhere. A limitation of normal CARS is that, at atmoupheric .
A prassure, detection requires a species concentration of about 1
s . parcent or greater. The aim of this progras has been to extend
CARS diagnostics to minority species, in particular rudicals,
through the technique of resonant CARS. The esssntials of
resonance CARS are illustrated in Fig. 1. The hydroxy radical was
chosen as a candidate molecule Yecause of its seminal isportance
. in both comsbustion and atmospheric chemistry. The approach taken
throughout this prograsm has been to achieve an understanding of
the basic physics of electronic resonant CARS in OH, including
effects of tuning, laser linewidth dependence,; choice of
electronic transition, and saturation considerations.

At UTRC the first observation of resonant CARE in OH has been made
under several conditions, inciuding saveral differant choices of
the electronic resonant frequency. The asplitude and shape of a
particular CARS spectrum are very sensitive to the precise tuning
to the electronic resonance. The OH resonant CARS spectrum has a
such greater amplitude than the adjacent water (conventicnal) CAKRS
‘spectrum.  In addition to the experisents, the theory of resonant
CARS in OH has been trcated. Agreesent between: theory and experi-
ment is generally good, sxcept for the experimental ocbservation of
satellite structure about the central line. This observation is
shown in Fig. 2, which compares the theoretical spectrum predicted
for excitation into Q1(2) of the X to A transition, with the
experimental spectrum. The major discresency, highlighted by the
expanded inset of Fig. 2, is the asymsetrically disposed fine

' structure about the strong central line. This satellite structure
is now the subject of investigation. Several causes have been

. proposed, among them are: (1) Saturation, which can lead to power-
induced extra resonances,whose spacing depends upon the optical
power, (2) Rotational redistribution in either the upper or lower
states, (3) Overlap of electronic resonance, so that two spectra
, are superposed. Other future work involves determining the
. applicability of resonant CARS as a diagnostic technique for OH

(and other radicals), against LIF as a standard. DJoes resonant
CARS have an advantage at high pressure? Another problem is to
explore whether saturated CARS can be smployed for concentration
measurement, and, if so, the concentration range Q4 applicability.
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SPRAY CHARACTERIZATION LUSING PHASE ANGLE DETECTION
William D. Bachalo
Aerometrics, Inc.
P.O. Box 308 ,
Mountain View, CA 94042

A new method with the potential for obtaining spray drop size and velocity measure- d
ments in sprays, two-phase flows, and eventually, in spray combustion is under investi-

- gation. The Phase/Doppler method is a unique method far obtaining drop size infor-

mation wherein the measurements are obtained from the phase of the scattered light.

“The theoretical description of the method was originally derived using a geometrical .

optics spproach. This approximation provided an adequate description of the phenaena
while remaining simple enough to understand the physics and the effects of the optical
parameters. However, the exact Mie thecry was used to verify these results and to
invastigate the possible effects of light scattered by the combined rmechanisms of :
refraction and reflection. The Mie theory allowed the identification and avoidance of
these regions. Calculations based on the simple geometrical optics approach were in

_-excellent ugreement with the experimental data for particles greater than 5 micrometers

in diameter. Mie theory calculations demonstrated that particles as small as 1
micrometer can be measured. ' ;

The method , as illustrated in Figure 1, consists of an optical system which is the same
as a LDV except that three detectors are located at selected spacings behi~< the

. recelver aperture. Droplets passing through the intersection of the two beams scatter

light which produce an interference fringe paltern. The spacing of the fringes is directly
proportional to the droplet diameter but also depends on the light wavelength, beam
intersection angle, droplet refractive index (uniess reflected light is measured), and the
location of the receiver. Measurement of the spacing of the fringe pattern produced by
the scattered light may be achieved by placing pairs of détectors at selected spacings in
the fringe pattern or its image. As the fringes move past the detectors at the Doppler
difference frequency, the detectors produce identical signals but with a phase shift

‘proportional to the fringe spacing. The utilization of three dstectors ensures that phase

ambiguity does not occur, provides redundant measurements for signal validation and
sllows an expanded operating range while maintaining good sensitivity.

Experiments were conducted to disclose any practical limitations of the method.

Monodisperse drop streams were used in conjunction with sprays in the optical path tc

assess the impact, if any, of rendom beam attenuations and distortion. Sprays typical of

those found in gas turbine combustors were measured, Figure 2. The size distributions, - .
size-velocity correlations, mean and rms velocities for each size class, and the time of.

arrival were obtained. v

Each size distribution was normalized to account for the varistion in sampling cross
section with the drop size. Wherever possible, the results were compared to measure-
ments performed with other methods. In all cases the results were very favorable.

Preliminary investigations have been conducted on the effects of turbulence-induced
refractive index fluctuations produced by flames on the drop size measurements.
Further research leading to measurements in spray flames will be conducted in the
second year of the program. o :
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. SCATTERED LIGNT INTERFERENCE PATTERN ) PILTERSD DOPPLER BURST SIGNALS

Figure 1. Schematic of the Phase/Doppler Spray Analyzer Technique.
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Figure 2c. Drop Size Distributions and
Size-Velocity Correlations

Figure 2, Representative Experimental Data
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LASER EMISSION AND COHERENT RAMAN SCATTERING FROM INDIVIDUAL FLOWING DROPLETS

Richard X. Chang, Marshall B. Long, andln-anmc
Yale University
Center for Laser Diagnostics
New Haven, Connecticut 06520

It nay be possible to use the cohersnt but non-directional laser emission
from individual particles as active markers for flow-field visvalization and
remote illumination. In particular, newv applications may be viable with
coherent emission droplets as velocimetry markers in otherwise optically dense
.two-phase flows and in overwhelamingly high elastic. scattering environments such
as near a solid boundary. Purthermoze, determination of the chemical species
of individual droplets appears to be possible with coherent Raman emission.
New research has just been initiated on the nonlinear optical emission from
water droplets and ethanol droplets with and without moda-i.m 6G or Courmarin .
dyol.

Laser emission from individual liquid ethanol droplets (radius ~30 ym and
.at room temperature) containing Rhodamine 6G at wavelengths commensurate with
morphology-dependent resonances (MDRs) has been cbserved. PFor a conventional
dye laser, optical feedback (i.e., higher Q) at selected wavelengths is provided
by an external wavelength dispersive elament. For a droplet dye laser, higher
Q at selectsd wavelengths is provided by thes MORs associated with the liquid-air
interface of the dicplet. At these resonancas, standing waves result from the
total internal reflection at the liquid-air boundary of counterpropagating waves
close to the circumference of the droplet (see Fig. 1). Since the fluorescence
linewidth of Rhodamine 6G is homogenecusly broadensd, the emitted radiation will
strongly favor those wavelengths which correspond to the MDRs. The laser
emission was noted to consist of spectrally narrow peaks spamning the flucras-
cence gain profile. The output-vs-input intensity dependence was noted to be
linear at low input power and was followed by an upomnthl growthk, finally

. reaching a saturation region at higher povu'

Stimulated Raman -catterinq (SRS) from individual azo or ethanol droplets

) at wavelengths commensurate with MDRs and the spontanecus Raman Stokes radiation
has recently been observed. Two notable featurss in the SRS emission from the
droplets are: (1) the occurrence of a series of spectrally narrow peaks that
are nearly equally spaced in wavelength throughout the entire linewidth of the
dominant spontaneous Raman vibrational modes (see Fig. 2); and (2) the input
intensity required to achieve the SRS threshold for the droplet is an order
of magnituds less than that for the corresponding bulk liquid with 2-4 cm path
length. Both observations are consistent with MDRs resulting from the spheri-
cal liquid-air interface which forms an efficient optical cavity for the SRS.
Investigations on the coherent anti-Stokes Raman scattering (CARS) from indi-
vidual droplets are underway. -
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TWO INTERNAL
COUNTER PROPAGATING
~ WAVES

mode no. = 3

" LASER DROPLET CAVITY

!I'iano l. -

Optical wave structure within a droplet. Fluorescence radiation
within the droplet und-xqoc. total internal reflection at the
liquid-gas interface. The droplet acts as an optical resonator
nu'amun‘qwmpquwinQ\nwb-aummmd ﬂu:ctnn-dbruun
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cuvette is shown in the upper spectrum of (a) and (b), respec-

tively. The discrete peaks in the lower spectra of (a) and (b)
are from a single droplet using a single 10-nsec laser pulse.
" These regularly spaced SRS peaks correspond to MDRs.
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SIZE AND SHAPE CHARACTERIZATION OF INDIVIDUAL FLOWING
DROPLETS BY LASER LIGHT SCATTERING

Richard K. Chang, Boa-Teh Chu, and Marshall B. Long
Yale University
Center for Laser Diagnostics
New Haven, Connecticut 05520

In two-phase flows, the size and shape distribution of the fusl droplets
affect combustion and their chemical by-products. The evaporation rate of a
single droplet within a spray depends on the heat flux directed toward it and
on its vapor environment. Both these quantities depend on the proximity of
neighboring droplets and also on the collective evaporation and combustion
properties of all the droplets. The temperature-dependent surface tension and
the bulk viscosity of a single droplet affect the droplet shape as well as its
shape oscillations as the droplets flow in a combustor and are acoustically

perturbed.

We report a new technique for determining both the size changes and the
shape distortions of individual droplets flowing in a linsar stresam. This
technique is based on the "whispering gallery modes” or more accurately
morphology-dependent rescnances (MDRs) associated with microparticles having
a rotational axis symmetry. PFor size and shape determination, we chose to

‘measure the MDRs in the fluorsscence spectra from ethanol droplets "tagged”

with Rhodamine 6G dye. Highly monodisperse tagged ethanol droplets are
generated by a modified Berglund-Liu vibrating orifice generator. The drop=-
lets have a radius in the 10~50 um range with a monodisparsity of one part
in 104-10° and spacing within a linear stresm of ~100 ym.

The evaporation of droplets ‘within a linear stream can be readily deter-

4 mined by measuring the wavelength shift of specific MDRs from successive drop~

lets further downstream from the orifice, since the droplet decreases in size
monotonically with time after exiting the orifice. Our results demonstrate
that the wake of preceding droplets significantly docnuo- the mponeion
rate of a droplet within the linear stream.

The surface tension and viscosity of an ethanol droplet tl.ovinq within

a linear stream can be determined by msasuring the wavelength oscillation of
-pocif:i.c MDRs from successive droplets further downstream from a perturba-
tion which can induce shape distortions. Figure 1 shows the experimental
configuration. Shape perturbation at one location was initiated with two
counterpropagating Ar* laser beams (514.5 nm, 8 =¥ each) impinging on a
single tagged ethanol droplet. The subsequent shape distortion of droplets’
within the linear stream can be Jescribed by a quadrupole mode oscillation
with an oscillation frequency (f,)2 = 20/%2pa3 and a damping constant
Ty =a 2/5y, where o is the mrfaco tension, o is the density, and v is the

kinematic viscosity. Pigurs 2 shows the MDRs in the fluorescence spectra

from successive droplets downstream of the shape distorting perturbation.
The MDRs exhibited a damped oscillation with a frequency f, and damping
constant T, for ethanol droplets. Our results compare \nli with electro~
dynamic calculations of the MDRs for equivolume droplots which oscillate
between spheres and uiqhtly oblato or luqhtly prolate -phcmidn.
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Figure 1. Schematic of the sxperimental arrangement for the laser-induced
, shape oscillations of flowing droplets. Two counterpropagating
besas (Ar* ‘aser, 514.5 nm) are focused on the abscrbing dye-
let. A probs beam ‘pulsed N, laser) is ,
and induces fluorescence from the droplet.

are detected by a television camera.
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FLUORESCENCE
A l.3
1200 E
160 (%)
s
S~ 120
2 8
% 80 8
= 40 <
- <
,9 @
o
1 1 |
596 597 598

WAVELENGTH (nm)

Figure 2. Flucrescence spectra from laser-perturbed droplets downstream
from the orifice. 8ince the frequency of the droplet generation
is known, the distance downstream is plotted as time delay after
the Ar? laser perturbatior defined as t = 0. Each droplet is

, perturbed by the Ar? laser beams at & location indicated by the
two arrows. The subsequent freely damped oscillations of MDRs
from droplets dcwnstream yield a shape oscillation frequency and
damping constant corresponding to a quadrupole resonance.
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SP2AY CHARACTERIZATION WITH A NONINTRUSIVE
© OPTICAL SINGLE PARTICLE COUNTER

Cecil P. Hass
Spectron Development Laboratories, Inc.
3303 Harbor Boulsvard, Suite G-3
Costa Masa, CA 92626

The objective of thh research program .'* to advance the understanding
of droplet siiing technology in combustion enviroaments usiag light
scattering. The emphasis during this, the second year of this research
program, has been in establishing what informstion of tha scattered light is
better suited to provide the size and welocity of droplets, which car then
'yield local mass flux measuremsnts. The studies conducted indicate that the
sbsolute intensity of the scattersd light cowbined with the standard LDV will
producs excelleat results. This technique has been combined with auto
caiibrating algorithms o compensate for the loss of energy experienced when
the laser beams or the scattered light travel through windows and other
particles along the path. This is the basis of the IMAX technique. In such
techrique, two smsll laser beams of ona color interfere in the center of a
large beam of another color. The interference pattern produces the Doppler

~signal and alco identifies the center of the large beam where the intensity is
almlt uniform.

An alternative and unique approach, referrsd to ss P/MAX, is also under
investigation. Here, instead of using laser beams with different colors, the
' P/MAX technique uses beams with polarizations normsl to each other. This
allows the use of low power qtngh color lasers.

In order to perform mass flux msasuremsnts in additioa to the size and
velocity distributions, the active probe volums must be known. This. probe
volums is & function of particle size and several optical paramsters. It is
axtremsly important to understand and predict the probe voluse, since: it must
be used to correct the number of events corresponding to the various size
classes. These corrected covnts will constituts the ordinste of the pdf of
the size distribution. Figure 1 illustrates the probe volums configuratiom.
Here, two lenses with focal lengths £, and £, image the probs volume on a
pinhole of diameter D,. The variation of thc probe volume's nondimensionsl
.coordinate y' with pagtich size d' is shown on Figure 2. The experimsntal
values were obtainad by traversing a monodisperse string of droplets
throughout ths sensitive area. The effect of the probe volums on the size
distribution is illustrated on Pigures 3a and 3b. Figure 3a shows the raw
counts obtained with two different sise ranges. Figure Ib shows the counts
- corrected by probe volume. It can be observed that the sizs distributions
obtained with the two size ranges produce the sams result only after.
correcting the distribdbutious by the probe volume. This test slso do-onltncu
the instrumsni's ulf—couiucncy. .

The Sauter Msan dismsster (SMD) of the spray is plotted on Figure & as a
function of radial position for two pressures. The trend shown is the
expected ons, namely, the SMD is small at the center of the npuy and
increases with radial poatzion.
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Figure 1, Schematic represeatation of a dual beam probe
volume limited by a pinhole.
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Figure 2. Experimental and theoretical variation of
the probe volume coordinste y' vith the
pondimensional particle diameter d'.
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Figure 3. PIMAX measurements of a spray produced by & Parker Hannifin
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% INTELLIGENT LASER DIFFRACTION INSTRUMENTATION .
FOR PARTICLE SIZE ANALYSIS
e~ E. Dan Hirleman and Joseph I. Koo
s Arizona State University
i Tempe, AZ 85287
Particle and droplet size distributions, being parameters of
_ fundamental importance, should be priority measurement objectives
N for intelligent sensors in next-genetration propulsion systems.
o ~:' Unfortunately there are a number of problematic scientific issues
: oy limiting the development of laser 1light scattering particle
;: sizing instruments capable of autonomous, self-diagnosing
-~ operation in hostile environments. Beam steering due to thermal
gradients, sultiple scattering from high number density aerosols,
>, and contamination of windows and electro-optical components have
- bzen and will continue to be potentially catastrophic problems.
= The objective of this ' research effort is to contribute to the
‘: scientific knowledge base necessary to characterize and extend
) the applicability of laser diffraction instruments under these
> hostile condictions. Both the novel specific approaches discussed
= below and the  emphasis on concepts relevant to intelligent
o instrumentation make this project unique. .
< The research is concentrated in three areas: development of rapid
X snd robust computational algorithms for the laser diffraction
- inverse scattering probles; synergisa of electro-opticsal

detection strategies with the inverse scattering algorithams; and
techniques for on-line calibration and performance evaluation
particularly with respect to the potential detection  and
correction for wmultiple scettering effects. Figure 1 shows the
laser diffraction system proposed here. The diffraction reference
- leg, the beam position detector, and a dynamically configurable
ring detector array are novel corncepts proposed to extend the
. A standard configuration of laser, beam expander, transform lens,
and rixed geometry detector. The modulated reference diffraction
signature is carried through  the psrticle field on the primary
'beam and separated after the detector using frequency-locked
signal processing. Any deviation 'in the measured reference
scattering pattern from the known reference pattern will directly
" indicate pertubations due to 'nonideal effects (e.g. multiple
scattering) which 'will likewise have contamincted the particle
field measurements. ' We envision an instrument which continuously
performs self-calibration and diagnostics. Further, the
intelligent sensor would continuously monitor the operating
environment and reconfigure the detector geometry and inverse
scattering .algorithm to maintain operstion near an optimal
configuration. The importance of subtle changes in detection
strategy are shown in Fig. 2 where the condition number (related
to numerical stability) of the scattering matrix is plotted for
two detector configurations. An intelligent instrument would use
data such as Fig. 2 to determine an optimal detector geometry and
the maximum ' resolution in the measured .size distribution
‘justified for a given operating environment. .
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APPLICATION OF ATOMIC FLUORESCENCE TO
MEASUREMENT OF COMBUSTION TEMPERATURES IN SOLID PROPELLANTS

Larry P. Goss and Arthur A. Smith
Systems Research Laboratories, Inc.
2800 Indian Ripple Road
Dayton, OH 45440-3696

The atim of this program {s to obtain temperature data on the surface of a
solid rocket propellant which can be related to the kinetics of the combus-
tion process. Laser-induced-fluorescence (LIF) techniques are being used to
measure the fluorescence spectrum and ii{fetime of an impurity introduced into
the reacting materfal. Since spectra and lifetimes of selected impurities

‘(rare-earth {ons) have been shown by this research to be highly temperature

sensitive over the range of interest (300-1050 K), it should be possible to
obtain a temperature profile of the reacting surface of the propellant.

When two rare-earth-ion energy levels are separated by < 1000 cn=1, the upper
level typically will not fluoresce at low temperaturgs, the reason being that
multi-phonon relaxation rates are extremely high (10%/s) with small energy

gaps since fewer phonons are required for quenching. At low temperatures no
population build-up occurs in the uppier energy level; therefore, no fluores-

cence is observed. As temperature increases, population buildup in the upper

level increases and fluorescence increases relative to the lower energy Tevel.

An example of thig behavior is found in Dy*3:LaFy (Fig. 1). Absorbed laser
1ight excites D in a high-energy level which radiatively and nonradiatively
decays to the F 4F%2) level. This level undergoes a fast thermal equilibrium
which pumps a portion of {ts population into the nearby G(%Iys 5)‘ level. The
fluorescence is then observed frcm both stagtes. Notice the ‘grg ual build-up
of the G-fluorescence line located at 4537 R with temperature. The G level
increases in intensity apprcximately 200 fold over a 973-K temperature range.

To understand the effect of temperature on the lifetimes of rare-earth transi-

tions, one must examine the effect of temperature on the radia:{ve and non- . -

radfative relaxation rates which govern the observed 1{fetimes The radiative

"probability includes both purely electronic and phonon-assiste.. transitions;

the nonradiative probability includes relaxations by multf-phonon emission and
effective energy-transfer rates arising from fon-fon {nteractions. The tem-
perature dependence of the lifetime 1s solely determined by t:e temperature
dependence of the nonradiative relaxation rate. :

‘ Nonradiative relaxation between J states can occur by the simuitaneous ‘enis-

sion of several phonons which are sufficient to conserve the energy of the
transition. These multi-phonon processes arise from interaction of the rare-

“earth fon with the fluctuating crystalline electric field. Lattice vibrations

are quantized as phonons having symmetry properties aetermined by the symmetry -

of the crystal and excitation energfes determined by the masses of the consti-
tuent fons and the binding forces. Examples obtained in this program of the
effect of temperature on the 1ifetime of a transition are shown in Fig. 2.

Phse 1 of this study has been successfully completed, and work on Phase 11
has been iniifated. This phase includes extensive measurements to correlate

the surface temperature measured using high-speed pyrometry.and thermocouples -

- with that measured using the fluorescence technique, for calibration purposes.
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REAL-TIME, TWO-DIMENSIONAL FUEL SPRAY VISUALIZATION

Lynn A. Mealton James F. Verdieck
University of Texas United Technologies
at Dallas Research Canter '
Richardson, TX 73080 East Hartford, CT 06108
Fuel spray properties are often very difficult to ssasure under *

realistic conditions. This research is part of a continuing
effort to develop fluorescent additives which can be usad to
reveal spray properties such as sisul taneous liquid/vapor
concentrations, droplet temperature, and asbient oxygen

. pressure. These additives peramit the use of laser-induced
fluorescence in a planar sheet to deteraine the desired
paraseters non—-intrusively, in real-tise, frce a selected plane
in the evolving fuel spray.

Many previous studies of fuel sprays have relied on the
determination of droplet size and number distibutions to analyze
the sprays, whereas critical paraseters such as vapor dansity
and droplet temperature have been determined indiractly, or not
at all. In contrast, our studies focus on the davalopsent of
specific fluorescent additives which revecl directly the desired
property from the fluorescence spectrum. Previous work at our
laboratories has verified the use of such additives to provide
sisultaneous visualization of both liquid and vapor phases. The
work descr ibad here is directed toward the developasnt of
fluorescent sensors for droplet tesperature ssasurssent.

Temperature sensor s, ztems follow naturally from the vapor-
liquid visualization studies, because both sethods exploit the
properties of organic exciplexes to interrogate properties of
the spray. Figure 1 illustrates the essentials of exciplex
formation and the subsequent two-color fluorescence. Because
the equilibrium batween the monomer and exciplex is tesperature
dependent, the ratio of the intensities of the emissions from E»
and M* in the 1iquid phase provide a mesasure of temperature in
the droplet. Thus, laboratory mesasuressnts of liquid phase
fluorescence spectra as a function ot tesperature can provide a.
calibration curve for the intensity ratio, at specific
wavelengths, versus temperature. This is shown schesatically in
Figure 2. In a spray experisent, if the emission from a
particular spatial elesent were asasured at these two wave~-
lengths then the ratio would provide the droplet teaperature
from the calibration curve for the chosen set of additives,

. provided the vapor smission has been subtracted off. At
present, several prosising exciplex systees for use as opttcal
thermometers are under developeent. One particular systea
appears especially exciting because the fluorescent emission
changes from purple to yellow on going from room tesperature to
75 degrees C. It is estinated that the determination of
temperature can be obtained to a precision of a few degrees,
provided the intensity ratio can be determined to about 1
percent accuracy. '
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CIPLEX TEMPERATURE MERSUREMENT
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SINGLE PARTICLE SIZING BY MEASUREMENT OF BROWNIAN MOTION

Alan C. Stanton and Wai K. Cheng*
Acrodync Research, Inc., 45 Manning Road, Billerica, Massachusetts 01821

%3130, Department of Mechanical Engineering
M.1.T, 77 Massachusetts Avenue, Cambridge, Massechusetts 02139

Fewv nonintrusive techniques are available for particle measurements in the
submicron size range (<0.l m diameter), yet measurement of these particles is
basic to an understanding of important processes in combustion, such as soot
formstion and oxidation. The objective of the present research is to investi-
gate & nev optical technique for the messurement of submicron particles, using
a8 laser interferometric system to measure the Brownian motion of isolated
particles in a gas strean. By measurement of the motion of many such par-
ticles, the size distribution asy be obtained. This technique 1s unique in
that it requires no a priori assumption on the particle size distribution, nor
knowledge of the particle optical properties.

The experimental approach utilizes a laser interferometer system for
measuresent of a time-dependent signal sensitive to particle displacement.
While the system is optically similar to the familiar Laser Doppler Veloci-
meter, important differences in its implementation form the basis of the
present approach. To understand this approach, an appreciation of the chacter-
istic sspects of the Brownian motion of an isolated pnrticlo is required.

A representation of the motion of a 0.1 im pnrticlc is shown in Pigure 1.
Random changes iq“particlc velocity, of order 10~ "5 l. occur in characteris-
tic times of 107" " geconds due to collisions with gao lulcculcn- With suffi-
cient time resolution to measure instantaneous particle velocities, one would
observe a Maxwelliun velocity distribution. The characteristic time for the
Maxwellian distribution to evolve is the relaxation time (=10’ s as shown in
Figure 1), vhich is a function of particle size and fluid properties. Because
realizable sampling intervals are constrained to be much longer thun the 10- 1%
@ collision time, our strategy is Co sample with an interval of ~10~9 s,
which 1is still fast compared to the relaxation time. Over this interval, the
signal 1is a superposition of msny random esvents, but its time dependence should
exhibit statistical properties representative of the Brownian motion of a par—-
ticle of a given size. The research effort this year is directed at demon~

_strating such correlations between signal statistics and particle sise.

To understand the properties of the signal, we have simulated the Brownian
motion sensor using a Monte Carlo techanique. From analysis of simulated date,
we have found the correlation shown in Pigure 2. This plot shows a relation—
.ship between the mesn time between signal extrema (derivative gero crossings)

' and s parameter, vith dimensions of time, which is the square root of the
product of the sampling interval snd the particle relaxation time. The p
linearity of this plot shows that for fixed sampling intervals, the statistical
property (the mesn time between extrema) is proportional to tho square root of
the particle relaxation time. Thus, the relaxation time for Brownian motion of
an individual particls may be determined from the statistics of the intar-
ference signal, and the particle size follows directly.
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1-1 , | APPENDIX 1
PROPULSION RESEARCH GOALS

GENERAL GOALS: Research 1n support of rocket propulston 1s directed at
providing a fundamental basis for a new generation of propulsion concepts and
improving the sclentific understanding of phenomena associated with the
generation of propulsive power. Research is needed from molecular to
macroscopic scales In areds which include plasma acceleration, dynamics of
rocket combustion, the behavior and synthesis of advanced energetic materials,
characteristics of exhaust plume formation and radtation, and the dynamics of
advanced propulsion concepts. Further knowledge is needed in these areas to
meet mid-term and long-term Atr Force technology goals related to Improving
performance, rellabiitty, penetrability, and durabiitty for Air Force mission
applications involving space systems, ballistic missiles, and air launched
misstles. However, specific provisions are siso Included for research
directed toward scientific opportunities which cannot be related to particular

‘mission areas at this time.

Fuiure Afr Force space missions for communtcations, survetillance, and weapons
systems will require substantially higher power density and greatly improved
propulsion for orbit ratsing. Research 1s expected to lead to improvements of

- 20% in propulsion efficiency with improved liquid and solid propellants .and

100 to 400% with non-conventional systems such as electromagnetic plasma

.acceleration and energy beaming, nagnetoplasmadynam\cs and nuclear power.

- SPECIFIC GOALS:

“The following topics: sunnar1ze many of the current gcals which are being

addressed by the ongoing research programs.

Solid Propellant Hechan1cs To improve understanding of damage tolerant design
for new materials. To investigate fatigue, damage propagation and detection,
fracture, and effects of spectrum loading and sequencing. To extend the
existing theories to three dimensions, including the interactions between
viscoelastic behavior and damac., the micromechanics of propellant structure,
and effects of temperature to obtain a approaches that can predict propellant
stress-strain behavior from relatively simple tests. To establish an age-life
model based on chemical reactions. To establish the relationship between

“carbon/carbon material processing variables and the kinetics of react1on of

these matertals with gases representative of rocket exhausts.

' Noninterfering Diagnostic Technigues To achieve sensors which will enable the

adaptive control and autonomous operation of high performance propulsion
systems. To achieve dlagnostic techniques for measuring the gas and
gas-particle flow properties representative of rocket systems including
plumes. To devise diagnostic techniques to obtain rapid and quantitative
spatially and temporally resolved measurements of temperature, pressure,
velocity, species concentrations and densities, and particle/droplet size and’
distribution in optically dense, high-temperature rescting, unsteady,
turbulent flowing media. To establish techniques for obtaining rate date for
energetic material being heated In excess of 105 K/s.
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Exhaust Plumes To provide mechanistic basis for analyzing, interpreting, and
altering plume radtance. Establish the influence of composition and flow en-
vironment on particle formation and growth mechanisms. To verify and improve
predictive models for nucleatlion and condensation in melti-component, multi-
phase systems. To determine reactlon pathways and to obtain chemical rate
data for combustion chamber, nozzle, and exhaust plume flows. To improve and
devise diagnostic methodology for determining the spatial and temporal distri-
bution of important species so that rate processes can be measured. To deter-
mine the mechanism of exhaust plume igntion in the presence of flame sup-
pression additives,

Solid Propellants and Energetic Materials To control the behavior of
energetic materials during combustion. To establisk relationships between
molecular structure, decomposition and combustion processes. To synthesize
energetic ingredients leading to tough, high energy propellants with. .
desireable properties which Include low glass-transition temperatures, high
thermochemical stability temperatures, high solid loadings, and
smokelessness. To improve techniques to determine polymer properties.

Combuystion and Reacting Flows To understand important bond rupture and heat.
release mechanisms so that research to modify burning rate and combustion
effictency can be directed at specific reaction sites. To explore methods for
obtaining the key reaction parameters for energetic materials being heated at
rates in excess of 104K/s. To determine the effects of acceleration-flelds

on propellant ballistics. To characterize the mechanisms leading to changes
in solid propellant properties and burning modes that produce transition from
normal deflagration to detonation of rocket motor grains. To increase the
scope and usefulness of the JANAF Thermochemical Property Data.

Comuustion Instabllity To Improve analytical methods for interpreting,
predicting, and avoiding iInstability behavior of solid motors through
mechanistic ynderstanding of contributions such as nozzle damping, acoustic
erosivity, pressure coupling, vortex streaming, vortex sheading, distributed
combustion, particle and structural damping, and high velocity effects. To
acount for the more significant effects of 2-D and 3-D geometries. To defeat
combustion instabiltly by purposely dissipating acoustic energy in prescribed
modes. To examine more direct means of measuring acoustic admittance. To
conduct verification of new combustion response measurement techniques. To
Investigate methodologles for measuring the unsteady velocity, pressure, and
temperature components in. multi-dimensional unsteady reacting flows. To
visualize nonsteady, multi-phase flow and condensed-phase breakup for the
purpose of understanding the role of transient processes on acoustic energy
gains or losses. To determine and characterize acoustic energy gains and
‘losses in terms of flow fleld parameters. To understand contributions of -
heterogeneous structures in composite propeilants. -

Metal Combustion To characterize the basic mechanisms and chemistry Ynvolved
in the formation of metal oxide particulates. To experimentally determine
physical and chemical processes leading to the acceleration of metal droplet
ignition and combustion. To explore methods of greatly reducing the size of
metal oxide agglomerates entering nozzle convergent sections. To improve

. methods for simultaneously measuring temperature and concentration of
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turbulent flame zones of multi-phase media so that conditions leading to metql
v com- bustion under solid propellant ram-rocket conditions (particularly high
7 alti- tude) can be characterized. To assess the role of fluorine in the
. , combustion of fluorinated metallic prnpollants and to determine mechanisas
that affect oxide particle size. A

. Beamed Energy To quantify mechanisms of laser energy transfer to working
< flutds, to assess the barriers to optical access for energy transmission, and
' ‘ to establish approaches to plasmi confinement. To enable consideration of '
candidate short wavelength energy beams with hydrogen; to determine f other
working flulds and fuels offer prouise.

Solar Thermal Progms\on Establish thc sschanisms of solar radiation energy
absorpuon under the desired thruster conditions.

Electromagnetic Acceleration To understand magnetoplasmadynamic processes for
the purposes of estiablishing the conditions of sustained high energy density
operation and to project upper iimits of power density. To establish the
mechanism leading to extended electrode life. To extend operational time of
electrode and contact surfaces. To produce stable magnetoplasmadynamic flows
for sustained high energy density operation. To produce conditions that
vaporize and disperse metallic fuels being considered for use in low Earth
orbits. . To overcome cooling 1imitations on electrical propulsion systems
operating continuously at megawatts power levels. To realize more weight
effictent and less vulnerable heat rejection concepts for electrodes,
chambers, and nozzles.

Ultra-High Energy Density To decrease the losses in thermionic flows. To
explore noval approaches to high energy density storage. To devise means of
acco-odaung plasma temperatures greatly in excess of material limits. -
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