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PREFACE

This booklet serves dual purposes: (1) provides a statun 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 sollcited from the irnvestigators. The major portion of the
text describes the results obtained during the last twelve months. The
abstracts should describe two figures: Figure 1 illustrates 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.

Since the research on metal combustion and structural mechanics have had
adequate national forums in recent months, that research will ba presented in
the March 1986 Rocket Research Meeting. The abstracts on metal combustion
research are included in this booklet.

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 now
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
nev principal investigators. Several of the presentations provide introductions
to some of the barriers and technological 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
(i.e,, near organizations interested in the research) promotes interchanges
among the investigators and those responsible for Air Force programs.
Accordingly, many of the participants will be able to provide, specific

information on Air Foroe requirements. Questions concerning thE meeting can be
directed to either:

Leonard H. Caveny or Wayne 2. Roe
AFOSR/NA AFRPL/XRX
Bolling APS Edwards APE, CA 93531
Washington, DC 20332-6414t8 Phn: (805) 277-5206
Phn: (202) 767-41937 Autovon: 350-5206
Autovon: 297-4937



1985 AFOSR/AFRPL ROCKET RESEARCH MEETING

Antelope Valley Inn Lancaster, CA 93534

MONDAY (AM)
18 March 1985

0730 Registration

Session Chairman: Anthony Matuazko, AFOSR/NC

Topic: New Syntheses and Synthetic Methods

TIME KUM.
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 DIFLUOROAMINOXY-, DIFLUOROAMINO-, OR FLUORODIAZONIUM
CONTAINING MATERIALS. Jean'ne N. Shreeve, University of Idaho,
Moscow, ID

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

0930 4 SYNTHESIS OF HIGH NITROGEN CONTENT HETEROCYCLIC NITRAHINES AND
ENERGETIC MATERIAL PLASTICIZERS. Rodney L. Willer and James A.
Hartwell, Morton-Thiokol Inc,., Elkton, 10 (New Start)

0945 Break

1015 5 SYNTHESI3 AND REACTIVITY OF UNSATURATED METAL NITROGEN COMPLEXES.
William C. Trogler, Joseph H. Osborne, and Mary Maciejewaki,
University of California at Son Diego, La Jolla, CA

1045 6 SYNTHESIS AND CHEMISTRY OF POLYNITROALKANES AND POLINITROOLEFINS.
Clifford D. Bedford and Robert J. Schmitt, SRI International, Menlo
Park, CA

1115 7 NEW SYTHETIC TECHNIQUES FOR ADVANCED PROPELLANT INGREDIENTS;
3ELECTIVE TRANSFORMATIONS AND NEW STRUCTURE. Robert D. Chapman, Scott
A. Schackelford, and John L. Andreshak, AFRPL

1145 Lunch (Reconvene at 1300)

't. 1,



18 March 1185

Session Chairman: Frank Roberto, AFRPL/MKP

Topic: New SYntiaeses and Synthetic Methods (continued)

TIM KUM.
1300 8 FLOOROPOLYAzIDOSTERS As ENRMIC POLMRS. Robert M. Moriarty,

University of Illinois at Chicago, Chicago, IL (New Start)

1315 9 NEW EMRGETIC POLYMERS AS BINDERS FOR PROPELLANTS. Moatafa A. H.
Talukder and Stanley D. Morse, University of Dayton Research
Institute, Dayton, OR

1345 10 ENKE•EIC FLUOROCARBONS. Carl J. Schack and Karl 0. Christe,

Rocketdyne, Canoga Park, CA (oev Start)

Topic: Reaction Mechanims and Deooiposition

M NUM.
14155 - INVITED: ENERGEIMC MATERIALS ST•1H 3 REARM SFOR BT 0R.

Richard S. Miller, Offioe or Naval Research, Arlington, VA

1445 11 CONTROL OF THE URETHANE CURE RZACTION VITH SOLID, BLO•C ISOCTAATES.
Willias H. Grahm, J. B. Canterberry, Inella 0. Shepard, Jereli1 V.
Blanks. Morton Thiokol/hAtasville Division, Huntsville, AL

1530 12 PHYSICAL AND aCAL C 1'32000CES OF ANTIAROMATICIT N I TO
BORACYCLOPENTADIEE SYSTEM. John J. Cisoh, 31npei Koala, and Jame
Z. Galle, State University of INow York at Binghamton, NY (New Start)

15t5 13 HIGHr ENRGY. OIJCULS OF NICO SYMMTR. Willim S. Anderson, Cioal
- Systems Division/United Technologies Corporatiqn, Sa Jose, Ca (New

Start)

1600 14 STRUCTUTU-DE=CMnITION RMATIOUSUIPS IN NSW E rTc MATERIALS.
Thomas B. Brill and Yoshio Oyii, University of Delaaire, Neoarkq ,

1630 15 DKlTZMRI•MR I FrZ l CTS IN ID1 MCSWOSMM AND CUISUTION
PROGESWS. Soott A. Sohaokelford, Stephen L. Rodgers, and Miohil B.
Coolifte, AFRFL/.LR; toert 2. Askins, Morton Thiokol Corporation,
Huntsville, AL

1700 ADJOURN SESSION

1700 Discussion Sy1osia (Sack ,soft drinks, eLA bar) Antelope Valley
Inn

2



1985 AFOSR/AFRPL ROCKET RESEARCH N4EETING

Antelope Valley Inn Lancaster, CA 93534

TUESDAY (AM)
19 March 1985

0730 Registration

Session Chairman: Julian Tishkoff, AFOSR/NA

Topic: Combustion

0800 16 FLAME NECHANISk1 AND FLAME INHIBITION. Jay D. Eversole and David P.
Weaver, AFRPL

0830 17 SUPPRESSION OF AFTERBURNINo IN SOLID ROCKET PLUMIS BY POTASSIUM SALTS.
Eugene Miller, University of Nevada Reno, Reao, INV

0900 18 CHEMICAL KINE£IC OF NITRAMINE PROPELLANT COMBUSTION. Melvyn C.
Branch, Univer3ity of Colorado, Bolder, CO

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

1000 Break

1030 20 AhALYSIS OF HETEROGENEOUS DIFFUSION FLAME STABILIZATION. Warren C.
Strahle and Jechiel I. Jaoda, Georgia Institute of Technology,
Atlanta, GA

1045 21 EXPERIMENTAL INVESTIGATION OF HETEROGENEOUS F[LAMR STABIJZZATIOI.
Warren C. Strahle and Jeohiel I. Jagoda, Georgia Institute of
Technology, Atlanta, GA

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

1120 23 EVALUATION OF 194 PROPELLANT CHEMI3Ty FROM RAN SPECIES An
TEMPERATURE M[ASURMNTS. _ David H. Campbell, Tie Edwards, David P.
Weaver, and Susan Hulsizer, AFRPL and University of Dayton

1140 24 APPLICATION OF MOLECULAR KINETIC MODELS TO THE PREDICTIOU OF BACEFLOW
CONTAMINATION. David P. Weaver and David H. Campbell, AFRPL and
University of Dayton

25 'EVALUATION AND COMPILATION OF THE THERMODYNAMIC PROPERTIES OF HIGH
TEMPERATURE SPECIES. Malcolm W. Chase, The Dow Chemical Company,
Midland, MI

26 'CRITICAL EVALUATION OF HIGH TEMPERATURS CHEMICAL, KINETIC DATA.
Norman Cohen and Karl Weatborg, Aerospace Corporation, Los Angeles, CA

1200' Lunoh (Reconvene at i300)

Abstract oply, no presentation.
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TUESDAY ( P95
19 March1

Session Chairman: Robert C. Carley, AFRPL/DYC

Topic: Combustion (continued)

TIM IM.
1300 27 AZIDE DECOMSITION AND COMBUSTIOW. Joseph E. Flanagan, Dean 0.

Woolery, and Wallace W. Thompson, Rooketdyne Division; Rockwell
International, Canoga Park, CA

1315 28 STABILITY OF RD!, AP AND BTTN NEAR ROOM TOERATURE. Douglas B. Olson
ac Robert J. Gill, AeroChem Research Laboratories, Ino, Princeton, NJ

1345 - INVITED: COMUSTION OF ENERGETIC MATERIALS AT THE SANDIA COSUSTIOU
RESEARCH FACILITY. Sheridan Johnston, Sandia National Laboratories,
Livermore, CA

29 'FWL-RICH SOLID PROPELLANT BORON COMBOUSTIO. Merrill K. King and
James J. Komar, Atlantic Research Corporation, Alexandria, VA

30 0GROWTH BEHAVIOR IN A CCOIMITE PROPELLANT WITH STR&IN GRADIENTS. C.
T. Liu, AFRPL

S31 aCRACK GROWTH BEHAVIOR IN A COMPOSITE PROPELLANT WITH STRAIN
GRADIENTS. C. T. Liu, AFRPL

32 'HIGH RESOLUTION M(UIU3 OF PROPELLANT DLFLAGRATION. Roger J. Beoker,ý

Paul F. Luerhb na, and Janet L. Laird, University of Dayton Research
Institute, Dayton, OR

33 ' WIN DISTRIBUTION PROPELLANTS. Robert A. Frederick, Jr. and John R.
Osborn, Purdue University, West Lafayette, IN

.. continued on next page.

Abstract only, no presentation.

4



TUESDAY (PM) (Continued)

19 March 1985

Session Chairman: Robert C. Corley, AFRPL/DYC

Topic: Combustion Instab~ility

TIM NUI.
1415 34 COUPLING BETWEEN VELOCITY OSCILLATIONS AND SOLID PROPELLANT

COMBUSTION. Robert S. Brown, A. M. Blackaer, Paul G Willoughby, and
Roger Dunlap, United Technologies/Chemical Systems Division, San Jose,
CA

1045 35 FLAME-ACOUSTIC WAVE INTERACTION DURING AXIAL SOLID, ROCKET
INSTABILITIES. Ben T. Zinn, Brady R. Daniel, Jechiel J. Jagoda, and
Uday Hedge, Georgia Institute of Technology, Atlanta, GA

1515 Break

1530 36 MECHANISMS OF ACOUSTIC SUPPRESSION. Merrill W. Beckstead and Richard
L. Raun, Brigham Young University, Provo, UT

1600 37 FLOWFIELD EFFECTS ON COMBUSTION INSTABILITY. T. J. Chung, University
of Alabama/Huntsville, .Iwxtsville, AL

1630 38 ROCKET MOTOR FLOW TURNING LOSSES. Alan S. Hersh, Hersh Acoustical
Engineering. Chatsworth, CA

1700 - OVERVIEW OF AFRPL PLANS IN COMBUSTION. Robert C. Corley, AFRPL

1715 OPEN DISCUSSION

ADJOURNX

1725 Discussion Symposia (Snacks ,soft drinks, cash bar) - Antelope Valley
Inn

Abstract only, ,po presentation.

S.



1985 AFOSR/AFRPL WOCKET RESEARCH MEETING

Antelope Valley Inn Lancaster, CA 93534

WSINESDA' (AM)
20 March 1985

0730 Registration

Session Chairman: Leonard H. Caveny, AFOSR/NA

Topic: General

TIME NUN.
0800 Announcements

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

0815 - OVERVIEW: AIR FORCCE ROCKET PROPULSION. Richard R. Weiss, Chief
Scientist, AFROL

0915 38 OVERVIEW: AFOSR INTEREST3 IN ROCKET PROPULSION. Leciard H. Caveny,
AFOSR/NA

0930 OVERVIEW: AFRPL RESEARCH INTERESTS IN ROCZET PROPULSION. Wayne E.
Ace, AFRPL/XRX

095 Break

1015 - APVAXCZD DIAGNOSTIC3 Of REACTING FLOWS. Ronald K. Hanson, Stanford
University, 3tanford, CA

1100 39 INTERACTION OF MULTI-DINENSIONAL ME.AN LAD ACOUSTIC FIELDS IN SOLID
ROCKET COMBUSTION CHAMBERS, Joseph D. Baum and Jay N. Levine,
A7RFL/DYCR

1130 - INVITED: TRANSAT"OSPHERIC PROPULSION. Leik N. Myrabo, Rensselaer
Polytechnic Institute, Troy, MY

1200 Luncn (Reoonvene at 1300)

6



WEDNESDAY (PM)

20 March 1985

Session Chairman: Capt. William Sowell, AFRPL/LKCS

Topic: Beamed and Solar Energy to Flowing Media

TIME HUM.
1300 40 LASER THERMAL PROPULSION. Dennis R. Keefer, Carroll Peters, Herbert

Crowder, and Richard Welle. University of Tennessee Space Institute,
Tullahoma, TN

1330 41 ANALYTICAL MODELING OF STRONG RADIATION GAS-DYNAMIC INTERACTION.
Charles L. Merkle, The Pennsylvania State University, University Park,
PA

1400 42 EXPERIMENTAL STUDIES OF LASER-SUSTAINED ARGON PLASkAS FCR CW LASER

PROPULSION APPLICATIONS. Herman Krier and Jyoti Mazumder, University
of Illinois at Urbana-Champaign, Urbana, IL

1130 43 LINEAR AND SATURATED ABSORPTION OF LASER RADIATION IN HEATED GASES.
Robert H. Krech, Lawren M. Cowles, George E. Caledonia, David I.
Rosen, Physical Sciences Inc., Andover, MA

1500 Break

155 1 44 ENERGY DEPOSITION OF PULSED ONE MICRON LASER RADIATION IN H AND AR.
David I. Rosen and Nelson H. Kemp, Physical Sciences Inc, Agdover, MA

1545 45 3.DVANCED ENERGY CONVERSION CONCEPT FOR MICROWAVE BEAMED--ENERGY
PROPULSION. Leik N. Myrabo, Rensselaer Polytechnic Institute, Troy,
MY (New Start)

1615 ADJOURN -S ON

1615-1645 ADMIMISTRAS.. MEETING (FOR AFOSR CONTRACTORS ONLY)

1615 Discussion Symposia (Snacks ,soft drinks, cash bar)- Antelope Valley
Inn

1800 WORKING SESSION: SHUTTLE BASED ELECTRICAL PROPULSION AND PLASMA FLOW

EXPERIMENTS. (Open agenda)

Abstract only, no presentation.
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THURSDAY (AN)
21 Marc6h- i9-V5

073 JORegistration

Session Chairman: Robert J, Vondra, AFRPL/LKr.J

Topic: Electromagnetic Acceleration of Plasmas

TIME NUM.TE UM BASIC PROCESSES IN PLASMA PROPULSION. Herbert 0. Schrade, Institut

fur Raumfahrtantriebe der Universitat Stuttgart,,

0800 47 PERFORMANCE-LIMITING FACTORS IN MPD THRUSTERS. Manuel
Martinez-3anchez, Daniel Heimerdinger, Mark Chanty and David Melanson,
Massachusetts Institute of Technology, Cambridge, MA

.0830 48 EROSION AND ONSET MECHANISMS IN NAGNETOPLASHADYNAMIC THRUSTERS. John
L. Lawless, Carnegi*-Mellon University, Pittsburgh, Pa

0900 49 CATHODE OPERATION IN A 53KW SUBSCALE MPD THRUSTER TEST BED. David Q.
King, Jet Propulsion Laboratory, Pasadena, CA

* 0930 50 MAGNETICALLY CONTAINED ELECTROTHERMAL THRUSTERS. George R. Selkei,

SeiTec, Inc., Cleveland, OH (New Start)

1000 Break

" 1030 51 PLASMA-GAS INTERACTION STUDIES IN A HYBRID PLUME PLASMA ROCKET.

"Franklin R. Chang, UASA Johnson Space Flight Center, Houston, TX
Warren A. Krueger, Ted F. Yang, and Jay L. Fisher, Massachusetts
Institute of Technology, Cambridge, MA (New Start)

10115 52 A TANDEM MIRROR PLASM 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)

1100 53 COUPLING BETWEEN GAS DYNAMICS AND MICROWAVE ENERGY ABSORPTION.
Michael M. Nioli, Pennsylvania State University, University Park, PA
(New Start)

"1115 54 PULSED INDUCTIVE ENERGY TRANSFER. Peter P. Mongeau and Douglas P.
Hart, Electromagnetic Launch Research, Inc., Cambridge, MA

, 1145 55 LASER DIAGNOSTICS FOR ELECTRIC FIELD MEASUREMENTS. Roger J. Decker,
Blair A. Barbour, and Allen T. Buswell, University of Dayton Research
Institute, Dayton, OH (New Start)

1200 Lunch (Reoconvene, at 1300)

!.S



........ !IV OR- .. -z- T-MR IR4.

.1
THURSDAY (PM)
21 March 1985

Session Chairman: Frank Mead, AFRPL./LKCS

Topic: Energy Conversion

TIME NUM.
1300 56 OPTICAL TECHNIQUE TO MEASURE ELECTRODE EROSION. James D. Trolinjer

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

" 1315 57 VARIABLE FIELD EFFECTS FOR THE ROTATING FLUIDIZED BED REACTOR. Owen
C. Jones, Jr., Rensselaer Polytechnic Institute, Troy, NY

1345 58 EFFECT OF INTERFACIAL PHENOMENA ON CONTACT LIKE HEAT TRANSFER
Peter C. Wayner, Jr., Rensselaer Polytechnic Idstitute, Troy, NY (New
Start)

1q15 59 UNIFIED STUDY OF PLASMA-SURFACE INTERACTIONS FOR SPACE POWER AND
PROPULSION. Peter J. Turchi, Craig N. Boyer, John F. Davis, and
Joseph N4orwood, Jr., R D Associates, Washington Research Laboratory,
Alexandria, VA

- 60 OCLOSE-SPACE, HIGH TEMPERATURE KhUDSEH FLOW.' John B. MoVey, Rasor
Associhtes, Inc., Sunnyvale, CA

1445 ADJOURN MEETING

¶-
Abstract only, no presentation.
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Topic: Diagnostics of Reacting Flow

61 TWO-PHOTON DETECTION TECHNIQUES FOR ATOMIC FLUORINE. William K.
Bi•chel, SRI International, Menlo Park, CA

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

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

64 QUANTITATIVE FLOW VI.JALIZATION. Ronald K. Hanson, Stanford
University, Stanford, CA

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

66 STRATEGY FOR ADVANCED SENSING AND CONTROL OF COMBUSTION. Mark L.
Nagurka, "uan I. Rams, and W. A. Sirignano, Carnegie-Mellon
"University, Pittsburgh, PA

67 I-D LASER DOPPLER INSTRUMENTATION. Holger T. Somer, Carnegie-Mellon
University, Pittsburgh, PA

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

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

70 LASER EMISSION AND COHERENT RAMAN SCATTERING FROM INDIVIDUAL FLOWING
DROPLETS. Richard K. Chang, Marshall B. Long, and Roman Kuc, Yale
University, New Haven, CT

71 SIZE 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

72 SPRAY CHARACTERIZATION WITH A NONINTRUSIVE OPTICAL SINGLE PARTICLE
COUNTER. Cecil F. Hess, Spectron. Development Laboratories, Inc.,

•* Costa Mesa, CA

73 INTELLIGENT LASER DIFFRACTION INSTRUMENTATION FOR PARTICLE SIZE
ANALYSIS. E. Dan Hirleman and Joseph I. Koo, Arizona State

"- University, Tempe, AZ

74 APPLICATION OF ATOMIC FLUORESCENCE TO MEASUREMENT OF COMBUSTION
STEMPERATURES IN SOLID PROPELLANTS. Larry P. Goes and Arthur A. Smith,

Systems Research Laboratories, Inc., Dayton, OH

75 REAL-TIME, TWO-DIMENSIONAL FUEL SPRAY VISUALIZATION. Lynn A. Melton,
. University of Texas at Dallas, Richardson, TX; , Jmes F. Verdieck,

United Technologies Research Center, East Hartford, CT

76 SIIGLE PARTICLE SIZING BY MEASUREMENT OF BROWNIAN MOTION. Alan C.
Stanton, Aerodyne Research, Inc., Billerica, MA, and Wal K. Chen-go
Massachusetts Institute of Technology, Cambridge, MA

.10



" 1985 ROCKET RESEARCH MEETING **
Abstraot 1 Pg 1

ELECTROLYTIC PREPARATION OF NOVEL AZIDODINITRO COMPOUNDS

Milton B. Frankel and James F. Weber

Rockwell International Corporation
Rocketdyne Division

Canoga Park, CA 91304.

Future higher performance propellents 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(NO2 ) 2 X, where X-NO2 ,CH3 ,F] are of particular interest, and'substitution
of an azido group (X-N ) will further enhance the energetics of such compounds.
This results from the iact that the azide group contributes "'80 Kcal/mole to the
compound without decreasing the O/C ratio.

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 compound, 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 techniques.

The present program is directed toward investigattng 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 rt.lperature dependence, and solvent/electrolyte
effects. To date, these electroanelytical studies have shown that the voltaumetric
peak potentials of the azide ion and dinitro carbanions, containing various other
functional groups, fall within a range of 290 my. Furthermore, it has been
determined that the anodic oxidations are irreversible and relatively insensitive
to pH (6 to 11) and temperature (10 to 50C). For those cases wherein the anodic
peak potential difference between the azide ion and dinitro carbanion is "150 my,
"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 oxidation-addition-oxidation pathway leading
to the formation of diazidonitro-substituted compounds.

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 (<20%) yields.
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SYNTHESIS OF DIFLUORANINOXY-, DIFLUORAMI1NO- or FLUORODIAZONIUM-CONTAINIwG
MATERIALS

Jean'ne M. Shreeve

University of Idaho
Moscow, Idaho 83843

Future rocket propu!sion advances require nov stable high energy mate-
rials. The research is concerned with the synthesis of stable, highly
oxidizing compounds which may contain, but are not limited to, nitrogen-
fluorine bonds and the subsequent investigation of their physical and chemical
properties.

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

(a) The Lewis acid catalyzed introduction of -03Y2 into F-olefins and
functionalized F-olefins via reactions of 3F30.

(b) In situ generation of an active fluorinating reagent through the
interaction of N730 with NO.

(c). Development of a versatile, inexpensive, mild fluorination technique.
' • (d) Deoxygenation of N-fluoroazoxy compounds to fluorodliaxontus coff-

pounds, RfN=NF.
(e) Syntheses of RfN-NR compounds where R is an effg.tive leaving group

that can be displaced by fluorine.
(f) Nichaelis-Arbuzov rearrangements which involve sulfur as the central

&tom.
(g) Novel reactions at the sulfur-fluorine bond in virious substituted

fluorosulfates./f.Trifluoramina oxide (NF30) has been found to react rapidly with nitric

oxide 'to give nitrosyl fluoride (FNO). A free radical reaction involving the
known difluoronitryl (F2NO.) radical it pro sed as a plausible mechanism.
This reaction has been, used as an in situ so ce of nitrosyl fluoride to;
synthesize the previously'unknown nitroso c unds Rf(CF3)CFNO (If 0 n-C 5 F1 1 ,
S75, 0C2F5).

The perflvoronitrosocycloalkanes, heptaf uoronitrosucyclobutans and
nonafluoronitrosocyclopentane, are convenien precursors to a family.of new
perfluorocycloalkyl(vrvl)dtazenes. With aniline and o-aminobensamide,

2( xF 5-2 'Tj37NF22 N1 C "4 C(O)NN (x a 2,3) are formed.

Additionsll.y, heptafluoronitrosocyclobutane lives 2 2 2 NeF
and CF2(CF2i2CFN'NC1 4 NH2 with 2,3,5,6-te rafluoroniline ando-phenylene-
diamine.
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NEW FLUORINE-TRANSFER REAGENT

COF2

.STABLE TO HEAT, SHOCK

.B. P. -83°C

. REACTIVE AT 25°C OR ABOVE

.VERSATILE

. SYNTHESIZED WITHOUT USE OF FLUORINE

APPLICAIONS

. OXIDATIVE FLUORINATION

. REPLACE C-H,-P-H, N-H, B-H WITH C-F, P-F, N-F, B-F

* CONVERT M-O BONDS TO MF2
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ACCOMPLISHMENTS

IN SITU GENERATION OF FNO

2NO + NF30 - ) 3 ONF
100%

N204 + KF ONF +KN03
100%

ONCL + KF ONF + KCL
100'

FLUORINATION UNDERMILD CONDITIONS
(RO) 2P(O)H + COF2 B (RO) 2P(O)F + CO + B-HF' S

RPCH 2 CH2PY + 2C0F2 , SPCH2CH2P +2C0

"F F'

+ COF2 B 2) + CO + B'HF
N S, N
H F

*3CH +,COF2 . 4 *3CF + CO + B'HF
S

MICHAELIS-ARBUZOV REARRANGEMENTS

F F
RFO-- -L RFO RFO
R S 2CLF CL)R S-0 R S-0

RFOS02F 4iC•pFF
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STNTEkI8 OF M POLYlXTITOLS

Alan P. "archand ,Suresh C. Suri, and D. Sivakumar Reddy
Department of Chemistry, North Texas State University

NTSU Station, Box 5068, Denton, Texas 76203-5068

Our research program centers o' 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 synthesis of these compounds
involves first constructinq highly functionalized
(X-substituted) polycyclic Ocage= systemsv the individual
substituants, X, are converted subsequently into nitzo
groups. Typical methodology, illustrated for the synthesis of
polynitro-l,3-bishomocuhanes, is outlined in 'Figure 1. In
this approach, the substituted polycyclic framework is
constructed via a combination of thermal and photochemical
cycloadditionsi the substituent qroups, nenerally cage ketone
carbonyl groups or pendant carhoxylic ester* acid, or phenyl
functionalities, can then be converted subsequently into
nitro groups. This approach has the distinct advantage that
increasing number of nitro groups are introduced sequentially
into the caqe molecule. Thus, the cumulative effects of
increasinq nitro-substitution upon product stability, upon
relative ease of product-formina reactions, and upon
explosive performance can be aauaed in a gradual. and orderly
fashion.

Usinq the general approach descrihed above, we have
recently completed the syntheses of a trinitro- and a
tetranitro-l,3-hishomocubane in thirteen and ten stereo-
controlled steps, respectively (Figure 2). Pfforts to
synthesize an octanitro-l,3-bishomocuhane and a hexanitro-
trishomocuhane are underway currently in our laboratory.
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Synthesis of High Nitrogen Content Heterocyclic Nitramines
and Energetic Internal Plasticizers

Dr. Rodney L. Willer and Dr. James A. Hartwell
Morton Thiokol, Inc.

Elkton Division
Elkton, Maryland 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 explosives and propellant formulations thst would ex-
ceed the performance of current formulations and allow future weapons systems
to meet projected performance requirements. Most of the effort in this area has
focused on two classes of compounds, ihe polynitro caged hydrocarbons, typified
by octanitrocubane, and the caged nitramine compounds, typified by compounds
such as hexanitrohexaazaadamantane and hexanltrohexaazawurt itane. Some pro-
gress has been made with both types of compounds.

There are other classes of compounds that might also 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 main requirement for high density is highly symmetric
structures tRat incorporate as many rings as possible. Our approach to the design
of molecules is to combine high-nitrogen-content heterocyclic rings such as furazan,
furoxan, and tetrazole rings with nitranine groups in polycyclic structures.
Our reasoning for this approach 'I that both groups are known to have positive
heats of. formation ,and low-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 I 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. Hycroxy-terminated EGM prepolymers with vary-
ing percentage of straight chain alkyl groups (12, 14, .16, 18 a 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 wili then be made.
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CURRENT TARGET MOLECULES

1O N- a

N N - .NN

N 

-02N
NO2  N-0

d =2.00 d = 1.91

Isp = 278 Isp = 272

NO2  . NO2SI I
Nj

N\0 //N 'N•fNvN

2N

d = 1.83 d = 1.83
Isp = 256 Isp= 256

FIGURE 1
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COMPOUNDS PREVIOUSLY SYNTHESIZED

FURAZANO-FUSED NITRAMINES

SA14438(2)
iNO 2

;.::: / N 02•• NO 2,N fN02 N

N: NXCN N
"0 00

•II I

"NO2  NO2  NO2

CL-15 DNFP (CL-7.5)

d =2.00 g/CC d 1.83 g/CC
ISp =275 ISp 256

-a PREDICTED AND MEASURED PHYSICAL PROPERTIES OF CL-IS AND DNFP

CL-IS D ...
Predicted Measured Predicted Measured

Density , g/cc 2.00 2.00 1.82 1.83
Detonation pressure , kbar 4.37 4.19* 3.38 3.253
Detonation velocity, mm/usec 9.57 9.43* .8L72 8i53*

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

FIGURE 2
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Synthesis and qeartivity of Unsaturated
PMetal Nitrogen Complexes.

William C. Trogler, Joseph B. Osborne, and Mary Maciejewski
Department of Chemistry, D-006

-. University of California, San Diego
* La Jolla, California 92093

Reactions between organic azides, N3R (R - CHs, C6Hs, 2,6-(CH3 ) 2C6H3,
.- oL-biphenyl, SiMe 3 , SiPh 3 , CPh 3 , and neopentyl) and (n-CsMes) 2V lead to

(Figure 1) either (n-CsMe 5)2VNR or (r-CsMes)aVNs. Mechanisms for the mode
of reactivity will be presented. Tbe nitrene complexes exhibit one unpaired

* electron according to bulk magnetic susceptibility measurements. At room
temperature EPR spectra are observed that reveal both vanadium and nitrogen
hyperfine splitting. The three dimensional structure of (r-CsMes) 2VN[2,6-
(CH 3 ) 2C6H3 ] has been established, in collaboration with Dr. A. Rheingold of
the University of Delaware, by X-ray crystallography (Figure 2) and the
complex exhibito a linear V-N-R group'. The unsymmetrical energetic tetrazene,
Ph(PhC(O))N-N-N-(PhC(O))Ph, has been prepared in 4 steps from phenylhydrazine
and its reactivity with metal reagents has been examined. Group I or II
metal alkyls fragment the tetrazene to PbN3 and NH2[C(O)Ph] while complexes

"* form with transition metal carbonyls. Recent chemistry obtained with un-
saturated nitrogen complexes, that are derived from monosubstituted hydrazines
will be discussed.

S..'
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Figure 1: Reactions Betveen (n-Cý%sY and Organic Azides.
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Figure 2: Molecular Structure of (rI-C s (CH3 ) 5 )2 VN[2,6-(CH3 )C6 H3] as
Determined by Single Crystal X-ray Diffraction. Only the
Nonhydrogen Atoms are Shown.
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STHESIS AND CEMISTRY OF POLYNITROALKhS 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 geannal
dinitroalkenes and non-acidic methods for nitramino synthesis. 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 program have been to develop new
methods for the introduction of nitro groups on olefins and amine. We
have recently begun the study of new non-acidic methods of amine nitration.
This work utilizes the synthetic capabilities of trimethylsilyl (TMS) pro-
tecting/leaving groups., The THS group significantly enhances the solubility of
mines in aprotic solvents while providing a specific site for attack for the

nitrating agents. These protecting groups can be displaced from mines and
potentially olefins by reaction with tetranitromethane, NO Cl, or NO2 F. This
unique application of silane cheomitry utilizes the formation of a very strong
""TS-Ralogen bond as the principle driving force.

We have ezplored the scope and limitations of our newly discovered nitro-
dealumination reaction. While this reaction has proven effective in the
preparation of a few nitroolefins, the overall scope of the reaction is
rather narrow limiting its synthetic value for nitroolefin synthesis.

.- Studies on the synthesis of nitroquinodisithanes 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 new class of organic
solids having useful electrical properties.

The work to date is sumarized below:

* We have developed a now nitrodesllylation reaction utilizing
trimethylsilyl groups as protecting/leaving groups in non-acidiC
mine nitration/nitrosations.

SWe discussed our completed work on the new nitrodealumination
reaction.

We have initiated the synthesis and characterization of
tetranitroquinodimethane.

. We have initlated a study of the reactions of nitryl fluoride with

TMS-alkenea an ThS-alkynes.

0q

-

F ,
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NEW SYNTHETIC METHODS FOR NITRO COMPOUND SYNTHESIS

0 NEW NON-ACIDIC AMINE NITRATION

R N02 NO

+ N0 2X -- 0---

R - H, SI(CH3 !3

X - -F, C2, CINO 2 )3

* NITRODEALUMINATION FOR NITROOLEFIN SYNTHESIS

R, H C(NO 2 )4 R, H
C=C..AR C=CN2 41% Yield

R2  H N

Or TETRANITROQUINODIMETHANE SYNTHESIS

COrCH N02  C(N0 2)2 -2

AgNO2  KOH KN0 2  K
* 8r2

CH2 Br' CH2 NO 2  L CINO 2 12

.1) Br2 02N N

C(N0 2 )2 -

p '22K+.

I' L C1~~~~NO22Eetohic J
.2 )2  Oxidation, -2C 02 N NO2

LJI-6"0-20

L
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NON-ACID N-,fRAAMINE/NrWMOSAMINE SYNTHESIS

HI NO2  NO2
CH2C12.

+ C(NO 2 ) 4  N RT + Yield 66.0

3.5 1.0

TMS. N0o2  NO2

NCH2C2 N

+ NO2 CI + Yield --

0.82 1.0

T 1NO2  NO

CH2C•
+ NO 2 F 7o--7 2+ Yield -9%

S1.6 1.0

S Non-acidic - No aemine dWadation by aid

* TMS Group aihanw n armine solubility In

" Strong driving force for ruePlement
of Amine-TMS bond

e .JA-6770-6 9

*

£

*
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NEW SYNTHETIC TECHNIQUES

FOR ADVANCED PROPELLANT INGREDIENTS:

SELECTIVE TRANSFORMATIONS AND NEW STRUCTURES

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

Air Force Rocket Propulsion Laboratory
Edwards AFB, CA 93523

New chemical transformations and methods are being investigated which potentially
lead to energetic target compounds with new and novel molecular structures, or which
improve synthetic routes to known com0Qunds that are currently expensive propellant
luxuries. Three of four scheduled research tasks are in progress.

Task I Nucleophilic substitutions of alkyl bromides with silver triflate were conducted to
form precursor trif late ester compounds for -.conversion into key energetic ingredients.
Triflate ester intermediates provide a facile 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, especially with dihaloalkanes. The cL,w-
dibromoalkanes react much more rapidly with silver triflate than do corresponding
monobromoalo anes, and unlike the monobromides, dibromoalkanes resist unwanted isom-
erization to 2 trif late products in CCIA solvent. This behavior is explained by an SN -type
reaction where intronolecular Br anchtmeric assistance occurs in bromoaikyl monothiflate
product formation, followed by intramolecular anchimeric stabilization by the triflate group
during alkylditriflot. product formation. There is also a greater tendency to form the
ditriflate product as chain length increases in the ei-dibrornoalkanes up through 1,5-
dibromopentane where this effect plateous. Higher reaction temperatures render the
intermediate triflate product unstable; decomposition with polymerization then occurs in
CC14 solvent and aromatic alkylatlon results In benzene solvent. A manuscript has been
prepared for Journal of Organic Chemistry.

Task 2 The reaction of alkenes, alkyl carbonyls, or arganometallic 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 reactions between fluorodinitroethyl triflate and carbonyl compounds imply
low-yield formation of- energetic 4, -unsaturated ethers. Reactions between nitronium
triflate and organolithium compounds tentatively show promise as a selective non-acidic
nitration technique, and studies of such systems are continuing.

Task 3 Collaborative AFRPL/Pt Loma College (0. F. Shellhamer) studies are being
conducted with alkene methoxyflurmination reactions using methanolic XeF 2 suspensions.
Elucidation of this mechanism could permit an exclusive regioselective control which
produces the anti-Markovnikov ether odduct. Substitution of energetic alcohols for
methanol could directly produce stable, partially fluorinated energetic ethers rather than
undesirable acetc.l-type products. Reactions with norbornene produced different fluoro-
methoxyAorbonxa isomers Identified as those where the methoxy moiety exclusively added
first when catalyzed by BF New Isomers occurred with IF catalysis in which tine F atom
added first. This is consiitent with our Initially proposed reaction mechanism in which
effecting methoxy addition first produces the desired antl-Markownikov product. A
manuscript has been submitted to J. Ora. Chem. Studies are underway with the energetic
fluorodinitroethanol substrate.
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FLUOOOPOLYAZIOO-ESTERS AS ENERGETIC POLYMERS

Robert N. Moriarty

University of Illinois at Chicago
Department of Chemistry

Chicago. 11 b0680

The objective of our work is to introduce the energy
rich azido group into a fluorine containing polymer. The
monomeric compound which we will synthesize are fluoroazido-
ketenes (1 and 2):

N3- C F2  (AF

"3,-CF, -A

The polymerization of 1 and 2 depends upon the s~ontan-
eous reaction of the highly -eactf-ve -lactone formed ýy oxy-
gen atom transfer (03 or COSsO) to the ketene:

0 l
, 0  R2 , ¢C- 0

.• 4e eo- R 0 R R 0 e
"6483 tI I I I'm

C- -O-C-C-O-€-C-O-C-
P * C6OS R R
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In a second approach to fluoroazidopolymers, the copoly-
merization of the intermediary a-lactones will be carried out
in the presence of azido co-monomers:

N3

(CF•jC --C -- + N3 CHIO -1

N3,,C=C COOCH3 + N3 CH$10

N3 < CN

Svntheses of the relevant compounds will, be presented.
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NEW ENERGETIC POLYMERS AS BINDERS FOR PROPELLANTS

MostaifaA.H.Taiukder aidShtley DcMorse-
Air Force Rocket Propulsion Lubxzrat01r' C, I;,

Edwards AF69 CA 93523-, n

(Lkiversity of Dayton Research Institute)

New Polymeric syntheses and chain modification techniques are, being Investigated
to obtain Imnproved mechailcal properties of Ipiow energetic binders, new energetic
prepolymer and binder systems, aid correlations of polymer~ce chem ical structure to
physical/mechanical properties. .Its approach centers on new energetic polymer
synthese via cationic polymerization or by synthetic modifications of known
polymers. tWo task~s are active. II

TaskuI seeks to Improve the physical and mnechxilcal properties of known energetic
polyether polymners derived from giycklyi-.Asholtuted mnuvomers. The modified
copo~lymeriatlnteclilque, sucesfully deonitsstat with the PECH polymer will be
used to prepar modified energetic prepolymers to maximize stress, strain and
moduls proapertiles. Epibronmoydrin polymerizations were conducted to ass=n the
PEBH modified polymer as viable precursor for the aforementioned en- rgetic binder
materilals. It has been shown that on epibromohydrin polymer can be formied that will

ra with NoNor AgNOýIn displacement reactins Theseacifan rates are faster
tha fo th sore ea i o" ith polyeichlorohydrin.

Task 2 will seek to obtain a hydroxy-containing poly-dinitropropyl vinyl etiplyme
suitable for propellbant urethane auring procedures. The dinltroiropyl vinyl ether
monomer Is obtained In a hlig-yield one-step synthesis aid has successfully beon
polymerized Int~o on energetic nwrwnhtkoxyterminate binder for presse HMX
eXPosive fills. Its 4niieren aqeor thermochemnical stability, coupled with Its
excellent hydrolytic stability aid chemical compatibility at elevated temperature
with HMX, makces It a very attr iacti ve energetic binder caididate for minimum soke
pr-opelbaits.

Task 3 addresseas the polymerization of any new .energetic monomer structures.
F@Wwization reactions will be conducted to characterize new energeticpoye
structure, functionality,, arid physial properties.

Task 4 employs polymerization syntheses aid technilques which provide structurally
controlled polymner backbones for correlation investigationis of structure aid
physical/mechorilcal properties. Unlike Tas I which soeks to optimize the physical.
aid mnechonical -pr opertiles of energetic polymer via Individual synthetic modification
procedures, Tas 4 seeks to modify only the energetic pendait subetituent on on
identically synthesized polymer backbone structure. Any differences Ini& mechai.1 or
physical properties of energetic polymer samiples will be csase solely by 'the
4N t- ON, or -OCHCF(NO,) groups themselves. Became of the ease with which
owendant 'rolfle IZ Wup couýWc be displaced by energtic but weak .nucleophiles

(NONC,,-OFDNE, glycidyl trif late monomer was synthesized from the reaction
Of plbromoiIykn aid silver triflate. The method was limited to low yield of the
product. Howiever a modified synthesis aid Isolation technilque has been developed to
Increase the yield aid Improve the purity of the material.

It Is to be noted here that the teearc work of the project was postpone for
about 7 months In Jan 1984 because of the absence of research personnel.
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APPROACH

Task I + IV: Modil~ication and synthesis of glycidyl polymers
0\

OCCH+--0-Copolymer Copolymn. H~i 2 C-CH
+ H2' I rdiepoxide 6H X

.CH 2x 2

~'AgO~T

40C11-CH14--0- o.Copolymer2.
CH 2 Tf ASOTf

SSubstn.

4OCHýCH4..-O-- Copolymaer

CH2

114o0Cxuf4gon ( onovelymn. x~4c eL0*Cx s !13,, cý\ C
1 2 CS2 x'

Substa. ooye
LI epoz ide

u~ocu-u4-ou40CE 1 C3ý.. o-copolYmer

Task II: Poly-DXPVZ modjficatioft

CE 20CE-ODNP Ityr E.t~s~hC 1 4.~mm~O

ODNP

'Task III: Nev energetic prepolymer structures

Syntheses N4OCX... mCxý...0)v B-40O-Cgj¶5+on
via novel I I a2 amonomer*:. -cN,2x" C 2 x lI r

X- Cl, Dr. I
Xf.-l6 3 ',-ONO 2 0. -OCH 2 CY(J0 2 ),2
OTf'.-OSO C?

2 3
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ENERGETIC FLUOROCARBONS

Carl J. Schack and Karl 0. Christe
Rocketdyne rivision of Rockwell International

"Canoga Park, California 91304
I

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 stability
high density, and also low sensitivity. This program is in its
initial stages.

The technical approach i.avolves the synthesis and characterization
of new transfer agents such as XeY2 and R3 SiY [where Y¥N3 , C10 3,
CF 2 NO2 , and CF(N0 2 ) 2 ], B(N 3 ) 3 , N3SO3 F, and NO2 N3. As part of the
characterization of these novel compounds, their addition to un-
saturated functions and/or displacement of reactive halogens from
fluorocarbons will be investigated as means for the preparation of
new energetic fluorocarbons.

*" Applications of XeF 2 as a highly reactive fluorinating agent for
organic substrates are well known. Similarly, it was shown in
our laboratories that Xe(OTeF 5 )2 is efficient in transferring TeF 5 0
grouws to unsaturated fluorocarbons. Consequently, the proposed

*. XeY2 transfer agents are promising reactants for analogous transfers
of energetic groups. Displacement reactions in fluorocarbons, which

". involve fluorine, should be possible by suit-able 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 Me3 SiF and MSO 3 F serving, 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 SF 50- 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.

S,
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,APPROACHES

Proposed syntheses of new transfer agents

XeF 2 + 2XN3  &.l.._Xe(N3)2 + 2XF (X-H,Cl,Br,I,NaMe3Si)

Me3SiC1 + HRx -Me 3SiKx x H2 (R- 2, CF(N02)2)

S206F2 + MN3  --tN 3503F + M+SO 3F

NO BF4 + 4N3 muinm. ~L- NO N3 + 14'BF4  (M-LiNa,K)

Use of transfer agents for the Introduction of energetic groups

C-- .* A11N1 N eQnco byproduct)

CF2mCFCF-CF2 + Xe(N3)j--m-N3CF2CF(N3)CF-CF2 or N3CF2CF-CFCF2N3 +Xe

Olefins suitable for epoxidation and polymerization

'S F -CF + e SN Me3;SIF ?~ NC
C3NC2 +M3SI3 -_-A CF3N-CFN3-w CF3N iC

N N

* ' N

Ring formation stabilizes azido compound

CF2UCF 2 + N3S03F NC 2 F2O.O2F

Fluorosulfate is a reactive functionality,
.. ~~ MFFCN

CF3CN N N3 0F CF C-N FCF-

:1 N
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APPROACHES

Synthesis of energetic monomers and their'polymerization

CF2 mCF 2 + M.N3 -solv. CF2 wCFN 3 + MF CM-Na,Me3Si)

CF2UCFH + SF50Cl- SF 5 0CFHCF 2C1-KOH -0-SF 5OCF-CF2

0

CF.2-CFY + NaOC1 Soiv. CFf-CFY

(Y - energetic group)

0 CF Y C

YCF2CF- CF2  RfCFO 4.F2-CFF 01-C Fý

f

L
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CONTROL OF THE LUETHANE CURE REACTION WITH
SOLID, BLOCKED ISOCYANATES

William H. Graham, JB Canterberry
Inlla G. Shepard, Jerrell W. Blanks
Morton Thiokol/Huntsville Division

Huntsville, Alabama 35807

SThis program addresses the problem of controlling the cure kinetics of the iso-
cyanate/hydroxyl reaction and the formation of polyurethanes. Successful coo-

, pletion of the program would provide unprecidented control of the reaction; the
goal would be to demonstrate an infinite potlife below a "trigger" temperature

- and a rapid, but controllable, ;ure above that temperature. 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 reactions.

The materials which are envisioned as providing the desired potlife/cure profile
for the polyurethane cure reaction are solid, blocked difunctional isocyanates
which melt at temperatures slightly above a convenient processing temperature
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 cure 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-
note, 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 structure, melting temperature, solubility in
binder, and particle size of the blocked isocyanate will be determined as itj relates to polyurethane cure chemistry. The process is illustrated in Figure 1.

The results 'obtained using a carbon-filled gumstock of hydroxyl terminated poly-
butadiene (HTF1) and the solid blocked isocyanate of o-nitrophenol and
2,4-toluenediisocyanate (TDI) provide experimental evidence of the validity of'
the concept. It was shown that at 770C (170*F) no cure reaction occurred, while
at 121C (2500F), the melting point of the blocked isocyanate, a cure reaction
proceeded smoothly (see Figure 2). Infrared evidence for the unblockinS
reaction taking place only after melting is also shown. The isocyanate bond at
ambient and 77°C (170F) reflects the presence of the single unblocked isocya-
note; the carbamate carbonyl band is a strong peak, but this is greatly reduced
at 123C (253°F) and the isocyanath peak is much stronger as the blocked isocys-
nate has dissociated back to TDI/ad o-nitrophenol.

HTPB was added to the blocked isocyanate (TDI/o-nitrophenol) imediately after
it was prepared and before crysta lization occurred. This allows one hydroxyl
on HTPI to react with the remainng free isocyanate group and kept the binder
homogeneous. In this case, the c re took place readily at 77eC (1700F). From
these experiments, we conclude th t the crystalline nature of the blocked iso-
cyanate inhibits its dissociation well beyond its normal dissociation temper-
ature and-allows it to occur only a or near its melting point.

'V
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PHYSICAL AND' CHEMICAL CONSEQUENCES OF ANTIAROmAIICITY
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 materials, 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 Figurie 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(C). 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 M theory, supplemental pi-
electron delocalization should cause A and C to be stabilized, while B should
be antiaromatic and hence destabilized. As is su arized in Figure 2, penta-
phenylboracyclopentadiene(D) manifests a heightened ease of oxidation, pro-
tolysis 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 beý 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 chei-4cal 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 identiflt-d 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 in the same fundamental problem that
we take as our challenge: a thorough understanding of. the nature 'and gradations

of boron-carbon chemical bonding.



.m 1985 ROCKET RESEARCH NEETIING *

Abstreot 12 Pg 2

a.

-f.4

Cc
0

)DG

L.

I-Q

-'40

CC6

-4'Ccc c,



*' 1985 ROCKET RESEARCH MEETING '*

Abstract 12 Ps 3

0a.

0

.C V

a..

o 04

.44

V44-

•9-., 4U ,•vii0 u0

'C CL

Co 0-

EE
0. ý

E vi

a. u

dc1
00r

C',

C In 0
0. 0.

0. 0.



** 1985 ROCKiT RI•SA2CI NIETI3O rm
Abatraot 13 Pg 1

High Energy Moleculee of High Sysretry

1:•illiar. S. Anderson
Chenical Systems Divisicr.
U.nite'd Technologies Corporation
San Jose, CA 95150-0015

A series of symmetrical, fully hydroxyl-subetituted organic

materials is to be prepar'd and then converted to new, oxygen-r-ch, high-

energy derivatives. The densities, nrystal structure.s and heata of fornation

of these derivatives will be dete.nined and obeerved value- will bt.-

co-4pared with p'edictions. The expected o'ju+tce is a better understanding

Of the relationship between chemical structure, den.Ity, oxidizing pmer

and heat of formation in hi.h-energ7 nolec.!es.

Structures of tlte startirg materials chosen are e'-own in the

figure attac:,•d. We hope to be able to convert these per(hydroxy) carbons

into amine nitratee or perclorater, h•d.-aine nitrates or perchlorates,

nitrq ketals, oximes, nitro comvounds or other ozy.en-rich derivativee.
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Figure I. Some cyclic per,(hydroxy)carbono
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Structure-Decomposition Relationships in Newer Energetic Materials

Thomas B. Brill and Toshio OyUi
Department of Chemistry
Uuiversity of Delaware

Newark, DR 19716

Insufficiect information exists to discuss the relationship between the
molecular structure and the chemical reactivity of energetic materIal..
Touard remedying this deficiency, we are determining the molecular structures
and decomposition mechanisms of a wide range of new *reseeaeh-type" nitramines
and other energetic materials prepared by our own synthesis program and from
efforts at tocketdye, Morton-Thlokol, DT/CSD, SRI, and NSWC. The first of
these studies has recently appeared. 1  X-lay crystallography is being used for
quantitative structure detarmination, Fr-ti spectroscopy at high pressure and
with high ha" cates and thermal methods are employed for the decompositiom
studies, and solid-atate WU and XQI spectroscopy to used for analyzing the
molecular motion as a fumetion of tmperature. The advantage of bringing may
techniques to beer on the problem If that a multifaceted understanding of the
thermal behavior of an energetic material can be achieved. The results should
benefit synthetic chemists sad propellant researchers by ihowing the effects
on the physical properties and product formation resulting from specific
molecular modifications. Also, a larger framework for understanding nitramine
decomposition in relation to other energetic materials will result from this
work.

The structure and thermolysis mechanism of peuteorythrityltetraeiue
nitrat,. [C(CH2N93 ) 4 1(03) 4 , PTTN, has been completed (see accomplishment
figure). HUG3 appears in be the external oxidizing agent that attacks the
otherwise stable cation. A study of the structure and molecular motion of
1,3,3,5-tetranitrohenxhydr.opyrifidine (DOIC) and 1,3,3,5,7,7-hexunitro-l ,5-
diasacyclooctane, PRUDZ, has been completed and shoes the importance of
torsional oecillations within the C(N02 ) 2 group. In situ thermolysis studies
of WDX, RDX, several nLtrosanitas, 11NDZ end D14NC have b completed as a
function of external pressure (0.05-1000 pai) end beating rate (20-210 K
soc-1). The results from EM and IUX reveal the presence of WWO ar an
initial product, that 12 is a major initial product whose concentration
rapidly decreases owing to secondary reactions, that NO it a very minor
initial product whose concentration rapidly increases in direct proportion to
the loss of VO2 . The principal effect of pressure is to alter the mte of
diffusion of the asses and, In this may, thoeascondery reaction rates.
Comparisons of these results to those of nitrosenes and aliphatic nitro
compounds have boee made.

IT. B. Drill, i. J. Karpovica, T. N. Hller, A. L. Rheingold, OA Stsutural
snd Fourier Transform Infrared Spectroscopy Charecterixation of the Thermal
Decomposition of l-(asidomethyl)-3,5,7-trinitro-I ,3.5,7-tetrasacyelooetane,

_?bye. Chem* 1984, 889, 4138.
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Approach: Structure and Decomposition Mechanisms c.' Energetic Materials

Structure Determination

N Analysis of diffraction pattern
Coll?:;;, leads to the structure of the

t-. aL beam m constituent molecules.

Crystal of energetic.
material

Thermolysis Studies of Energetic Molecule AB

Source IR Source I beam
beam

A A'
- 0 + ";+

•B B'

Solid phase sample Complete IR spectra for Spectra monitored for
of eilecule Al fragments A + B obtained several seconds while
heated at 200 K immediately as they A and B rearrange and

sac-1. appear (<1 sec). Some react to produce A'
initial transient species and B'. Permits a
can be observed. Also descriptiont of the time-
the sequence of product dependence of the gas
formation is evident, phase products.

Objective: Correlate the structural details with the products of thermolysis
to obtain the thermolysis mechanism.
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An Accomplishment: The Thermolysis Mechanism of PTTN

molecular structure determinatlo
of shows that strong N-H-.-O

ae a hydrogen bonding exists between
the cation and the N03 anion

* and is responsible for lattice
-*me cohesion. PTTN exhibits no

q^ phase transitions up to its
. •decomposition point.

am O

S.

Decomposition Studies

Time-sequence infrared spectra show the following thermolysis mechanism of
PTTN at a heating rate of 50 K sec-l:

"Initial Step (N-H bond rupture)

-NH+ (a) + NO3 so "NH 2(+) HNO3 (adsorbed and desorbed)

(transient)

Another Early Step

(a) Atmospheric pressure (C-N bond rupture)

-CH (5) + W'2 +(a) + NE 3(g)
(b) >200 psig (C-N bond retention)

"C 2 -N3 (a) HC(g) + NCO (g)
Later Reactions (>3 sec)

HMO03 oxidation of reaidue - C02 (g) + 820 (g) + NOx(8)

Conclusion: PTTN decomposes by the production of 10103 which then acts as a
* reactant attacking the otherwise stable cation of PTTN. The oxidation

of the cation occurs from the exterior inward.

. o ,.'

.4
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Deuterium Isotope Effects in
RDX Decomposition and Combustion Processes

Scott A ShackeLford, Stephen L. Rodgera, Michael B. Coolidge
AF Rocket Propulsion Laboratory (AFSC)

Edwards AFS CA 93523

Robert E. Askins
Morton Thiokol, Inc./Huntsville Division

Huntsvi LLe AL 35807

The mechani-ms 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 mechanisms and in particular the overall rate
determining step, would aid in attempts to tailor the burn rates of
nitramine 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 ROX.

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 labeled substituent it provides an unique
method of determining what part of the molecule is involved in the reactions
controlling the rate of the overall decomposition or combustion process.
The investigation of HMX thermal decomposition and combustion processes using
tre 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 I iquid phase with ROX. 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. If 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 theg
deuterated and hydrogenated materials then an isotope effect can be derived
from a ratio of the ROX 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 Limit 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 ROX 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 RDX. 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 controlling
step' in each process.
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FLAME MECHANISMS AND FLANK INHIBITION

* J.D. EVERSOLE

UNIVERSITY OF DAYTON RESEARCH INSTITUTE, AFRPLI D.P. WEAVER
AIR FORCE ROCKET PROPULSION LABORATORY

EDWARDS AFB, CALIFORNIA 93523
%-

This project Is concerned with the definition and
"understanding of detailed chemical mechanisms in flames. Of
special interest are gas-phase mechanisms responsible for, or
contributing to, the suppression of afterburning 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 possible. 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 aspects 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 connected
to a large capacity vacuum pump external to the laboratory via a
10 cm diam. stainless steel line and a 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

*" methane/nitrous 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 Reman scattering which
provides temperature and some major species concentration data.
An effort has been made to obtain these two types of data
simultaneously with the same UVlaser pump beam.

Axial profiles of temperature and concentrations through the
flame sone are then compared to theoretical calculations
generated by computer for the same initial conditions. For the

Sflame 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
conuacted with hydrogen bromide inhibitor in R2/02 flames. Of

Sprimiry interest is the use of potassium as an inhibitor, and'
efforts have been made to construct a burner arragement to

* introduce the potassium directly as an atomic vapor.

4
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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. I
Spatial maps (primarily z-axis) of
temperature and species concentration
are obtained from optical diagnostic
data (Raman scattering, LIP, and atomicX

* absorption) by translating the burner.
Representative spectra: (N 2 virtoa VLM
Raman) taken at different axial loca- Ley
tions In the flame are Illustrated at
the top of the ftgure. 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 05
graph).
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POSSIBLE REACTIONS

1. K O+ +M02+

2. O2 + OH KOH + 0 2  12
3. KOH +0 H 47b B2O +0+4. K +OR +H M KOH +H X

5. K+ B20 KO 10+1 K ý7K
6. 10 + 2a X o+ On

7 2+0 IZ 10+
7, I•+ li 4.• KO+OH

FIGURE 2. Flame inhibition (suppression) is indicated by the reduction of ,the
laminar flame speed, and by the expansion of the flame zone as showm in the
top graph of flame species concentration profiles calculated vith and vithout
the addition of 7Z potassium. The detailed couparison' of such profiles as a
function of equivalence ratio, total pressure, and dilution (temperature) can
reveal which reaction pathways become dominant under different conditions
thereby defining the chemical mechanisms.
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THE SUPPRESSION OF' AFTERBURNING IN SOLID ROCKET PLUMES
BY POTASSIUM SALTS

EUGENE MILLER
MACKAY SCHOOL OF MINES, CHEM & MET ENS'G DEPT.

UNIVERSITY OF NEVADA, RENO, NV 89557

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 by 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 3fterDurn to water and
carbon dioxide producing visible flash and increased in-frared
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. KNO3 and K=SO^ have been added to propellant chArges at a
level o+ 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 KO=
breaking the chain reactions involving H and OH radicals in the
combustion of H= and CO.

The effects of K, KOH and KO= on the afterburning reactions are
being studied by introducing them individually into an opposed jet
flat diffusion flame of H2 -CO-Op-N2 and 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 absorption spectrophotometer and an
optical scanning system. It has been found that elemental potassium
reduces the infrared radiation for rich and lean hydrogen flames but
has' a smaller effect on stoichiometric mixtures. KOH in a hydrogen
flame inhibits the preflame reaction,s' 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 perhaps the
disagreement that has arisen in the literature concernina the
efficacy of inhibition by potAssium in hydrogen flames. CO w, not

used in these experiments because reaction between H2  CO
produced carbon in the salt vaporizer. The formation o, _rbon
probably also occurs in the rocket plume increasing the intrared
signature.



*o 1985 ROCKET RESEARCH MEETING **
Abstraot 17 Pg 2

ow

~ z

~~I~ z~1L
_w Z

Z 00 -°- -k Lam
Co., w. 0, -,

wl jJi .0
I- I,,- 2 " *

ILL

. 0
I.- JOisg

wI

(0

0m

--



,m 1985 ROCKET R3SEARCH MEETING **
Abstract 17 Pg 3.

C.5

i\l
- 0

U.U

z

0 '0 o

00

,

U.o
• /9I '

4C

00

0I-

U-6

Li. I ,

w -. .L • - _L. . . . "t' '' ,','



** 1985 ROCKET RESEARCH MEETING **
.Abstract 18 Pg 1

CHEMICAL KINETICS OF NITRANINE 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 tetween CH20 and NO2 in the "fizz"
zone at the propellant surface. A slower reaction was suggested for the "pre-
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 naturt of the
gas reactions of nitrcaines. 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-
lined.

There are currently very limited experimental data available for detailed
comparison to the results of the chemical kinetic modeling. We have begun low
pressure flame studies of CH20/N0 2/N20 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 the fea-
sibility of burnl rate control by NH2 donors. The flome species composition
measurmenwts 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 N02 may be of
major importance in nitramine combustion. As a step in evaluation of this
process, we have Investigated the klnette mechanism for conversion of HeN to NO
and N in low pressure H2/02 flames doped with HCN. The experimental results
showedgood agreement to complete flame structure, calculations'based on a reaction
mechanism developed almost solely from direct measurements of rate coefficients
reported in theliterature.

Researc supported by the Air Force Office of Scientific Research under Grant
AFOSR-84-0006.
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SIGNIFICANT GAS PHASE REACTIONS'

INITIATION

N20 + N2' +O+M

CH2 0 + 0 HCO + OH

PROPAGATION

HCO +M > CO + H +M

CH2 0 + H - HCO + H2 + 27 KcalAnole

N20+H 2 • N OH

NO2 +H - NO +OH +28 KcalAmole

SECOND STAGE

CO+OH - CO2 +H +26 KcaIAnoIe

NO +,H N + OH

NO+N -2 + +0

H2 +OH -O H2 0 + H +]6KclA/oIe

• I .
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Combustion Of Hydrogen and Hydrocarbons in Fluorine

Myron Kaufman
Chemistry Department, p~ory University

Atlanta, GA 30322

BOCA"*e of the extreme exothersicity of many fluorine reactions, fluorine
and fluorine-containing molecules have often been proposesd and occasionally
employed as oxidizers in high-performance developmental propulsion systems.
Hechanisticaily, however, fluorine-supported combustion Is not as well under-
stood as oxygen-supported combustion. 'In fact, due to hard-to-remove 0,
Impurity in commercial F, it is often difficult to even Identify uIiqul
aspects of fluorine combstion. Some phenomena observed in both oxygen and
fluorine combustion are -listed in Figure 1, -along wi~th their generally accepted
mechanisms in 0 flamws and some conjectures as to their possible sevuhanism
In F flames. In the current work, ionization and luminescence in the com-
bustdon of s12and hydrocarbons with IF will be invest~gated, and special
precautions will be taken to study tiese phenomena In the Absence of 0 impur-
ity. In addition, rate constants and branching ratios of seVer'al reaclions
key to understanding fluorine combustion will be measured. These Include
F + W . Imortant for understanding 0 -retardation of fluorine combustion and
F + C,2.8, a prototype for assessing tQ prominence of atom displacement reac-
tions Gn F -hydrocarbon combustion. 'Both optical &and mes" spectrmetn' l
be employei in these kinetics' studies. Our mass spectrometer Is a unique
instriint, emloying an 1nhomgeneous. magnetic field to direct only paranag-
netic components of the sampled molecular beam Into the ionizer, thus allowing
atoms end free radicals to be monitored with little Interference from. stable
molecules.*

In this program we will study both atomic and molecular flames. Low-pressure
premixed F flame are studied in a stainless-steel burner assembly equipped with

C&F wndo2 to spectroscopically monitor luminescence m ad cvsble Langmsir probes

to isaure the special variation of Ionization. ?or wost of our studies, the

premixed flaws will be diluted with He or Ar. However, whnundiluted flaes

are burned In this apparatus, we have observed the interesting behavior illus-
trated in Figure 2 for the F -CB flame. Over a range, of relative concentrstiongs,
Including stoichiometric miziurei, this flame burns as short pulses of duration
ca. I weec sad frequencies of 1 to 10 Rx. This behavior U explained as due to

flashback resulting from the 'high burning velocity of these flames, followed by

spontaneous reignition when the, hypergolic mixture Is replenished to its ignition
limit.
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ANALYSIS OF HETEROGENEOUS DIFFUSION FLAME STABILIZATION

'Sral and Jechiel I. 3ag?!,a

titehooySho of Aerospace Engineering
~ .~~"tlantaa, Georgia 30322, .

I ~ f'h~ f late comp~ax turbtjlent teactirg flows is In a state.
of ra~.op~t flbw investigated here presents.Aa unique challenge to
thi iate-of-twear. -The. flow is a fully,* turbulent twdrdimensional flow over

-a hAripard facn s"-with wall-bloviing of a combustible from the floor
* beh~the stepb , t 1l'a model for th4, flowfield in tbp flame stabilization,

re$Wnef~A soll4,uejid rain jet. The akirlytical approaab has been with a k-s
metho .d gradal be. Improved atij modified+ as one progresses through
varlgf stages 4of c plexity - from no-blowing cold. flow to foreign gas.
Injectioid- sIn coldt itow and then to- the full combustion case. A parallet
experli4.ftial 9qogamn either validates the analysis or suggests

ks~hows some typical technical issues on the overall program
and 1i41das somne of the analytical Issues. Excellent agreement (with one,

13 modLff**qm, -'standard analysis) has been found between the theqW 11r
pxpwrli6tf1r the cold-flow, non bleed case. Current concern cormiotuaily,

* 1owe ýwjih standard methods of applying boundary conditjp4%ýe leading
to f "iu~odlflcatlons. -~-

* ~gur 2shows'calculated streamline 0 CO miss fraction
-, pr~files for fthe of cold CO bleed.4 O A ndary reclc&atlon zone has

been predictedt also9 $ound irlm0ntaily4 The concern is Insofar as,
glame stabil 6n lIs".concerhod, the 'severe dimunitlon of massive
recirculation as bibwint Ji 'ee~FI~s Is also revealed In the CO2 profiles
where, a flat ecirculatlon ,-dffingat'ý profile gives. way to a diffusion

* dominated profi e as bowling increakses. Detailed checks onyt dato
-show good agr t with the analysis. Comparison, with F

await further perimentatlon.

.4..
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EXPERIMENTAL INVESTIGATION OF HETEROGENEOUS FLAME STABILIZATION

Jechiel I. Jagoda and Warren C. Strahle

School of Aerospace Engineering
Georgia Institute of technology

Atlanta, GA 30332

Solid fueled ramjets (SFR3), 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 exceed the

burning velocity) and high turbulence and thus high Reynolds stresses resulting 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 SFR3 is simulated by a flow over a backward facing step

with a secondary Hlow entering the recirculation region through a porous floor. The flow

properties are determined using a 2-c'nmponent 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 experimental eflorts 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 velocities. Rayleigh measurements in the cold flow are underway.

The experimental 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 (Fig. 2). In the recirculation zone, the locations of maximum normal stresses

in both the u and v directions are moved 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 measored 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 results reported separately.
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HIGH PRESSURE SOLID PROPELLANT COMBUSTION ZONE STRUCTURE FROM
ANALYSIS OF HYDROXYL RADICAL CHEMILUMINESCENCE

David H. Campbell, Susan Hulsizer,
Tim Edwards and David P. Weaver

University of Dayton Research Institute and AFRPL
Edwards APB, CA 93523

The' goal of this program is to utilize non-intrusive optical
combustion 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 1000 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 304.9 to 316.0 nm
spectral range to obtain a, measure of the rotational temperature and
vibrational population distribution of this molecule. At present,
the chemicalkinetic data 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 5SOAm from the propellant surface, and model any final flame
(CO oxidation orNO reduction) as occurring within appro.imately
100-590 m of the surface at the elevated pressures within the
normal rocket operating regime.

Basically, the data reduction technique consists of an itera-
tive scheme to match the experimental spectra to synthetically
generated spectra uaing rotational temperature and vibrational popu-
lation distribution in the OH upper electronic.state as variables.
A sample match is shown in Figure 1. Emission spectra were obtained
for a series of pressures and distances above the surface of an AP
based composit& propellant. The rotational temperatures determined
from these spectra are shown in Figure 2. If the highly exothermic
CH + 02 -# CO + OHW reaction is the primary source of excited OH,
molecules, then the results show that primary reaction zone.
chemistry occurs at'distances much greater than would be expected
from current solid propellantcombustion model*.
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ON ROTATIONALTEMPERATURE FROM AP PRPLLANT EMISSION
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Figure 2: AP propellant OH euission analysis results - rotational
temperature variation (v'-O).
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Evaluation of HfX Propellant Chemistry Froe Raman and Laser
Induced Fluorescence Species and Temperature Measurements

David P. Weaver and Tin Edwards
Air Force Rocket Propulsion Laboratory

Edwards AFS, California 93523-5000
Susan fulsizer and David Campbell

University of Dayton Research Institute
Edwards AFB, California 93523-5000

The ability 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 modern laser diagnostic
techniques, the possibility of determining spatially specific
species concentrations and temperatures related to the distance
(e.*. the reaction time) from the burning propellant surface has
emerged. The goal of the present is to gather such experimental
information and to construct from it kinetic pathways In a
laboratory propellant flame and to correlate their dependence on
propellant composition. Such specific chemical information could
then be related to known macroscopic properties of the solid
propellant such as burning rate.

A scheuaticrepresentation 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 number density and
temperature are employed including spontaneous Reman scattering,
coherent. anti-Stokes Raman scattering(CARS), laser-induced
fluorescence(LIP) and Rayleigh scattering. Majorspecies such as
N2, 02, No1, N02. 32, Ci,- and C02 are monitored with Raman and
Rayleigh techniques and combustion Intermediates and flame
radicals such as 01, CZ, CN, and NZ are determined using Raman
scattering.

Initial efforts are'. being directed toward acquired
temperature and concentration profiles through the flame zones
near the surface of the burning solid propellant. Both low and
high pressure studies on propellant. flames are underway in an
effort to identify reactant, Intermediate, and product species
values and to compare these results with simple kinetic models of
known hydrocarbon reactions. Correlation of this data with
propellant compositional variation will allow an overall
quantitative assessment of the role of specific gas-phase
kinetics in solid propellant combustion.
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APPLICATION OF MOLECULAR KINETICS MODELS TO THE 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 basis for more accurate modeling of the expansion flow inside
the nozzle and around the nozzle lip. Such information is critical
.to the accurate prediction of contamination levels 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 more
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-intrusive 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 Figure 2: low 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 region. 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.
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* EVALUATION ArID COMPILATION 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 conmmunity. 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 problem 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 problem 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
sinmultaneous 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 CaCX2 data is questionable.

The quality of the tabulation is 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 light 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. 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 L12 (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
sunmaries is intended as an additional aid to the users in judging 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 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 di-mers, 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 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 CaC1 2 data is questionable.

The quality of the 'tabulation is often temperature-dependent and is a
compromise between the quality and extent of the availabl'! data and the
calculational procedures used to generate the thermochemcai tables. The
calculational procedures are always being. re-evaluated in light of the
extensive data avai'lable in some areas. For example, the thermal functions
for monatomic and diatomic gases arm being re-examined to determine the

. effect and reasonableness 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 Li2 (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 Judging the
effects of the uncertainties on the end results.
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CRXTXCAL EVALUATION OF RXGH TENEJLAA-URK CHEMXCAL J•NETIC

North Cohen and Earl •estborg
Aerospace Corp,•ratlon

P. O. Boz 92957 •q
Los •eles, CA. 90009

The rapid growth in Ch--4cLL k!nettc data and in the number of
noaJpe•LalJ•t users of such data In DOD-related work hA• created a need for a • --
reltabte, e•Jy-Co-use cu•pUatiou of evaluated rate dace .•d reccmeanded rate
€oefflc!euts. To ansuer thLs •ted, a prosrmt for th• evaluation of •Laetlc
data end preparation of €o•ststently for•.tted dat• sheets pacteruod after •-
JJd•Y TheruocheoLcal Tables •J •nde•akJn v•th the Joint support of r•t Air
Force Office of .SctentLftc Research sad the Nattou•l. Bureau of Standards, -

Eish-Ceuperature dace are of special Lnterest to the ktr Force, L•d the8
use the first data-evBluation proltrma to kzCrapolate routinely rate "-
e•fftctemts for blnolecular reactlous to hIsher teuptratures uslnl• rmthode
unre oophLsttcated than the f--411ar Arrhenlu8 empresston, Tlieory 18 -18o
used to predict r•.t, eodftcLento, for tnportant r•tcttons for uhlch Chars 8re --.
no expe•Llnt•L data. Because tht nest rigorous current versions of
transittoa state theory are dLffleult sad costly to apply to 811 but the
stnplest rascttous, a usJot part of th18 year's efforts has been devoted to
emm•nln• the JustJ•tcation of using a stapler,, note approzimate veralou as 8ni
extrapolative tool and to detet•n•Lng its ltq•Lts of reliability, A recent
tachntc•L report: does th• for the f--41y of reactions of 0 atom mLth
alkmtea; the rwpor• he• been accepted for publication, An f•portsnt result of
that study 18 • series of eJJpte ezpresstons for esttuttn• the value of the
room temperature rate €oefflcleul: for the rea•tiou of 0 stous vlth my •,
aad then for extrapolat•q• thaC rate €oe•flclent to tempera:urea up to 3000
r• .q•e results of this work sere used to sld In the preparation of 8 nm•
series of da•8 sheets for 15 rattles of 0 arose •LCh various alines, ol of
ut•ch is sho•u in l•s. !md 2.

/
/A8 8 related effort to the aforementioned york, the encpert•ant81 d•ca for

the reactions of 0 etous with oethane, ethane, and neoF•ntane aC teoperatures |
betsy ca. 600 E mrs reaunLned. In the case of eathane and ecl•me, a set of
eXemsutaryresct!o•s ms •ssembXed that describes the €ouplc• che•Lstty
occurrtn• in the original studies. , •tth the '•Ld of previously vr•.tten
computer codes, the ori•Lul dar•, Ira tesu•ysed. Z• Is found In both cues
that the ns•uraments were eepoc!alZy un•itlve to errors caused by secondary
reactiou8 not taken late account ot•Lg4-nally, end to iupurtttes Ln the reageut
aJ•kane.. It appeara, qualitatively, that the vsluu for the 0 + CE• and 0 +
Coil6 rate €oe•ftcteats vere overestinsted 'by upproztutely factors of 2 co 3
l• tim 250 to'600 I• temperature range. This •ork has sJAo been utltteu up t•
8 tochu£cal report and sub•Ltted for publLcatton.

Dining'• the ren•Lndur of the f18cat' year, •8 plan to prepare d•t• sheets °

for reactions of 0 end OH v/th NH3 and N2E•, and for reaction8 of OE •th &
series of h81oel•snes., lhrevlou8 york oa E-+ 72 and F + H2 vt11 be updated and
prepared for pubtLcatLon, 14btbods for treatTn8 *un•ole-cul•r •uu=ttous roLl1
also be em•tned,
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NWAX0MA4 ITMIZ 07 AZT= DZCC SITrnZU AND COMGMOWN

Joseph 2. Ilmnagan, Dean 0. Woolery, Wallace W. Thwopson
Rocktdyme Division

Caoga Park, CA 91306

The utilLsation of aside (-43) 4%gredaints is rapidly Increasing In a wide
upoatrim of Air lares applicatis. aeids uaterials are primarily char-
eccerised by ,heir high positive heats of "fozsmetu In addition to umique
causation features such as inhrent high-burning rates and self-,mtng-
guisdmmt at pressure. above ambiemt.

This study v'.1 eJcidate the decnposttion and coiusti•n characteristiev
of various t"de ingredients via high cemperature. high heating rate
p7rolye•-irga chromaeographymueass pee•rmtry.

Th, .siroaach Win be threefold:

1. Definition of &iU decompositlon chemistry with structure.
2. Effect of aside decomposofti chenmitry upon selected priypelia:

Ingredients.
3. CorrelAtion of docampooetiou pbomsams with propellant burn rates.

The effort during the first year has resulted In a determination of oxide
de•ompo•ition chemistry via higb preostre (30-500 PSIC), high heating
rate pyrolysis of various aside Ingredients cosisting of: (1) Aliphatic
asidep; (2) A-idonitriaslase (3) Asido•leoola; -(4) Mlt:i-substitutod
asides; (5) Cyclic aside monmmis (6) Aside polymers - a) GAP; b) AZOX;
c) •MC; d) IM0; C7) GUP pumstocks.

The effect of preSure up the pyrolyTsi of UqV1fd UP polymfer of 600,
200, 2500, and 3800 Jecu•ar voweight at 30, 100, 250 and 500 7310 wee
determined. Increase in CO and decreases Ia 10 yields were found with
lacreasing pwessure for a11 polymers. I, and' ther product yields ralne:zod
essentially constant with presure uncTrLse. These results indicate more
efflient carbon aidation with pressure Increses.

.The effect of prmeur upon the pytolysis of the respective CA" polymer gum
stocks cured vith IZ we@ determied.. Thes propellants self-extinguished
up to 50 ?SIC* Gas product distribucenos from pyrolysis were determined at
1,0. 250, and 500 1I50, Thee product distributious were influenced by' MI
concentration dictated by GAP bydrml equivalent weilht. In all cases , CO
yelId increased vith iuera•asig piumoec Idticatig more efftsaleut sawbou
oxidation.

Surn rats studies have demonstrated three preeate dependent aside polymer
defarpation phenomena consisting of very rapid Cbustion. lf-eMzinguish-
mrt, and s@ooth regression over the prease region of 0 to 3000 PSG.

Prellminary data shows good correlation between weiht peraent GAP, flass
tomperature, and burning rate for cur"d Imstocks Of varius GUP sa9ples
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PRIMARY ACCOMLISHMENTS
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STABILITY OF KIX, AP', ANI lwrrN NEAR ROOM TEMPERATURE

I ouglas B. Olson and Robert J. Cill

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

The overall objective of this work is to gain a more fundament&l understanding
of the chemical reaction mechanism and kinetics responsible for aging of solid
rocket propellants at near ambient temperature. The chemical aging process is
envisioned to result from the slow decomposition of some ingredients producing
highly reactive species which then chemically attack ottar ingredients, especi-
ally the polymer bV.nders. The present studies Includ Lhc- decomposition kin-
etics of selected pure ingredients as well as the degradarlon reactions of two
binders. Mechanisms will be poszu.ated, usirg the %-.n4.reJ'kirnetic parameters,
and the predictions of this chemical aging "motlel" %-,I be tempered with a-ai!
able data. A noteworthy aspect of this progr;.t IL tvp use of highly specific
and ultrasensitive analytical probes which allow -;.t:dt4L-. tL; lie performed at

*:. realistic storage temperatures, over short time spens, w with little degrada-
. tion, compared to the more .usual acceletated tc.ling at h-.;h temperatures,

which then requires extrapolation of rate coefficients over many decades.

Progress to date has included measuraments -f the low temperature decompooLrion
rate coefficients of RDX, AP, and BTIN uniag gas evolution analysis, as ache-
matically illustrated in Fig. 1. A carriet gas is passed over small samples of
the ingredient under test in heated iL:th;rmal cells (T_2.0-100%C). A highly

'sensitive NO/O, chemiluminescencri cn.iyv.er ts used to measure the real-time NOý
concentration (or NH, ccncentratiou: fznc-' AP) evolved from the samples to cuir-
pute a decomposition rate coeffir.eat. This is performed at several tempera-
tures to establish the Arrheni,, Farrmeters of the process. The technique Is
capable of measurlng rate c- t'.z.Jits ao small'as about 10-12 -1 (half-lives
greater than 10' years). .s .:q the same apparatus, the reactivity of decomposi-
tion products, such P.9 NO2, wvh Individual lngredi-nts and mixtures is also
being imeasured over oo,..rt, L-100 hour, storaza t•mes.

Figure 2 shows low tcrperature kinetic dati measure.' in this program on RDX, AP,
and aTTN'as well as acme earlier ita'c iti on other materials. The activa-
tion energy for AEDX decoimoeition o s .-prisingly low 25 1 1 kcal mol"1, al-
though when the rate exetession : • x.-&ap~iated to 450 K reasonable agreement is
obtained with previous e•striv.es. Th1, rite coefficients shown for two perchlor-
ates, AP and CP, illustrate their I 4 h stability. The AP datai are in L:,ood
agreement with some of the I -eviou3 Itigh temperature measurements.

"Results are also shown for three nitrate esters, NC, PETN, and BTTN. Betnuse of
some experimeantal difficulties and a large disagreement between these data and an
earlier Hercules/Allegany Ballistic Labs. study, we report this BTTN rate coeffi-

cient as a preliminary value. Note that the measured activation energy for BTTN
"(Ea-41 kcal mol-) is olmilar to thar of the other tio nitrate esters, although
the previously reported BTTN value (Ea= 2 6 kcalt molt) is much smaller.

This work is continuing and will concentrate on the renctnis of decomposition
products with propellant ingredients and the aging mechanism -if 1tTPB-tontaining
propellants.
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PROPELLANT AGING RESEARCH
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FUEL-RICH SOLID PROPELLANT BORON COMBUSTION

Merrill K. King and James J. Komar
Atlantic Research Corporation

Alexandria, Virginia

Boron particle combustion is retarded by initilt presence of
an oxide coating. In current boron ignition models, oxygen is
assumed to dissolve in the oxide and diffuse to the BlI203
interface for reaction. Measurements of exotherms for
oxide-coated particles in hot 0 /N 2 mixtures have quantified
oxidation rates, but have not uiequivocally established whether

oxygen or boron (suggested by theoretical solutilitv
considerations) moves across the oxide. Possible nor-equilibriuu
condensation'of boron oxide/hydroxide products during rapid
cooling (e.g., nozzle expansion) is also important - significant
performance is lost without such condensation. Past condensation
studies have been conducted under unrealistic conditions or
involved limited diagnostics, inadequate for mecbanism definition.

Regarding the first problem, a unique experiment (Figure 1A)
utilizing two sealed vessels (one containing argon, the other an
argon/oxygen mixture) separated by a controlled thickness/
temperature liquid B2 0 3 film on a porous platinum disk, will be
performsed. Oxygen permeability will be determined by monitoring

concentration rise in the argon vessel with a mass spectrometer
NDUV detector. Oxide film temperature will be controlled by

resistance or inductive heating and measured by two-color
pyrometry and/or thermocouples, while thickness will be
established by oxide volume and disk area. Equal pressures will
be maintained in the vessels by bellows sections or use ot a
manometer connected across chambers with controlled bleeds as
needed. Several temperature, oxide thickness, and oxygen level
combinations will be studied. Results will be compared with
calculations from previously referenced oxide-coated boron

* particle exoth~ers (Figure 2A).

"In Task 2, a unique combination of laser diagnostics sad a
2-D windowed expansion section (with pressure taps) attached to a

* gaseous combustor will be used to quantify boron oxide/hydroxide
condensation processes at realistic conditions. (Figure I3). Wet
and dry, unseeded (homogeneous) and seeded (heterogeneous) systems

Swill be studied. A long-residence-time combustor using oxygen, CO
Sor propane, nitrogen, and 120 or triethylborano will produce well

* defined (composition, temperature) products. Various throAt sixes
"and nozzle contours provide various controlled temperature-

Spressure-time profiles. Optical ports permit use of laser-based
"diagnostics for measurement of flow velocity, composition,

* temperature, particulate coucentration, and condensate sizes
versus distance (time). From analysis of changing gas composition
and particle quantity and size aloeg the nozzle (for various

4 initial conditions and expansion rates) condensation mechanisms
* will be defined.
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IA. APPARATUS FOR DETER1T.NAXON OF SOWYIon/TRANSPOItT
(MMMEAILITY) RATE OF OXYGEN ACROSS A BORIC
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ID-. DATA TO BE OBTAINED
FROM TRIS ST•UY IF
OXfGEX SOLUTION/DIFFUS IOW
POSTULATE IS VALID

BAE i D ANARRE DATA FOR
j RELEASE RATES FOR OXIDE-

COA1D 005PARTICLES IS
-02N, ASSIMN THAT THIS

TZ 1 CTRLLED, BY SOLUTION

Ss• ,.•w'no, ~s hm n)- ot

_ EASED Off GRXGO3IEV DATA UNDER
SAME ASSUMPTIOS AS STATED FOR
SAFANEZZ DATA

l/T (DegK)L

23. CONDENSATION EXPEIDW OUTt1T

rOt Vatious Chamber Gas Temperaturefteesure, and Composition,, and

Various Rate"S r Change' Of Temperature (Controlled By No9l9e Contour),

Obtain Temperature
Major Species ConceGRUtliouD
Pressure vs Distance (Time)
Atmount of Condensed Oxide
Minor Species IdentLfication

Leading to Model of Nurleation/Coudesneatio Processes Capable of

leing used to Predict Degrees of Supercoolimg IM, Various Situations4 -
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CRACK GROWTH BEHAVIOR IN A COMPOSITE PROPELLANT WITH STRAIN CRADIENTS
C. T. LIU

Air Force Rocket Propulsion L'o.oratory
Edwards AFB CA 93523-5000 (805) 277-5502

The main objective of the Strictural Mechanics Research Progorm is to advance
the current understanding of the crack growth behavior in solid propellants. The
specific objective of this present research program is to invetiigate the crack growth
behavior in solid propellant in the presence of nonuniform, grosa applied strain fields.

In this study, the crack growth behavior in a highly W"ied composite propellant
with strain gradients was studied through the use of precrocked biaxial specimens.
Two different shapes of biaxial specimens were consider.ed; namely, the rectangular
shape and the wedge shape. Through crocks with differ--,+ crack lengths and
eccentricities, with respect to the vertical centerline of t4-e specimen, were cut along
the horizontal centerline of the specimen. Crack propoia';on tests were conducted
under a constant strain rate condition at room temperature. The measured crock
length, load, and time served as Input to a computer progrm that calculated the crack

.growth rate and the stress interisity factor, and then determined the functional
relationship between these two parameters.

In analyzing the data, time was selected as ff*w independent variable, whereas
crack length and load were selected as the dependent variables. With this selection of
irndependent and dependent variables, the crack length and the load were measured
every three seconds (i.e., A t = 3 seconds), which was selected •jgst for convenience.
Based an the measured a versus t data, the crc-k growth rate, '-, was calculated by
four dirferent methods for five different time intervals, A t = 3, 6, 9, 12, and 15
secondsf.

At the time of this writing, progress has be..n made toward developing a crack
growth model to predict the crack growth behavior In' solid propellants, and the data
analysis had been completed. Rosed an the results of the data analysis for the
condition considered in this study, the following conclusions are drawn:

I. The spline fitting method introduces the least error into the crack growth
rate.

2. There Is an optimum at measurement increment that will minimize the
in crack growth rate calculation.

3. The time range- of the crock growth transition zone is insensitive to the

change of the initial crock length and the nonuniform qross strain field.

4. The crack growth resistance curve is insensitive to the initial crock' lenrth.

5. , In the stable crack growth stage, the effect of the Initial crock lenh an
the nonuniform gross strain field on the crack growth behavic,- Is negligibly small.

6. A power law relationship exists between the crack growth rate and th
stress Intensity factor KI. t

7. The eccentricity of the crack has no significant effect an the crack growS
behavior.

8. When the crack grows into a lower nonuniform, gros strain field, the croc
growth behavior shows a pronounced cyclic fluctuation.

\-
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NONLINEAR MODELING AND METHOD OF PREDICTING CRACK•GROWTH
(r --'. LIU

Air Force RAtee Propulsion Lmoratoryý
Edwards AF"G -.. 93523-5000 (•A) 277-5502

In the past decade, many experimental studies were directed primarily toward the
characterization of fracture behavior in solid propellants under various loaxing
condItions. The experimental result revealed thot despite the nonlinear nature of
these types of materials, linear viscoelostic fracture mechonics thery or slightly
modified nonlinear versions had been strocessfully used in characterizing the crack
growth behavior in some propellants. 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 propellant, under
reoiistic and, general loading conditions, the effect of material nonlinearity an the
crock initiation and the subsequent crack growth Is required.

The objective of this study Is to develop a nonlinoar crack growth model which
can be used to characterize crock growth under large deformation conditions and to
determine the range of opplicability of the linear theory in predicting crack growth.

The opprooch will involw i cwmbination of analytical and exDerlmental studies.
Experiments '(destructive and nondestruttIve) will be conducted to determine the
failure process, the doamge zone, the failure property, and the strain field aheod of
the crock tip. This Information will be used to determine the damage parameters
associated with the nonlinear viscoelastic constltutive equation and to determine,
together with the criteria developed from the theoretical omalysis, the foilure proc
zone. Tte material re.onse near the crack tip will be modeled by the 2-D nonllnear
viscoelostic constitutive equnlon. This crack tip model and -the generalized path-
Independent J-integral, developed by Schapery, will be incorporated into a computer
code to calculate the value of the J-Integral. This Information will be used to predict
crack initiation and propagatIon In solid propellantr under various load'•g conditions.

The prellminary damage zone study was conducted by using the acoustic Imaging
technique. A typc resut is shown In Figure 2. The contours shown in Figure 2 are
the acoustic fringes of a strained propellant which Indicate the !ntenslty of the
danage developed In the matevial. It can be seen that, neor the crack tip region, the
shope of the contours or the damoge zones are conmme rate with the stress fields
developed In the maoterial and they resemble the plastic zones near the crock tip In
ductile metals. This preliminary study suggests that the acoustic imaging teclique
can be a promising technique to determine the damoge zone size in solid propellants.

V. ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ '% *%uibv ~ *V. F ~~*A~~WW
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HIGH-RESOLUTION MOVIES OF PROPELLANT OEFLAGRATION

Roger J. Becker, Paul F. Luehrmann, and Janet L. Laird

University of Dayton Research Institute

Dayton, Ohio 45469

This program has been designed to enhance our understanding of the behavior

of the particles at the surface of a grain during deflagration. A special

emphasis has been placed on qualitative knowledge of particles and agglomerates

ranging in size from 20 to 70 um. Cooperative behavior and the nature of the
immediate particle environment are of particular concern. The ultimate goal of

*this initiative Is experiments correlating particle 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 a) pulse •Aergy, and 5 kHz repetition rate of this

laser are ideal for front-lit cinephotography. The short pulse width freezes

the motion, the high-energy, monochromatic pulse penetrates the flame, and the
5 kHz repetition rate captures dynamic phenomena. We have also developed a

diode-array detector for our servo positioner, due to 'severe depth-of-field

restrictions.

We have succeeded in making movies during pressured burns on

wide-distribution propellants. Our diode-array detector has worked well 'and our

movies are immune to flame brightness, show no motion blur, and have enabled ',i
.o 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 if tethered to tile

surface by fine fibers.

We are developing an improved inhibitor for strand burns that gives no

smoke, causes little flaking, and Is relatively successful in preserving the

strand profile. We have also built and testtd -n optical correlator for

quantitative analysis of our films. An optical approach allows for parallel

data processing, and.is, therefore both fast and economical. Preparations for

stereo movies are in progress.
"" ~1)1
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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

" Composite 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 vrests" 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
DDI formulations.

r 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 possible 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 conpleted
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!::gned and developed to continuously record spat-
ially local (40 micron diameter circle), high resolution (20 micron) distance
measurements. With an adequate technique perfected, systematic composition
variations will be'exam4 ned to determine the role of AP ignition and combustion
properties, and the energetic nature of the binder on the local 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 han been the continuous measurement
of average burning rate of solid propellant burning at atmospheric pressure
by sensing the position of a modulated laser beam reflected from the propellant
surface. The instrument tested compensated for the variable optical properties
of the propellant surface and the combustion gases.

J.
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FEATURES OF APPROACH

o HETEROGENEOUS SURFACE CHEMISTRY

- LARGE SIZE DIFFERENCE BETWEEN COARSE AND
FINEAP

o FIRST DIRECT MEASUREMENTS

- MEASUREMENT OF LOCAL MICROSCOPIC NON-STEADY
* BURNING

o SYSTEMATIC VARIATIONS

- AP DECOMPOSITION CHARACTERISTICS

- BINDER ENERGETICS

DIRECT, CONTIJNUOUS

SENSING OF LOCAL
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PRIMARY SCIENTIFIC
ACCOMPLISHMENTS...

o ACHIEVED

- CONTINUOUS MEASUREMENT OF SURFACE HEIGHT AT
ATMOSP-iERIC PRESSURE
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Coupling Between Velocity Oscillations

and Solid Propellant Combustion

RL S. Brown, A. M. Bleckner, P. G. Willoughby, and R. Dunlap

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

Cold-flow studies are being conducted to define &;i characterize the
basic flowf eld and heat transfer mechanisms controlling the coupling be-
twoen the acoustic velocity aid the solid propellant combustion zone. This
coupling produces a substantial affect on the overall stability of the com-
bustion pressure, yet substantial deficiencies exist in the current basic
knowledge.

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

Radial profiles of the acoustic velocity have been measured at several
axial stations for two surface Mach numbers, frequencies, and acoustic
pressure levels. The data, whei normellized to the head-end acoustic
pressure, show that ac low acoustic pressures (i.e., 0.05Z), the acoustic
waves extend across the entire cross-section-in the region upstream of the
transition in the mean velocity profile, vith nouplanar and nonlinear behavior
observed la the near surface regins. Downstream of the velocity
transition, the acoustic waves do not penetrate through the near wall tur-
bulence. At higher acoustic pressures (i.e., 0.42) the upstream nonlineari-
ties increase in mainitude and extend scross the entire port. Downstream
of the velocity transition the core non•tnearities decay while the linear

ant penetrates through the turbulence to the wall. These results
are c letely consistent with the oscillatory heat transfer measurements.
They f-rher substantiate the large error in the conceptual model of the
fluid mchanica used to predict velocity coupling Effects' in motoar stability
predic ions.

Based on these results, some Important characteristics of an improved
veloc y coupling model for linear stability predictions con now be formu-
lated. There is a threshold position along the propellant grain upstr~a
of which the propellant surface responds to the acoustic velocity. Doa-
strem of this position, tae propellant does not respond to the acoustic
velocity. The threshold position appears to be definedby the grovth of
turbu ce in the flow near the propellant surface. Wall blowing/acoustic
intera tions produce surface heat trruioer oscillations which are not
"in p ase" with the centerline acoustf.. velocity. This proves that the
combus Ion response based on driving Iy the centerline velocity must
quanti atively account for both propellant and flowfield effects.
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FLAME-ACOUSTIC WAVE INTERACTION DURING AXIAL
SOLID ROCKET INSTABILITIES

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

Aerospace Engineering,
Georgia Institute of Tecnhlogy

Atlanta, Georgia, 30332

This theoretical and experimental research program is
concerned with the determination of Cl) the processes which
control the driving of axial instabilities by solid propellant
flames and (2) whether existing models can indeed determine the
interactions between solid propellant flames and oscillatory flow
fields. .Since experimental investigation of actual solid
propellant flames is currently not possible because of the
extremely small dimensions of their combustion zones, the present
study investigates the characteristics of a premixed, flat flame
stabilized within an acoustic boundary layer next to a porous
side wall in a specially developed experimental setup, uee Fig.
1. In this setup, 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 which 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 Ye , the acoustic pressure p1
and the steady wall velocity 9(y-0) as inputs and it predicts the
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 input data and the predicted
quantity (i.e.,* ) will be measured and Vj will be compared with
the model predictions. In addition, the experimental efforts will
investigate the possible presence of unusual features such as
vortex sheets, distortions and turbulence within the flame. There
studies will be conducted for combustible mixtures having
different compositions, for differep wave amplitudes and
frequencies and for flames located -on different portions of the
standing acoustic wave structure.

Todate, the development of the theoretical model has been
completed and typical predictions of the distributions of the
acoustic solutions in the flame are shown in Fig. 2.
Interestingly, these solutions show that driving occurs(i.e., v.
increases) in the region of the flame heat release. In addition,
this model shows that (1) contrary to earlier analyses, the
steady shear a/ay 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 steady velocities at the
wall for which the model is valid.
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1ZSEA•C• OBJECTVES (1) Determine the gas phase processes wdhich contribute tofLme driving during combustion instabilitles.

(2) Determine whether sLate of the art models can describe
the'driving provided by oscillatory gaseous flimeso

THEORY V-(theoretical) G j Theoretical Modelling of

~I(IE m~ueoticiT~U I~ ATAC'3 [the7xperimental) lm

THEOR sIHuU toretia) Oýeptricnal Tmeatry:" I ly
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Figure 1. An Outline of the Proposed Research Approach (top)'and
a Schematic of a Cross Sectional View of the Developed
Experimental Setup and Flat Flame
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MICHANISMS FOR ACOUSTIC SUPPRESSION

Principal Investigator: Merrill W. Beckstead
Coinvestigator: R.L. Raun

Brigham Young University, Provo, Utah 86402

Acoustic suppressants are comonly added to low smoke and Smokeless
propellants to avoid the problm of' cmbustion 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) enertr interchange due to distributed
combustion.

Viscous dissipation of acoustic energy by drag forces on a suspended
particle is the most camonly recognized mechanism, being a direct analogy to
suspended moisture in a fog. A secoid mechanims can occur with solid
odditives within the propellant that haus a catalytic influence on the
combustion response. The third mechanism coosidered is due to the effect of a
particle burning as it traverses a relatively large portion of the system. As
:t does so, the interchange of energy between the burning particle and the
acoustic environment can result in either a driving or damping contr:•ution to
the acoustics of the system. This third wchanism is the primary area of
study of the current contract.

The principle objective of this work is to identify and develop an
r.Werstanding of the mechanism whereby acoustic suppressants modify an
acOustic wave. Figure 1 is a graphic illustration of the approach, same of
the technical advantages, the data to be collectea and the data analysis to be
performed. In the past, T-burners 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 is a gas burner with a paddle to
control (stop and start) combustion oscillations, over frequencies ranging

1from 500 to 1500 Hz. The unique advantage of this approach (i.e. using the
gas fired Rijke burner), allow3 separation of the three mechanisms mentioned
above by testing an add 4tive ladependent of the propellant burning surface.
Other advantages includ'i, avoiding use of solid propellants, ard allowing for
independent control rdf frequency, O/F ratio, temperature and particle
addition.

Figure 2 sumarizes the most significant data obtained during the past
year. Al and ZrC are conly added to solid propellants and exhibit
significantly different combustion characteristics, Al being very reactive and
ZrC slightly reactive. The experimental results obtained using Al Ia4 ZrC in
the Rijke burner (Figure 2) indicate that both additives do cause &, 'crease
in the acoustic growth rate when compared to growth rdtes obtained wi -Aout any
particles in the system. The increase caused by Al is greater than that
caused by. ZrC. Because the reaction of Al releases more than twice the energy
ZrC does, it would be expected to have a greater influence on thW system than
ZrC. The increase in the acoustic growth rate is apparently the result of
energy being added to the system by the distributed combustion of the
particles.

A '•
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MECHANISMS FOR ACOUSTIC SUPPRESSION

How Do Suppressants Work in Solid Propellant Rocket Motors?

iI

Mechanisms of Acoustic Suppressants:.

Viscous dissipation due to drag forces
Modification of propellant respe-,se function
Effect of distributed 0mbustion

CURRENT PROGRAM:

o Separate Effects of Different Hechantsms Using
e Unique Experiments

s The Modified RiJke burner

* Use gas (eliminates solid propellant) Paddle
* Evaluate acoustics w/o partizles
* Can feed particles indepeudently
* Vary particle type, size and concentration
o Evaluate reactive or inert particles
e Use paddle to control acoustic growth

Particles

Gas
* Results

* Monitor particle combustion with high speed movies
@ Evaluate acoustic growth rates with and without particles
@ Evaluate mechanisms of reactive versus inert partic'a~s
e Measure effect of pertinent parameter
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FLOW FIELD EFFECTS ON COMBUSTION INSTABILITY

T.J. Chung

Department 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 coupling mechanism of acoustic
and hydrodynamic wave oscillations and its effects on combustion instabil-
Ity. The so-called "hydrodynamic stability boundary" concept is well known,
as illustrated in Fig. la. A question arises: What happens if acoustic
oscillations are coupled with the hydrodynmically oscillating system?

To see this phenomenon, consider the rocket motor simulator in Fig. lb.
We derive, by means of Green's function integrals, an expression for the
growth constant in the fora, a-aA + aR, where aA and an refer to the growth
constants corresponding to acoustic and nydrodynamic oscillations, respec-
tively. aA is a function of the mean flow velocity, acoustic pressure and
frequencies, whereas N is a function of additional variables such as the
vortical component of velocity and hydrodynamic (vortical) frequencies as
wvll as those for Ca" Finite elements are utilized for calculations of
mean flow fields, etgenvalue analyses, and the evaluation of the growth
constant integrals. For a given excited acoustic frequency and Reynolds
number, we plot the aversus 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 identify the

,most critical cases.
Based on this research, we conclude that an acoustic coupling with

hydrodynamic oscillations causes the hydrodynamic stability boundaries to
expand into higher as well ae lower frequency regions. Furthermore, there
are some regions of damping (stable) due to acoustic coupling otherwise un-
stable. This phenomenon divides the sinlgle hydrodynamic stability bound-
"ary region into several (typically three) regions. It suggests that there
are certain combinations of acoustic and hydrodynamic frequencies at which
stable and unstable situations arise, and the method of analysis described
herein provides such predictions. Can this be substantiated by laboratory
measurements? This subject is- 'considered as a challenging future labora-

*. tory experimental task.
Other research activities during this period include particle damping

"based on aulti-dimenstonal flow, field analysis and two-dimensional response
function calculations as listed below.

' Chung, T.J. and Sohn, J.L., "Interactions of Unsteady Acoustic and Vortical

Oscillations in Axisymmetric Cylinrical Cavity",, IAA Paper No. 84-1635,
1984..

Chung. T.J. and Chan, S.K., "Particle Damping Effects on Combustion Insta-
bility", AIA Paper No. 84-0373, 1984.

Chung, T.J. and Kim, P.K., "A Finite Element Approach to Response Function
Calculations for Solid Propellant locket Motors", AIAA Paper No. 84-1433,
1984.9,

S."
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ROCKET MOTOR FLOW-TURNING-LOSSES

*i 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 serles of
experimental investigations were undertaken to provide fundamental
understanding of the Oflow-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 I 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

Sphase of the sound pressure within the test section was measured
using the probe tube arrangement shown. The measurement proqram
consisted of measuring the sound pressure within the test section
as a function of lateral injection flow rate. The idea here is
that if Oflow-turning" losses indeed absorb sound, then the sound
pressure amplitude should decrease with increasing injection flow.

Figure 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.

"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
amnplitication of the local sound pressure at the sidewalls. The
refraction effects are clearly two-dimensional and were tncorpor-
atod 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.
S,-.



* 'e 1@ NO§ xCKET RESEARCH MEETING **SlAbstract 37 Pg 2

, , 2

II

*-Mo

• . ".

| 
|l

a 
'pa

>4

ago'CE



**1985 ROCKET RESEARCH MEETING *
Abatraot 37 ?a 3

I* Data corrected for grazing flows past probe tauhe
3. 3.umd Frequeacy - £00 S Ila

3*0 i&omeama &tea-everaped data

a'

* Unor rectied

me~mmlala 1jcte vue o R*I Corrced

ngr eprw,*twm eae n rdc
*notmIýgm



* 1985 ROCKET RESEARCH MNTIM of

Abstract 38 Pg 1

OVERVIEW: AFOSR INTERESTS IN ROCKET PROPULSION

.Leonard H. Caveny
Air Force Office of Scientific Research

Bolling US
Washington, DC 20332-648

Rocket propulsion requirements, both present and planned, present important
challenges that are not addressed adequately by present technologies. Future
propulsion system mast be improved to assure that the winning edge is
maintained. As the conventional propulsion teobnology matures, the need
persists to attain yet another round of performance gains. Thus, the technology
challenges beoome even greater since the obvious advanoements are being
Implemented. Also, broad classes of problem (e.g., costs, hazards, combustion
instability, service life, signature, low-temperature structural integrity,
light weight thermal protection) are never solved entirely and recur often as
important considerations (and compromises) prior to propulsion system
qualification.

Powerful motivations continue for basio research on topics such as reacting
flows, energetio materials, stability,, refraotory materials, and propulsive
processes. Many phenomena, not explained adequately, are accomodated by
specific designs. Periodically, this lack of understanding "i the precursor to
major setbacks. Clearly, rocket motor processes present scientific cballenges
suggesting that properly conceived research will continue to provide the
f-weidation for higher performance, re&.oed risk, lomr develoment costs, longer
service life, eto.

This meeting is the first review following the increased emphasis in advanced
energetic materials. Accordingly some introductory camenta will be provided by
several of the investigators to help put portions of this research into
perspective.

The recent, emphasis on space and the reusable launch vehicle-capability to low
Earth orbit present new considerations for advanced propulsion for orbit
transfer. Transferring the projected large payloads using conventional
propulsion imposes severe limitations on the missions. For example, 70% of the
mass delivered to low Earth orbit may be the chemical propulsion system required
to raise the other 30$ (i.e. the active payload) to geosynchronous Earth orbit;
nonconventional propulsion offers the promise of reversing this ratio of
propulsion and payload masses. The technology issues are necessarily complex;
controversial approaches are to be expected. 14ueh of the research is coupled to
optimistic projections for technological advances by. the 1995 to 2000 time
period.

'The Wednesday afternoon session treats fundamental processes related to beamed
energy sad solar propulsion, i.e., radiation transmission and, absorption in
flowing media, plasma initiation, and chamher 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 premise 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 operatizr at suitable short

=, wave lengths will enable attractive transmiasion effioiencies and compact
* collection optics.
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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 mLillinewton thrust, pulse-mode electric
propulsion considered for station keeping or planetary probes, e.g., millisecond
pulses driven by a capacitor bank charged by a dedicated kilowatt power souroe.
Present mission analyses are exploring the dual mode premise of the megawatt
nuclear power supply onboard for the mn 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 mall compared
to the fuel mass; thus, a premium is placed on increasing fuel efficiencies and
the lw thrust densities of the thrusters become less important. Electrode and
insulator lifetimes have been identified as primary barriers to sustained, high
power density operation of magnetoplasmadynamic thrusters. Aocordingly 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 energy (and more temperamental) ingredients and propellants. Good
progress is being made on understanding the origins of combustion instability;
more attention must be given to the mechanisms of deliberate suppression. The
advent of quantitative flow visualization for turbulent reacting flows has not
been accompanied by corresponding theoretical treatments to fully exploit array
data, capable of revealing rapid evolution of flow structure and flame froLts.
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
entirely now autonomous operation challenges; a theo:etical basis nmst be
established to anticipate and guide the advances in sensors, adaptive control,
thruster 2onfiguration 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 management systems. We
will welcome discussion on these and other topics pertinent to the Air Force
basic research program on energy conversion.
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INTERACTION OF MULTI-DIMENSIONAL MEAN AND ACOUSTIC
FIELDS IN SOLID ROCKET COMBUSTION CHAMBERS

Joesph D. Bourn and Jay N. Levine
Air Force Rocket Propulsion Laboratory/DYCR

Edwards AFB, CA 93S23-5000

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
fIei',s in resonance combustion chambers (in particular, soli d rocket motors). These
processes which have the potential of contributing significantly to the growth or decay of
pressur* 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
be 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
transfer between the acoustic field in *he combustor and the mean 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 Novier-Stokes
equations, ad will report progress made toward the understanding of 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 lb for downstream and upstream
wave propagation, respectively).

Acoustic refraction effects had to be Investigated since they result In redistribution
of acoustic pressure and velocity (and thus acoustic energy) in the radial direction. When
sound waves travel with the sheared mean flow In a combustion chamber, acoustic
refraction results in Increase of acoustic pressure and velocity near the burning propellant
surface 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
enhancement of acoustic energy production, in contrast with the coexistinq phenomenon
of acoustic energy dissipation that results from acoustic energy absorption 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 combustion chamber and
a hard wall tube (utilized to study the phenomenon of sound wave propagation in a
coexisting sheared mean 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 demonstrate significant distortion of the Initially plane waveform as the wave
traverses the tube length, as shown In Figs 2a and 2b for the pressure and axial acoustic
velocity, respectively. After 600 time steps, when the solution is terminated, the
amplitude of the acoustic pressure at the wall is 39.S% larger than at centerline, while
the amplitude of axial velocity oscillations near the wall is 31% larger than at centerline.
The results for downstream propagation demonstrate significant 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; c) 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 refraction
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 as a means of
converting beamed energy from a remotely located l~er to provide efficient
propulsion for orbital transfer. Successful ftplementation of this concept
requires that the detailed energy conversion processes that control plasma
stability and fractional energy a~sorption within the LS? be thoroughly
understood. An experimep'nta study of these mechanisms is being conducted
using argon plasmas ;ustained by a continuous wave carbon dioxide laser in
a controlled, f~rced 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
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
focal length lenses at incident power levels to 1 kW, pressures from 1 to
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
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.
One of the most important questions concerning LSP behavior was the effect of
forced convective flow, since no previously reported experiments were
performed under these conditions. It was found from our experiments that,
at a given condition of pressure, incident power and focusing geometry, the
LSP is relatively insensitive to the incident flow velocity. This can be
-een from Figure 1 where images of the plasma have been computer enhanced
t!7 show the isoradiance contours. The plasma shape and vrlume remain
near~y.constant, and the principal effect of increased velocity is to move
the pasma closer to the focal plane. No inrtability of the LSP has been
oberved 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.
*nese effects can be-seen in Figure 2. These data were acquired at a
constant volume flowrate of 3.2 standard liters/min using the 8-inch focal
iengti lens, and shows that the plasma radiance increases with pressure,
reaching a maximum at about 2 atm. The sequence of images in Figure 2b.
was obtained at the same conditions except that the 12-inch focal length lens
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.

Vlr
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1.3 ATM

1. 7 ATH

3.2 UoW

~12j~2.0 ATM

~ 2.3 ATM

a.The sequence was obtained using the 8-inch focal 'length lens.

~ 1..3 AT"

17AT"

b. The sequence'was obtained using the 12-inch focal length lens

Figure 2. The affect of pressure for two
diffaret focusing lenses.
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'I*I IC ODL•ino or sTrOmG RADIATION
GAS-DYNAMIC INTERACTION

Charles I. Merkle

The Pennsylvania State University
University PFrk, PA 16802

The principal objective of this research program Is to determine the
dominant oharacteristics of the interaction between a high power laser beam
and a floing gas. The method of investigatlon is by numerical analysis
with primary emphasis on the steady two-dimensional problem. The

• one-•dmenslonal problem and the stability characteristics of the
Interaction are also being considered. The geometry of interest is the
"convergent portion of a oonverging-diverging nozzle. This geom try, along
with the major physical phenomena Included in the analysis,. Is shown In

. Fig. 1. In patiular, the analysis Includes the effects of a converging
laser 'iea with an arbitrary Intensity profile. (Present calculations are

. using a Gaussian beam.) The mass now through the nozzle is fixed by the
back presure when the nozzle is rachoked, and by the choking condition
whn the nozzle is operated supearoitioally. hal gas properties,
including v1sooeity and thermal conductivity, corrospondlng to those of
equilIbrium hydrogen are used for all thermodynamic variables. Gas
absorptivitie oorrespondIng to hydr8ogesendant mixtures have been chosen
for the calculations to date. The location of the heat absorption sone and
"the fraction of power abeorbed are found by satisfying the complete
conservation lees.

"The "miriaml procedwe is a lineerized, block implicit time-dependent
scheme.' To engre accuate man and energy balances, both the fluid
equation and the radiation equation re expressed in fully conservative
faom. Doundary conditions are expressed in proper chara•teristlos form,
"and all caloulations e doem in a body-fitted ooerdinate asytem.

Some repreentative results of a peramestri study currently in
Sprogroess we shon on Fig. 2. These calculations represent the first ever

two-dimensional analysis of the laser absorption problem. The left side of
Fig. 2 showm temperatue ocontors for three differe later posers. Note
that the heoting soeo exhibits steeper • radients in the radial then in the

"" axial d1rvation. For the conditions computed, mmch of the absorption Is
socompl'shed in the diverging prt of the besm, but the resulting
interaction remalm stable. The fraction of laser poser absorbed in these

." c asses rqnges from 50 to M05. The fretionnal poser absorbed ca be
increooed end tho host addition none oa be moved forward by raising the
staeat ion presure or the beck pressure or by further inmeseIa in the
later power.

The variation in the crossbeen Intensity Is sho'o on the right side
of Fig. 2. At and near the nozzle inlet (xNO and 0.5) it remains Gaussian,
but preferential abeorption by the hotter gase on the axis destroys the
Gaussian shape toward the end of the nozzle. At the exit, almost the
entire amount of energy oan the oentarline has been absorbed, but
subitantial pose remains in the outer portions as s*en by the x-1.5 curve.
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Experimental Studies of Laser-Sustained Argon Plasmas
For CW LaserPropulsion Applications

Herman Krier and Jyoti Mazuader
University of Illinois at Urbana-Champaign

Experimental studies of laser-sustaited 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 an6 argon at 1.1 atm. Such absorption data
for flowing argon at these power levels has not been presented
before.

The data shows strong laser energy absorption by argon,
*. approaching 891 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 Fig. 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
length 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 indicated. 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 are
optimized, and when higher gas pressures are used.

The dashed line above the-argon data represents an analytic
correction 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 factor are
now being made using calorimeter windows.

In addition to these absorption studies, we are currently:
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) developing an LIF diagnostic system for studying convective
mixing behavior.
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Figure I Mehsurements of fractional energy absorption
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LINEAR AND SATURATED ABSORPTION OF LASER RADIATION IN HEATED GASES

Robert H. Krech, Lavren N. Cowles,
George B. Caledonia and David I. Rosen

Physical Sciences Inc.
Dascomb Research Park, P.O. 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 *imply described. The gas is
injected into the stagnation/absorption zone at a temperature most probably
determined by regenerative cooling requirements. As the gas flown toward the
throat it is heated by absorption of laser radiation. With hydrogen as the
primary propellant constituent, the equivalent of nine 10.6 Um photons per
molecule must be absorbed to reach a stagnation condition that yields a speci-
fic impulse of -1000 a.

The absorption scheme originally considered requixR'd the laser-Induced
breakdown of the H2 "fuelo followed by the formation of a stable laser-
supported combustion (LSC) wave. The principle absorption mechanism in this
case is Inverse electron bremsstrahlung which requires significant ionization
levels in the gas. For pure H2 , ionization becomes significant at -10,000 K
vith the development of a stable LSC wave 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, thus providing a less severe thermal environment
for thruster design.

Although the use of alkali seeds appears promising, an LSC wave mechanism
in required to heat the gas to T -3000-3500 K to initiate alkali ionization.
Alternatively, other Oseed" molecules can absorb the laser radiation via
vibration-rotation band transitions. Such absorbing molecules can provide for
gas heating to temperatures 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
m4500-5000 K, then specific impulses of 1000-20,30 a can be achieved without
the need for ionization (and thus alkali seeds".

The present program ham been directed towards studying the absorption
properties of potential ýnigh temperaturew molecular absorbers over the tem-
perature range of 1000-3500 K and at CO2 (-10.6 pm) and DF (3.8 um) laser
wavelengths. These measurements have been performed behind incident and
reflected shockwaves. Species studied to date include H20, CO2 , N83, 's6 and
NNF3 . Small signal (linear) absorption coefficients have been measured for
these species (including effects due to dissociation fragments). Theie mea-
surements have been performed under pressure and temperature conditions, and
within non-equilibrium chemical kinetic regimes, appropriate to the propulsion
application. In addition observations of saturation phenomena in the inten-
sity range of 103-,106 W/cm2 have been performed at CO2 laser wavelengths. for
the species C02 and NH3.

A brief overview of the technical issues involved and research approach

used to address these issues is provided in Figure 1. Figure 2 provides a
ummary of our small signal absorptiun observations for the CO2 P(20) transi-

tion.
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ENERGY DEPOSITION OF PULSED ONE MICRON
LASER RADIATION IN H2 AND AR

David I. Rosen and Nelson H. Kemp

Physical Sciences Inc.
Dascomb Research Park

P.O. Box 3100
Andover, MA 01810

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
in Figure i parabolic nozzle walls focus the incoming beam to yield propellant
breakdown at the focal point of this parabola. Depicted schematically in
Figures aS to Id are the four principal stages, in the operation of the pulsed
laser-heated thruster: (1) ignition/breakdown, (2) post-bruakdown plasma
absorption and growth under the influence of the laser radiation field,
(3) blast wave propagation into the surrounding gas, and (4) late-timt w.: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 (< I Im) were crrried
>ut for a variety of propellant gas candidates. The rasults 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 laser energy deposition that occurs in the post-
breakdown plasma.

In, the present study, we have performed experiments to investigate the
degree of laser optical absorption and the resulting plasma-dynamics which
occurs when high energy pulses of 1.05 Um laser radiation are focussed into
various gases at focal intensities above the breakdown threshold (10010-113
w/ca2 ).

The amrnt of laser energy absorbed into the gas van inferred from a
combination of experimental measurements and computer modeling calculations.
In the. experiments, the laser beam attenuation was found by optical transmis-
sion measurements, and the shock wave trajectory was measured 'from time-
zesolved interferometric measurements. A computer model of quasi-one dimen-
sional flow was adApted, to calculate spherical expansion of a heated gas
sphere, Including thermochemlcal equilibrium. The measured shock trajectories
were 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 pro-
sented.

A summary of the results based on our preliminary analysis can be found
In Figure 2 for hydrogen 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 100%. The adta analysis also
reveals, however, that a proper treatment of 'real gas' effects, i.e., energy
partitioning into internal degrees of freedom of the gas, is essential to any
modeling analysis.

" ..........



**1985 ROCKET RESEARCH MEETING *
Abstract 44 Pg 2

a-~~ -&M

hi hv hv Absorption

((b)

Breakdown Sit* h c aea

shockBote

Shckds a

initiaal expansionexaso
()Late timeexaso

Figure I Different stages in pulsed laaer thruster* (sequence adis repeated
af ter initial gas has expanded out of nazzle and fresh gas ent~s:.)



** 19.85 ROCKET RESEARCH MEETING *'

Abstraot 44 Pg 3

1.0

0.5-

LUJ
CD ARGON

y 0.2

>-

S1.0 p

0.5-

4-A

U.. HYD[ROGEN

0.2

0.2---

01.10.I 1 1.0 10,

INITIAL PRESSURE (ATM)

Figure 2. Results of Laser Energy DepoiLtion measurements in Argon and Hydrogen.

9 - from optical tr'ansmision msasurements, x - fron "blast wave:"

analysis without real gas effects, and + " fro Oblast wave" analysis

including real gas effects.



1985 ROCKET RESEARCH MEETING *e
Abstract 45 Pg 1

ADVAICED UGT COEVURSION CONCEPT FOR MICROWVE B3EY.F-ZNW FPROPULSOIO

Professor Le.k N. Myrabo
Department of Mechanical Engieering,
Aeronauticsal Eoineering & Mechanics

Rinsselaer Polytechnic Institute
Troy, New York 12180

The principal objective of this study is to perform basic research investiga-
tions on an innovative electrostatic force generation principle. ' Bsicaly,
microwave energy is beamed directly to reaote RF linear accelerators (LINAC)
enclosed by a specially-shaped envelops/body within a planetary atmosphere. A
umber. of low current (1A peak, 100 mA avarage) 5,MeV LINACs eject free-elec-

tron charge to a distaice of 5 to 10 a from the body, thereby establishing a
"charge cloud" and resltant high electric field between the cloud and body.
In less than a microaacoid, those free electrons attach to previously n=,tra.l
oxygen and water molerules (forming negaive Ios), and drag the largely neu-
tral air-sass "cloud" back to the body which is now positively charged. Force
generation is postulated to occur on a millisecond time scale,, and may be
limited to soe s tent by ion-slip processes. As shown in Figure 1, repeti-
tively-pulsed operation (e.g., 1000 Hz) of the LIlACs could give rise to
quasi-steady electrostatic forces, Which accelerate the air-4ass gorkfg fluid
within a strum tube of a givrn crpture area - as established by the radius of
the E-beam at the point of maximm range from the'accelerator.

The research program proposes to ezamine the physics of global body electrosta-
tic charging and artificial atmospheric charging, formlate a model for elec-
trostatlc force generation and finally, conduct an analysis of the cloud/ body
interactJon physics. Figure 2 graphically presents the results of a "first-
order" calculation of anticipated surface-field thrust, free charge'* and stored

energy.
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Basic Processes-of Plasma Propulsion
Herbert 0. Schrade

Institut fUr Raumfahrtantriebe der Universitit Stuttgart

The goal of this program is to get a better understunding of a) the
"acceleration mechanisms and b) the electrode effects in self mag-
netic pulsed and continuous NPD-arc thrusters. in order, to assess
the applicability of those 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 are de-

"" vices, the results of this study should be also of interest for
electrically induced gasdynamic laserse MPD-power generators and
power switching devices.

a) the magnetic thrust of a MPD-arc propulsion device increases
with tbe square of current. Unfortunately by increasing the current
above a critical value, one observes strong voltage fluctuations
and simultaneously a detrimental increase of electrode and
"insulator erosion. This fact, which has been found in all steady
and quasi steady self field thrusters severely linits their perfor-
mance. So far besides the two known explanations of this "onset
phenomenon*,- the first of which is an anode sheat failure due to
plasma starvation caused by a radial magnetic pressure increase
(El*gel) and the second which is an excessive back EMP (Lawless and
Sabramanian)- 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 axisymetrical current distribution and hence to a current
concentration on the anode surface (see Pig. I&)'. The derived onset
conditions for this instability phenomenon agree quite well with
those found in experiments. However in order to relate this onset
conditions to the overall quantities of any thrister 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
r6tationally symmetric, twodimensional numerical utethode to calcu-,
late the flow pressure and current density field for different
thruster geometries has been set up and will be successively
improoved. The current contour and constant pressure lines of such

*. a numerical calculation for, the Stuttgart NPD-Thr.uster assuring
isothermal conditions for the electrons and an isotropic behavior
of the heavy particles are shown in Pig. lb.

b) in order to gain a better understanding of the cathode pheno-
menon and in order minimize the erosion rate in KPD--rcs an experi-
ment has been Initiated in addition to the theoretical work.' The
"experimental set up is schematically shown in Pig. 2 and' is placed
in a vacuum test vessel which allow pressure variations between

S' 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
sample 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 auxiliary electric current through the

' cathode sample the cathode can be preheated and/or a transverse
magnetic field of different strength can be applied. By means of
this test apparatus the cathode , attachment behavior, the mass
loss, erosion rate and surface damage for different cathode materi-
als under various -perating conditions will be determined and
investigated.

-d
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ELECTRODE TEST CONPGURATION

S.SU

Tasks: , Determine the mass loss and thJ erosionrato by,
weighing the cathode sample beftre and after a
series of discharge pulses

I Investigation of arc traces ((raters) on the
cathode surface by eants of optial and scanning
electron microscopy

'Observe by means of high speed cameras the arc
attachment notion

Fig. 2: Cathode Experiment: Scheme. of Ele trode Test Con-
figurationj proposed Tasks.
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PERFORMANCE-LLM4ITING FACTORS IN MPD THRUSTERS

SBy Manuel Martinez-Sanchez, Daniel Heimerdinger, Hark Chanty and David Melanson
M.I.T., Dept. of Aeronautics and Astronautics

Cambridge, Maasachusetts 02139

"Continuing our research effort into the physics 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 uumerical 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 empirical manner, and also from earlier plasma flow analyses, where the
crucial role of the Hall parameter (particularly for onset) was ,not acccunted for.
We are also hoping to bring to bear advanced diagnostic techniques (fiber optics,

* .fine spectral measurements and active laser probing).

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 axial and trans-
verse profiles of the remaining quantities are then computed, among them the
cross-sectional area. Insight is derived from the existence 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, whose fanning constant-density lines are also the current
lines of the coonly observed anode-exit arc, are seen as a nattiral effect
at the channel end. Finite magnetic Reynolds number effects modify these results.
The theory also yields a simple design showing no axial current, and hence no
side force tending to produce onset phenomena, 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 concents-
tions is likely to lead to a delay in the onse~t of instability. We hope to
use our computer code based on the above theory to design a longer life,
higher onset channel.

in parallel with this, several other activities are being pursued. They
include a full 2-b. time-varying numerical simulation of plasma flow for aSprescribed Sontry, which is undergoing tests. And 'preparation for exverimental
testing of a channel designed according to our theoretical work. These tests

will be in cooperation with RDA, Washington office.

t% •

S

i

%°



*' 1985 ROCKET RESEARCH MEETING *'

Abstract 47 Pg 2

Hiow TO DESIGN NR' THRUSTERS WITH MINIMAL CURRENT
CONCEN7RATIO$S AND DELAYED ONSET PHEWMENA

I NVERSE (DESIGN) CALCULATI N.OF AREA D STRIBUTICO4
DIRECT NIERICAL MODELING ?GIVEN SHAPE)
EXPERIMENTAL VERIFICATION

I

A)f sIGN
,•. • STREPI~l NEE

SCURRENT W~rES

S•O ,OTHLY DISTRIB.ý'UED
BY APPROPRIATE CONTOURIEANSION FAN

' ' (COUPLEX) TO ANOD•E SPTS -
MCAN E REDUCED BY

SUPER-ALFvENIC EXPANSION

I ,

SB) ANALYSIS ___ REFINED GRID USEDB)--~yi IN CRITICAL. AREAS"

,q

"TIME MARMIING, AXISYIEM'TRIC FINITE
SDIFFERENCE MEL

j
• . , . , . . . - . . .. . . . .- ,



o 1985 ROCKET RESEARCH MEETIEG N'
Abstract 47 PS 3

NEW RESULTS AND WORK IN PROGRESS,

A) HAVE FORMULATED ANALOGY OF HIGH INTERACTION fIPD TO
"ORDINARY GASDYNAMICs

"B) HAVE FOUND LIMITING CONFICURATION WITH NO AXIAL
CURRENT - REQUIRES CONTOURING. AND SEGMENTATION OF
ELECTRODES

C) HAVE DEVELOPED DESIGN CODE FOt! NON-SEGMENTED,
CON5TOURED CHANNELS WITH SMOOTH.CURRENT DISTRIBUTION

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

MAGNETOPLASMADYNAMIC THRUSTERS

John L lawless
Carnegie-Mellon University

Pittsburgk Pennsylvania 15213

Although erosin is a major concrn in MPD thruster design, very little is
presently known about iL To minirmiz egroion, it is desirable to operate in the diffuse

as opposed to spot mode of 'urrent conduction. The goal of this work is (1) to
determine the limits .of diffuse mode operation and .(2) to quantify its erosion rateL
SinM, at present. thffe are _"o theories to answer either question, this work is unique.
Alsm, it is hoped to car-ffy the relationship between erosion and the experimental
phosomenon of 'omeL.

Erosion is believed to be due to evaporation and sputtering. Evaporation is a
serious concern with tungsten electrodes if the surface temperature reaches 3000K. as it
might in steady-state operation. The surface temperature is determined by a beat transfer
problem involving the plasma, the sheath structure, and the electrode cooling mechanisms.
The importance of sputtering is determined by the rate with which energeric ions strike
electrode or insulatr surfaces. A meijor unknown here is bow such high enewgy ions
are created One hypothesis, due to Kuriki and Onishi, is that they are created in a high
voltage region of the anode sheath. Another possibility is that they are created by
thermal meos within the plasma, possibly in the relatively hot boundary layer. The
above considerations are illustrated in figure 1. The importance of sputtering may be
strongly affected by the density of second ions. The importance of second ions is
currently being studied.

To quantify erosioan knowledge of plasma temperature and compositional profiles is
neede. To this end, a flow model is being studied. This model includes the effects of
prsure gradients magnetic forces, ohmic heating, and convection in a quasi-one
dimemional approximation similar to that of King et aL(1981). The effects of

;nmtioa on the otherwise ideal gas flow. have been studied. The results show that

ionization greatly affects the choking condition and hence the electrical characieristics of
the thrust. This is illustrated in figure 2.

The primary sclsdific accomplishment to date has been the prediction of a new
oMet mechanism. This mechanism predicts that the beck emf rises rapidly enough to

limit the current to some critical value. This mechanism is distinct from the anode
sheath failure mechanism analyzed by Baksht et. aL(1974) among others. It should be
possible for experiments t distinguish between these two mechanisms. The BsLksht
mechanism would be observed as a rapid increase in the voltage drop of the anode
sheath near. the exit as onset is approached. The proposed new mechanism would be
observed as a rapid drop in current density in the middle of the thruster. The

preliminary evidence exists to support the, existenc of both mechanisms but is
Inconclusive about which occurs first under different flow conditions. Current work

shows how these onset limitations are altered by the presence of ionization.
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ft,~id Q. King
Jet !1opawdslon Laboratory

California Institute of Twcimlogy
Pasadena, California 91109

Ur~atoplasmma4wnmlc thruster (MM0? lifetias at sustained MultI-megrnatt
powe, lsveli& Mawow but will be goverred by plauma erosion of tbruster surfaces.
Moefr tie thak star cci be developed for an orbital propulsion aplication the

uItslcs of the erosion mechanisms nost -be studied. 7he research proposed herein
adiresses the followird key questions that oust be resolved In order to understand

1) Vhat are thu erosion mehanisams on the waft., cathode. mid
lzuaslator mnd what are the quantitative rates for e#Ah?

2) Vhat Soverne the cathode heat balance at high current density
('200WO22) mid wissuatt power levels.

5) Vhat goveri the nods heat balance.
4) Nov does the cathode work ftnction ~ht with time, mad what

effect does this have on erosion.
The approach Is ukdje In that It aims at developing an understanding of the

erosion of the electrode and Insulator surfaces by coadoctiMg experiments 0a a
steawy-tate, scaled-dw 190 device, and by analysis of kay processes. Figren 1
shove the cathode and cathode sheiith region and Identifies two tWes of emission
processes, ame of which is destructive the other non-destructive.

The primary acoomplishment this year Is to have shown., by ste*-state
tests an analysis that the cathode operates in a diffmse, theralonic modo which cam
be considered non-destructive in some case. Figure 2 shom thorlated tungsten
cathode tip teoperature masured by an optical pyromstsr that are cusrt
with hig current density, field-enhanced thermionic smission.

Analysis of the data provides a further Insight by exposing two key
processes'in the cathode heat balance. Here, a larg flux of low energ lows
bombard and heat ' the cathode as they are drawn Into and accelerated by the cathode

if I sheath. Each t~waopermoi electron emitted -from the cathode removes the vork
function In eurythereby providing a cooling effect that Increases with current
density. The btto f Figure 2 shows that at lover current densities, ion

bm Marde1 doaml tes the heat balance and can cause t bpeaur-es heog to
ev prate ca material quickly. Mwe bottom curve, at a lower plasma density
(5x020/03) i reduced ion beardeent and indicates redoced tepeatures

driven to a point at extremely high current densities bY the effect Of
electron coline

Th dei ofxper i -menvat. 190 om era ne s i a d v uace d b thesm reaiatiesnw

that hig densities demanded by sin and efficency constraint are In, fact
necessary to the cathode cool enough, by electron emissions to preVen evr

am ration.
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FIGURE 2- MPO THFRSTER EFIRSION RESEARCH - RESULTS

SlIUM-STAEIT CATME T

lEorPMl• s * - SuBSCALE STEADY-STATE, RADIATION

KB8 K COOLED WOP DEVICE OPERATIOI1AL
2m w PROVIDES ESSENTIAL DATA FOR

COMPARISOW WITH THEORY

2 OPERATES OVER A WIDE RANGE OF
CURRENTS AND MASS FLOWS YEILDING
ORD)ERS OF MIAGNITUED VARIATIONS
IN PLASMA PROPERTIES

2060 PRIMlY VEUI.T: TI- WPO CATHODE
OPERATES IN A DIFF•,SE. THERIOXCNIC
EMISSION MODE

1400001

coWo (NV)
• ANALYSIS CONCURS VITH EXPERI-

11iml CAH00 rENT THAT CATHODE OPERATES IN

mEpPnmi vs cUaMT oDEN Y A THERNICNIC EMISSION NDOE'

m__ DE 'ANALYSIS SHOWS HEAT BALqJCE IS

PLAs STRONGLY COUWPED TO PLAISAIA
CmTy SHEATH AND THEWONIO EMISSION

Ix10 2 1  ABOVE -40 A/SQ(CZ

satET S• HEAT BALANCE MAY BE, DOMINATED
BY:-

2400 i1) ION B-HEATING
POTENTIALLY CAUSING _HP-
ERATURES HIGH ENOUGH TO
RAPI1LY EVAPORA.TE THE

2o ...... CATHODE
so 1SO 2SO SW 2) THERFIONIC ELECTRON EMISSION-

CAhn=C cuNMT DENUSTV COOLING PROVIDING TEMPERATURES
A/WQ "SAFE" FROM EVAPORATION

kn N i1 YIN i ....... ..



" 1985 ROCKET RESEARCH MEETING **

Abstract 50 Pg 1

COMPLEIELY MAGNETICALLY CONTAINED ELECTROTHERMAL THRUSTER

George R. Seikel
SeiTec, Inc.

P.O. 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 371 at 2200s specific impulse with a xenon
propellant thruster operating at a power of 0.48kW, and 2) a thrust effic-
iency of 34% at 2500s specific impulse with an argon propellant thruster
with a IT superconducting magnet at a power of 25kW.

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 acceleration
of the plasma ions can be directly accomplished by the applied radial elec-
tric field and expanding axial magnetic "nozzle" field.

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

Fig. 1 shows a O.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 reflected a large inefficiency. Efficiency was improved over 10 points,
tc the previously cited 37%, by modifications providing a stronger upstream
magnetic mirror field. However, this higher efficiency thruster was limited
In 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 terminated at 553 hours
because of rapid erosion of the thrusters boron nitride insulator.

The subsequent, previously mentioned, superconducting magnet thruster
u.ed 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, provides for complete upstream magnetic
containment of the plasma. The magnetic field is designed to insure both
stable plasma containment in the upstream "U" and efficient expansion In the
downstream magnetic nozzles. Two designs are being defined. The first for
quasi-steady (ims) MW operation with iT fields. The second for steady-state
-radiation cooled operation at a few kW with 0.03T 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 dnd a single downstream cathode will be used. Anticipated perfor-
, ance im~provements over that of prior thrusters will also be estimated.

I Seikel et 01), P. i, Astro. and Aero., Vol. B,9. 1984, L.H. Cavenr .editor, pp. 260-302.
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PLASMA-GAS INTrZACTIOI STUDIES IN A HYBRID PLUME PLASMA ROCKET

F. R. Chan~g. W. A. Krueger, T. F. Yang, J. L. Fisher"

Plasm Fusion Center
Massachusetts Institu t ef TechnoloV

Cambridge, NA 02139

A hybrid plum is here defined as one where the fluid properties exhibit
a drastic variation from one rtion to another. The concept 1 has a potential
"application in magnetic divertors for energy recovery and impurity control in
fusion rzactors, as well am in rocket propulsion using high temperature
plasms. In & hybrid pluwm plasm& rocket, for example, the temperature at
the core of the exhaust is extremely high; whereas, near the edge, the
temperature is quite low. Furthermore, the variation In temperature from the
plume centerline to the outside can be vnny orders of agnitude. While the
"exhaust fluid, at the center is a talldy Ionize$ pleama (at .5 to 1 ke'J), it
actual I becomes a neutral gas at the edges (at .1 to .3 eV). The net result
is a plume, cool at the edges, thereby relaxing the heating constraints on
the nozzle material, but hot at the center, thus preserving and eve enhancing
the allowable power density and specific Imaplse of the device.

In principle,, such a hybrid configuration could be achieved by surrounding
the hot plasm floving out of one of the end cells of a tanden mirror2 with a
coaxial flow of high spmedLas (Fig. 1). The gas would be injected through a
hypersonic annular nozzle immedately downstream of the mirror end celt. The
hypersonic gas -would have the dual purpose of: (1) effectively Insulating
the nozzle walls from the the hot plasms, and (2) increasing the available
ms flow rate and hence the overall thrust of the system.

The physics of high temperature hydrogenic plasm, interacting with hyper-
sonic gss jets are not well understood. Analytical and nuamerical modeling of
these interactions requires the simultaneous, self-consistent solution of
particle, momentum and energy transport equations for each particle species.
Msoreover, the solution approach must have sufficient spatial-gra•ularity to
resolve smull *regions, of the flow pattern.

The present ree earch covers the area of plasma/gas interaction and
"describes the basic mechanisms for energy and particle transport. The solution
approach assunes cylindrical geometry and includes a multiplicity of atomic

• .reactions, as vell &* the presence of a strong magnstia field. The principal
reactions are electron and ion impact ionization, as wel as charge exchange
between hot Ions and cold neutrals. Radial particle and energy transport Is
mainly by diffusion. Accordingly, the present description Includes a modified
Bohm diffusion wdel for plasma in the core of the plume, and classical neu-
tral particle diffusion In the cooler regions of the flov. Neutrals are allowed
to "free stream" In the low density regions, where the collision mean-free-path
becomes comparable, or 'even larger than the characteristic dimensions of the

"@ sretem.

'�JTAstronsut Office of the NASA Johnson Space Center, Houston, TX
S'tSouthwest Research Institute, San Antonio, TX
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A TANDUS NIR1R PLAMA SOURCE FOR HYBRID PLUNK PLASM 8%'¶DIES

T. F. Yang, F. R. Chang,t I . H. Killer,
K. W. Wenzel, W. A. Krueger

Plasm Fusion Cantor
Massachusetts Institute of Technoloj7I' Cambridge, NA 02139

This paper describes a tandem mirror device to be considered asa hot
plasms saurces for the hybrid plum rocket concept discussed in Ref.- 1. The hot
plasma from this device is injected into an exhaust diet, which will interact
wiizh an annul ar bpersonic layer of nesutral Sue Such a, device can be used to
study the dynamics of the hybrid plum@, and to experimentally verify the

(1 numerl pedtictin powersupply (2)h cowtmpueratures high densit ystlam dsgn,

such as a stream gun, an MPD source or gas call; 3) a power booster in the
form of a tandem mirror machine; and (I.) en exhaust nossle arrangement. I&
configuration of the tandem mirror section is shoawn In Pig. 1.

'A tandem mirror ~atchine appears attractive for this particular applies-
00 tion. Thee devices2-4 can produce the necessary' plasm conditions with mini-

Smal further technological development. In present day tandem mirrors, the
psmdensity varies from loll to 1O1 3ax-3 and the confinement time varies

from hundreds of microseconds to tens of milliseconds. The power output rangs
from a few kW to 100 WY. Ad'vancement In both understanding of .physics and
technology to bring such a device to a high pmer level can' be expected.

Presently thense machines are large and heavy because they ain to achieve
a high coafinmeat tims and the tempermitures, of 5 to 10 ksV required for a
fusion reactor. Sawever, relaxing the confinement and temperature requirements.
translates directly to lower magnetic fields. For example, the maimuzm field
required for a fusion reactor Is usually about 15 T. In comparison, the

Maimgm field needed for this application is4 0.5 T, or; 30 times smaller.
Another important consideration in an experimental arrangement, Of this

nature in the basic method for plasm heating. In the present configuration,
the tandem mirror section behaves as a power booster. The mechanism selected
for energy coupling to the flowing plasm Is ion cyclotron resonance heating,
or moer simply stated, microwave injection at tihe ion cyclotron frequency*

* This is a proven method for heating ions in fusion grade plasm.. The Ions
in the system absorb approximately 53% of the power, while the electrons
receive 3%. Itis Is a desirable result since energy transfer from the ions
to the neutrals 'Is more efficient than from the electrons to the neutrals.
Efficiencies of 30% to 5,0% have, been obtained.T

3 T~strocaut Of-fice of the NASA Johnson Space Centor., Houston, TX

N.



*' 1985 ROCKET RNSEARCH MEETING '*
Abstract 52 Pg 2

Another aspect under investi6ation is the overall stability of the plasma
colun'. In general, the plasma in linear devices such as this one in rich in
wave phenomena, and simple magnetic mirrors exhibit "bad curvature" (i.e.,
the field lines bulge away f on the axis of symmetry). The plasma in these
configurations tends to be MHD unstable. Stability, however, can be readily
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 "anchor". Notwithstanding these arguments, the MHD stability of these
devices must be evaluated on an individual basis, particularly in relation to
the axial asymetry in this particular application (i.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. Preliminary results
oan its mode of operation, critical machine parameters, overall size, plasma
stability, as vell as an evaluation of the microvave heating requirements will
be presented.
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COUPLING BETWEEN GAS DYNAMICS
AND MICROWAVE ENFRGY ABSORPTION

Michael H. Micel
The Pennsylvania State Universtty

Univerlity Park, PA 16802

Microwave energy can be absorbed by a gas in one of several modes 1-
order to heat the gas to a high temperature. Because the region of enm ,;y
deposition can be located away from any material walls, a higher ter-,- ature
can be obtaied than In devices which utilize wall heating. Allokt!r the high
temperature gas to expand through a nozzle converts the Internal 'hermal
energy to directed kinetic energy to produce thrust. Hydrogen Ls the gas of
choice for thin application since Its low molecule,* weight gives the highest
exhaust velocity for a given chamber temperature. There is an understanding
of the process of microwave energy addition to a high pressure gas for some of
the available absorption modes but no unified compariso3 of all the modes In
terms of absorption efficiency, maximum temperature, to, Also there In
little knowledge of the.coupling of the absorbed energy to the gas dynamics
required to obtain propulsive thrust. The proposed research will be the first
experimental effort to examine and on-pare free floating filamentary and
toroidal microwave absorbing plasmas and planar propagating plasuam In
hydrogen gas as well "5 the first examination of the coupling of the energy,
absorption to the gas dynamics In order to convert internal thermal energy of
the gas to alreoted kinetic energy by means of a nozzle expansion. Figure 1
illustrates the three absorption modes to be examined along with the three
modes of heat transfer which may couple the absorption region with the
interior gas dynamics.

This program will consist of analytical modeling of the microwave
absorption regions both with and without gas flows and experimental
measurement of key physical parameters ouch an gas temperature and heat fluxes.
Heat losses from the absorption region and the amount of cooling gas required
and its effects on final exhaust velocity and efficiency will be examined.
Questions to be resolved include the relative roles of conduction, convection
and radiation In transferring the absorbed microwave power to thrust power,
the stability of such flows and the mixing processes of cold gas with the
microwave sustained plasma. Figure 2 illustrates the anticipated scientifi1
accomplishment of this program. The research will provide insight to the
entire field of high temperature gas flows driven by radiation absorption.
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Peter P. Mongeau and Douglas P. Hart

Electromagnetic Launch Research, Inc.
625 Putnam Avenue

Cambridge, MA 02139

Advances in electrical propulsion have inspired a variety of
approaches for orbit raising propulsion. One such technique, the
metallic induction reaction engine, uses a solid metallic
reaction mass rather then a gas or plasma to achieve a high
thrust density and efficiency. The reaction mass is inductively
accelerated by a magnetic pulse coil, thereby eliminating the
problems of erosion and wear.

During the past two years, Electromagnetic Launch Research,
Inc. has been investigating the pulsed inductive acceleration
process, It is the goal of this research to establish the basic
energy transfer mechanisms and'the performance limitations of
this device.

Experimental and numerical simulations of the pulsed
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
pprformed 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
by using a compound pulse coil rather then a face coil to
accelerate the reaction mass..

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

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

. ..... .. .. ..
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1. 6 MPa THRUSTER PERFORMANCE COMPARISON
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Figure 1: Reaction Mass Comparison
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Figure 2.'a): Experimental Compound Coil

Glass

Figure 2 (b): Ion Ization Apazatus
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LASER DIAGNOSTICS FOR ELECTRIC FIELD MEASUREMENTS

Roger J. Becker, Blair A. Barbour, Alan T. Buswell

Tht objective 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) ,,qasurement that wili pr(,vide reliable data in

a conducting medium.,

Our approach is to use selection rule breakdown in a laser scattering

measurement. The, selection rule breakdown is very sensitive to external

perturbations such as electric fields. Its application to electric field

measurer.ents, is, to our knowledge, totally unique. Two scattering spectrosco-

pies will be explored. One of these, Rayletgh Depolarization Scattering (RDS),

is directed 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 program is scheduled fol

completion by October 1, 1987.

Initial measurements are being-made using RDS and a (cw) argon-ion laser of

gases. These measurements will be followed by experiments in partially ionized

gases. The cw measurements will then be supplanted by pulsed measurements usinS

a copper-vapor laser. The experiments are being augmented by calculations of

the electric-field induced depolarization.

"The second half of the program will focus on the setup and testing of the

Raman selectiun rule technique using CARS. This will require the construction

of a dye i: ýer for use with a copper-vapor laser. ,'All measurements will be mad*

i . In OC electric fields. A synchronization circuit will be built for the pulsed

* measurements.

d
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SCIENTIFIC APPROACH

LASER LIGHT SCATTERING

I GOOD SPATIAL RESOLUTION
E STRONG SIGNAL STRENGTH

SELECTION RULE BREAKDOWN

aDISTORTION OF RAMAN AND
RALEIGH SCATTERING TENSORI BY E FI ELD
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ANTICIPATED RESULTS

"* DEMONSTRATION OF PHYSICAL EFFECT
o DEMONSTRATI ON OF TEMPORAL AND SPATIAL

RESOLUTION CAPABI LITY

*ESTIMATION OF RANGE OF APPLICABILITY

"DETERMINATION OF IIM.IITING FACTORS

*CALCULATION AND MEASUREMENT OF TENSOR
COEFFI CI ENTS

0 PUBLICATION I.N REFEREED JOURNALS
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OPTICAL TECHNIQUE TO IZASURK ELECTRODE EROSION

James D. Trolinger and David F. Schaack
Spectron Development Laboratories, Inc.

Costa Mesa, California 92626

The failure mechanism in a number of extremely Important
components and system is electrical erosion, for example# in electrical
propulsion system or other components exposed to plasm"s and arcs.
Lifetime improvement and testing of such system is extremely important
and is difficult because erosion 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 straight 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 microscopic surface structure.

A major question to be addressed concerns the effect of such a
surface on optical properties which are relevant to the measurement of
erosion. Perhaps, the most Important of these Is the change in the
coherent speckle which will occur as the surface structure changes.

Three candidate optical methods will be analyzed for erosion
measurement. They are (1) holographic interferometry, (2) diffuse point
interferometry, and (3) an astigmatic ranging probe. All three methods
possess the potential for measuring during lifetime testing of elect-
rical system 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 associated change in
microscopic surface features anticipated with alectricAlly eroding
surfaces. When surface changes are monitored with classical
interferoumetry the change is manifested in a measureable shift in the
phase nf an optical wavefront. The surface microstructure adds a 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 6hanga must 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 provide itself an extremely
sensitive measurement of erosion.

The most favored candidate will be assembled on a research
breadboard experiment in which an electrically eroding surface
simulating a useful application will be monitored. The technique will
be further expanded and refined laying the groundwork for production of
a diagnostic instrument which can ultimately be applied in a lifetime
testing facility.
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VARIABLE FIELD ZFFECTS 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 Anust 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) examination 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.

Ftgure 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 modelling applied to fluid bed slugging instability in pipes. Similar
modelling applied to bubbling instability appears reasonable, 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 2-0 effects
of neutron leakage out the exhaust path. Conservation analysis of the two-
ptase 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 simple 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.

_ I
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Figure 2. Comparison of prediction of slugging instability data with
the model developed in the progrum..
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EFFECT OF INTERFACIAL PHENOMENA ON CONTACT LINE HEAT TRANSFER

Peter C. Wayner, Jr.
Department of Chemical Engineering and Environmental Engineering

Rensselaer Polytechnic Institute
Troy, NY 12180

Very little is known concerning the stability and heat transfer charac-
teristics of the contact line region of an evaporating thin liquid film. Our
objectives are to measure and model the proclsses of heat, mass and momentum
transfer in the film thickness region 6 <10- m. Our experimental work is
unique in the use of a miniaturized heat transfer cell on the stage of a
microscope equipped with a scanning microphotometer. Our theoretical work is
unique in the combined use of the intti-facial concepts of disjoining pressure,
spreading 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 illustrates the unique use of a scanning microphotometer to determine
the steady state evaporating liquid film profile as a function of the integral
heat transfer rate. The thickness profile is needed to calculate fluid flow
and heat transfer in thin liquid films.' The figure also illustrates the use
of small temperature sensors to measure the surface temperature profile which
is needed to calculate the heat transfer rate for comparison with the fluid
flow rate based on the thickness profile. We note that the exact location of
the temperature sensors in the evaporaling film can be 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. 2 The use of
a new circular cell design eliminates edge effects. These measurements along
with the concepts of disjoining pressure, surface tension, surface pressure,
and fluid microstructure will be used to develop an integral heat transfer
suction potential model.

Figure 2 illustrates the new small circular heat transfer cell which we
designeJ and built during the first six months of the contract. We note that

since -he cell is passive in that the interfaclally induced flow rates are
controlled 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
input, the bulk liquid composition, and'the external heat sink. Our initial
tests Indicate that the cell design dimensions are approximately correct in
that the internal flow fields are desirable* We are still in the process of
develo ing small temperature sensors.

1. R. Cook, C.Y. Tung, and P.C. Wayner, Jr., "Use of Scanning Microphotometer
to Determine the Evaporative Heat Transfer Characteristics of the Contact
Life Region', A.S.M.E. Journal of Heat Transfer, 103, 325-330 (1981).

2. C.W. Tung and P.C. Wayner, Jr., "Effect of Surface Shear on Fluid Flow in
an EvaporatingMeniscus of a Mixture of Alkanes', Proceedings of the 5th
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 < 10"4 m)

GENERAL .PRINCIPLE
HEAT, MASS, AND MOMENTUM TRANSFER ARE CONTROLLED BY
INTERFACIAL PHENOMENA RESPONDING TO GRADiENTS IN THE
THICKNESS, TEMPERATURE AND CONCENTRATION

TECHNIQUES
1. MEASURE LIQUID THICKNESS PROFILE, 6(r), AS A FUNCTION

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

L ft- SCANNING MICROPHOTOMETER, d(r)

ag- 25 mm - . CONDENSATION

5m " .EVAPORATING LIQUID MENISCUS5 mm
£- -o - SILICON SUBSTRATE

MINIATURE TEMPERATURE SENSORS, T(r)

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

EVAPORATING LIQUID MENISCUS
MINIATURE THERMISTOR
SILICON SUBSTRATE

3. COMBINE THE FOLLOWING CONCEPTS INTO HEAT TRANSFER
SUCTION POTENTIAL MODEL: D1AC•'INING PRESSURE.FLUID
MICROSTRUCTURE, SURFACE T.. SION, APPARENT CONTACT
ANGLE. d(r), T(r).
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ACCOMPLISHMENTS

1. A SMALL CIRCULAR HEAT TRANSFER CELL WAS DESIGNED AND
BUILT

SCANNING MICROPHOTOMETER

~GLASS PORT

ALMIU COE 25ACUUM

ALUMINUM CELL WALL MENSCU0-RINGS 
PORT

TEFLON BASE SILICON THERMISTORS

ALUMNUM ASERESISTANCE HEATING

2. CELL DESIGN IS BEING TESTED FOR RESPONSE TO:
a. VOLUME OF LIQUID CHARGE
b. EXTERNAL HEAT INPUT
c. LIQUID COMPOSITION
d. EXTERNAL HEAT SINK

3. SMALL TEMPERATURE SENSORS ARE UNDER DEVELOPMENT

ts¶ at .l~flrrr~.trr u-f . -.- r s-~r rr . - -r- . 1 ~ - 'S,. .- ~S -s-\,
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UNIFIED b6"UDY 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 present
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 development: is our ability to
vary flow conditions, surface orientation, znd 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 scaled
by the mean-free path for electron-atom ionization XiA, followed
by Coulomb collisions, with mean free path Xii, that prevent the
sufface particle from returning to the local surface (if X•<

Ea<< X A the mean free path for atomic momentum-transfer
collisionst. 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 existing 6 m long x 0.6 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 WDA-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.
B -linewidth provides the electron density (n. z 2-5 x 1015 cm-3)
near a polyethylene sample stagnating an argon plasma flow (u v
17 km/s) at selected times during flow operation.
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CLOSE-SPACE, HIGH TDNIPEATURE

KNUDSEN F1W

JOHN B. McVWM

RASOR ASSOCIATES, INC.
253 Humboldt Ct.

Sunnyvale, CA 94089

The objectiv, 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 interelectrode space charge can be reduced by
close interelectrode spacings ("vacuua mode), contact ionization of cesium
at the emitter surface (unignited mode), or %trouction of ions 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 toý use small diode
structires called SAVTBeC, with spacing met by thermaL expansion, to meAsure
converter performance at interelectrode spacings below 20 I=. Measurements
have covered both the Nvacuumu and unignited regimes. Two variable-spacing
planar converters containing mixed cesium and barium vapor' are planned in'
order to verify and investigate the structured emitter effect. Theoretical
studies and computer models of the collisionlees thermionic converter and its
interaction with an external arc supplement the experimental work. A two-
dimensional analysis of. the particle kinetics associated with structured
emitter is planned.

During the first year of the program, experimental results were obtained
from a close-spaced diode (d a 6.5 go) at emitter temperatures up to 1250 K.
The performance characteristics agreed well with vacuum diode theory. In the
second year a diode with 18-20 gm spacing has been tested. Naximum output
power as measured at the electrical leads is shown in Fig. 2 as a function of
emitter temperature. Up to about 1580 K, the. data are well characterized by
vacuum diode theory. Above that temperature the data follow the higher
performance 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 the cesium pressure neces-

sary to achieve & low emitter work function.

, The rest of the program will coacentrate on the, structured emitter
.effect. This is more applicable to the high-pwer regime than SAVTZC, which
was proposed for low-power systems. Analysis has ruled out associative
ionization as an important mechanism in such convertersi we will therefore,

S . •€concentrate on understanding the particle kinetics. Two converters are
planned, one with a structured and one with a smooth emitter in order to make
a comparative study of performance. The second converter is being substi-
tuted for a planned experiment on breakdown effects between SAVYTC diodes.
This is consistent with the shift in esphasis in the national program to
high-power systams.
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TO- PHOTON [STECTION TSCMI(US FOR ATOKIC FLORINE

Vtlliam K. Klichel
SRI International

Chemical Physics Laboratory
Menlo Park, CA 94025

The remote detection of atomic fluorine is an extreasely difficult problem
that needs to be solved for a variety of applications. The fact that all
optically allowed single photon transitions to excited states occur at wave-
lengths below 100 an greatly hampers efforts to develop optical detection
techniques. Consequently, there are currently no laser based detection
techniques for t atons 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 accessible electronic states. Data
conceining two-photon excitation cross sections, radiative lifetimes and
quenching rate, and photoloniaation cross sections for tho-s, electronic states
are crucial to the development of a viable detection technique bsse4 on
two-photou excitation.ý We have therefore started a research program to obtain
data on the spectroscopy and kinetics of the odd parity electronic states of
atomic fluorine while desonstrating two different types of detection
techniques.

The electronic ststes of primary interest here are shown in JtSure 1.
The two st tos that wll be the focus of the Syperimeats are the •1/2 state
at 404 c and the )/2 state at 117,624 cm" , both of whid. have two-pboton
allowed transitions from the ground state. Two different types of experiments
will be utilised to detect and study the properities of these excited
states. • The experiment coodqcted during the first year of the project will be
the Rama excitation of the P 1/ 2 state ss Illustrated in Figure 1. The
apparatus for this experiment is illustrated is Figure 2. This experiment
will use two visible lasers: a pulsed dye laser laser and a CW krypton Lon
laser vth the frequency diffarence between the two lasers equal to
404 cm • The toawn gain induced on the CV laser by the pulsed laser will be
recorded as a function of frequency. Prom this data we will deteruine the
spectroecopy of the fine structure Raman transitions, the Raman gain cross
section, and the colliesonal Ramea linewidth. This data is critical for the
determination of the sensitivity of this detectioa technique.

The second experiment is the direct two-photon excitation of the 25/2
state. As shown in Figure 1, fluorescence emission at 715 am will form the
observed signal. This experiment requires laser radiation at 170 no. Bence

an Important part of this experiment is the generation of the vuv radiation at
the required intensity. Oifferent generation techniques will be studied
during the first year of the project.

We anticipate that the results of both experiments will be two fold: (1)
dew remoto detection techniques for atomic fluorine will be demonstrated and,
(2) a wealth of mew data 'concerning its excited states will be generated.
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FIGURE I FLUORINE EXCITED STATES RE LEVANT TO THE TWO-PHOTON
DETECTION TECHNIQUE
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COHERENT OPTICAL TRANSIENT SPECTROSCOPY IN FLAMES

John W. Daily

Department of Mechanical Engineerlng
University of Cali'fornia

Berkeley, Ca 94720

Coherent optical transient spectroscopy Is a technique in
which the transient response of a group of molecules to later
excitation Is observed. The uniqueness of the method lies in the
fact that when transient experiments uee conducted on a time
scale short compared to collisional relaxation times, coherent
phenomena occur which enable one to directly observe the rates of
a variety of collisional processes. Furthermore, the coherent
pheenomena can be quite strong, resulting In large signals and
thus high data rates. Processes such as state-to-state energy
transfer, optical dephasing and velocity redistribution can be
studied.

An example experiment Is shown In Figure 1. An actively
stabilized CV dye laser Is used as a source. By passing the bean
through a traveling wave modulator to which a high voltage pulse
has been applied, the frequency may be shifted up to '15 GHz
within 150 psac for periods of several nanoseconds. Thus, one
may shift Into or out of resonance with an absorption line of
Interest and observe the transient behavior that results. The
type of transient we will be observlnol Is Free Induction Decay in
which the laser beam Is suddenly shifted out of resonance with an
absorption line and the transient absorption signal observed.
The decay rate of the transient signal Is the collislonal
dephasing rate for that transition. Also Illustrated In Figure 1
are several other types of excitation, the transient they produce
and the quantities one can obtain.

We have been focusing on studying CH In our low pressure
flame facility. A complete layout of our equipment In two
con'f';uratIons, one for, COTS and another for making high
resolution absorption measurements, Is shown in Figure 2. A
risetlne curve, for the traveling wave modulator is shown
demonstrating a less than 200 paee electrical rise time.
Emission profiles through the flame are also shown as are
Boltzmann plots showing that the excited CH Is fairly well
equilibrated. Also shown Is a high resolution laser induced
fluorescence line profile and an example of the resolution
obtained In the absorption configuration. Coupled with a
thorough study of CH In our flame by emission and high resolution
flurescence and absorption spectroscopy. the COTES measurments
will provile Information essential for making accurate
fluorescence and coherent Raman measurements In practical
combustion devices.
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Development of Velocity MH-asurement Technique

by Pulsed Laser Doppler Anemometrv

Department of Chemical Engineering and
Fuel Technology, The University of Sheffield,

Shef.!ield, England

3.C.R. Evan and J. Swithenbank

The objective of the present study is to axtend the conventional point
measuring ability of laser Doppler anemometry to a line measurement. Such
a facility will be an important advance and of particular use in transient
flow situations such as periodic combustion systems or small rocket firings,
where it is impractical to traverse the field of interest in the tim avail-
able.
Two immediate requirements follow from this modification. The first is that
of monitorin4 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 volume due to its
extension and the naed to restore scattered light intensity by increasing
laser power or scattering particle diameters. The present approach aims at
investigating thesr requirements by two parallal lines of study.
The first aims at developing the optics and signal processing necessary to
produce and analyse the Doppler signals. This is being done using a CW
ar~os ion laser operating in a conventional laser Doppler configuration,
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 elements, whbch for the argon
laser, consists of five single core fibre ortic heads. Each of these leads
to a separate photimultiplier tube producing five parallel, output channels.
Two hardware options are being pursued to analyse these channels.
The first is to use a multi-channel disc or tape recorder to store the
individual Doppler bursts for subsequent analysis, channel by channel. The
interfacing and software to analyse these functions already exists.
At the same time a five channel real time processor is being built, the
output from which can easily be monitoreS with a micro-computer. Due to
the higher frequency handling ability of such a processor, compared with
the 2 MHz available with magnetic tape, this ii a preferred solution, sinceý
wi.;h an increase in frequency, measuring volume width can be reduced lead-
ing to better signal to noise ratios. Figure 1 shows a schematic of the
present system.
Progress with the argon ion system to date consists of the completion of
the optical arrangement it conjunction with an aiT jet and suitable part-
icle seeing, capable of producing sonic jets. An indication that good
data can be obtained from the extended line volume is shown in Figure 2,
which shove so expanded image *f the line intersection and also a typical
Doppler burst, both in its raw and filtered state.
The second parallel element of the 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 detection. For this purpose, a five element piotodiode array of the
correct bandwidth is 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 ruby out-
put pulse in order to match this to the particle transit times. Present
pulse widths without Q switching are around S usec vheres transit times
of around10 usec can be expected. The possibilities being investigated
centre around the suitable choice of laser- -cavity gain and ultimately by
applying negative feedback to the gain to extend the pulse.
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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, most visualization techniques have been qualitative
and based on line-of-sioht 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 sone representative results for temperature and velocity
are shown in the following figures. Figure I 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 4 rod-stabilized, premixed CH4-air flame. Figure 3 is a schematic diagram
Of the two-frequency str-tegy 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 light source is a pulsed dye laser system, yie-ding tunable output near
226 nm, and the absorbing/fluorescing tracer species is nitric oxide. For
velocity visualization we employ a tunable cw Ar+ laser, operating on a single
axial mode near 515 nm, and the tracer species isiodine. 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 supersrnic flows will be attempted in future work.
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OPTICAL PROCESSING AND PHASE ZONJUGATION

Lambertu as fllssik
Stnnfdbed Unlvwulty

Stemfod Cal. 485-21U

RESEARCH ODJECTIV The objective of the research program is to investigate maso-
vatave new approaches foe mainaag quantitative measurements, m combating lows. Techniqwe
under investigation incude optical and digital image processing. holography sand phase conjugs-
"Do.

WXLANATION OF THE APPROACH Two now diagnostic techniques ame under
investigation. The &It technkique i a new method for obtaining species concentration ia a Iams
Using phase conjugation (DFWM). Two ecou-ter propagating laser beams (or sheets) wre incident
on a lam* e seededA with sodium, and a third probe beam: intersects the other two. The probe and
pump beam I form a patiag in the mediums by modulating the .isidez-cf-.tefractioa through a non-
Kinear Xs process. The seconA pump beam isused to read out the hologram in real time and a
fourth conntr-ropagating or phase cojugate probe beam results. The intensity of this beams.i

directly proportional to the local sodium number density sand thus provides a mesans for measuring
species concentration. As an example we baye discussed sodium, but reaction species and radicals
can be Measured in the same fashion *4 well.

The second technique is a sow, method for making real-ime velocity measurements in a
plane using speckle isterferometry. A sheet of laser fight is used to illuminate a particle laden
combating low and scattered radiation, called a speckle pattern, is recorded on a high resolution
photoref~ractive crystal. Velocity information can be obtained by superimposing two speckle pat-
terns on the cry"ma Upon ilumisation of the crystal by another laser beam Young's fringes
result in &he far field diffractiom pattern. The fringe spaing and orientation of the fringes art
directly related to the velocity vector. It in also posasible to record multiple exposures and thus
provide a time~eequesces of velocity at repetition rates in excess of thousands of frames per

second foeratotal of afew hundred framses. Isaddition the crystal can be used for optical pro.
coming such as determining contour lNes of equal velocity..I

UNIQUECNESS OF THE APPROACH. The new technique of phase conjugation
(DFWM) in a lAnemea be compared with CARS or BOXCARS. DFWM is superior to the alter-
natives in that the signal strength is substantially higher, which allows for better spatial resolu-
tion, and S/N for a given amount of laser power. The optical, configuration is also very much
simpler for DFWM because phase matching is automatically. accomplished. In addition, since
only. light of a single frequency in used so monochromater or other beam separation devices are
needed.

The use of a photorefractive recording material for speckle metrology allows real-time menu-.
uremeat of velocity in a plane for the *4rst time. In addition movie data can be. obtained at very
high rates. Other approaches involving sollid state camseras do not have the required resolution for
speckle metrology and the conventIonal technique of wsing film provides onily Map shot velocity
information.

RESULTS. The frtdemonstration of DFWM was achieved in ouar laboratory a few
moneths ago. The concentration of sodium in a emuail laboratory dame has been measured using
the new DFWM technique, results of thin experiment an reported in a publication submitted to
Opt. Lets. The technique shows excellent promise se a diagnostic tool for combustion research.

The real-time speckle velocimetry work was started a few months ago, but preliminary
results are available.- We have demonstrated that indeed photorefrnctive materials can be used as
a recording medium for speckle ýpatterns. A new laboratory facility has been set up, iLcluding a
small jet facility, optical components sand instrumentation -for analyzing the fringe patterns. We
expect to demonstrate a working system within a few months
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PHASE CONJUGATION i
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NOVEL ASPECTS
* First demonstration of phase conjugation In a flame.

* Better signal strengths compared with CARS or
BOXCARS.

* Excellent spatial resolution.
e Only light of one color req .
* Simple optical set-up.
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REAL-TIME SPECKLE VELOCIMETRY
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NOVEL ASPECTS
* Real-time velocity measuremtet In a plane

or volume.
9 Movie data of velocity can b obtained at very

hlgh rates In excess of tho ds of fmes per
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STFATEGY FOR ADVANCED SENSING AND COWTL
OF COETION

Murk L. Magurka, Juan I. Ramos and W.A. Sirignano
Department of Mechanical bgineering

Carnegie-Mellon Ubiversity
Pittsburgh, Pennsylvania 15213

The objective of this research program is to investigate approaches to the
sensing sad control of combustion processes. In order to achieve this ob-
jective s series of control problem are being considered. Each successive
problem contains a more detailed model of the combustion process than the
previous problem. In the first problem, 3 model equation describing the
temperature distribution through a propagating flm has been studied. The
sensing and control problem is formulated such that a suitably defined flam
front is driven to or maintained at a desired location. Various definitions
for the flam front location have been used to generate control problems for
distributed parameter systems (DPS) in a classical format. For example, 'the
flm cam be defined as the inflection point of the temperature profile.
Wing such a definition is possible to state an ordinary diffemtial
equation governing the flow velocity and/or mixture ratio. The flow velocity
and thermochemical properties of the mixture are collapsed in one parameter
V here referred to as velocity. Solution of the partil? difforential equation
Soverning the temperature distribution together with the ordinary differential
equation for V yields the results for the rontrolled problem. Two sensors
at neighboring locations and the temperatures measured by them are employed
to determine the velocity V. The gain of the control system is reflected
throu.-h a characteristic time, r. Figures 1 and 2 present the temperatures
measured at the two sensor locations and the controlled parameter V as a
function of time. The temperatures and velocity converge to a stable steady
solution. For the model problem considered here, an exact analytical solu-
tion is kno-- for the steady state and it coincides with our converged result
obtained by meus of a finite-difference solution of the unstealy problem.
(The finite-difference method employed in the calculations shown in Figures
1 and 2 is second-order accurate in both space and time, and is based on a
time linearization of the reaction term.) In this first problem, the
location of the sensors was selected ,a priori and calculations were performed
to investigate the effects of the sensor locations, reaction rate,' nd
characteristic time T or the control problem. In the next class of problem,
we will optimize the location of the sensors in order to achieve the research
program goals.
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1-D Laser Doppler instrumentation

Bolger T. Somer
Department of Mechanical Engineering

Carnegie-Mellon University
Pittsburgh, PA 35213

The need for time and space resolved simultaneous velocity information increases
with groving sophistication of turbulence models. Theoreticians request initial
and boundary conditions for turbulent quantities currently inaccessible to
experimental techniques. Laser-Doppler veloc •metry has developed to an ace.epted
method for investigating the turbulent tlow fields. However the Information
obtained applying LDV to turbulent flows is restricted to measuring velocity
components locally and simaltaneousl*. In addition to velocity data obtained at
one point In the flow, turbulence is 'influenced by the local, instantaneous
velocity gradient.

This project focuses on the development of the reliable measurement of instant&-
neous velocity gradients by obtaining profiles of one component of the velocity
vector instantly. The instra t consists of the standard transmitting optics
of a LDV-system modified with cylindrical lanses to form laser sheets. The laser
sheets cross and form a cylindrical LDV-measurement volume. The fringes of the
volume are oriented perpendicular to the velocity component of interest and
scattered light from paticles moving through the volume transmits the velocity
inforsation to the photo diode array. The signal from the pbotodiodes is pro-
cessed in two different ways. The asalog LDV-burst is stored on tape. Later
on it is digitized and numerically analyzed to obtain the relevant velocity
Information. The second method of reducing the data Involves optical frequency
analysis developed earlier witb AJOSR support. The laser doppler signal detected
by the photodiodes is high-pass filtered and amplified. This signal drives a
Bragg-cell which acts as an optical frequency analyzer. The displacement of the
first order of deflection of a laser beam passed through the Bragg-cell is propor-
tional to the signal frequem-y. ' By feeding the laser doppler bursts observed by
different photodiodes to the Bragg-cael, and correlating the frequency proportional
displacement of the analyzing laser beam with the locatio along the LDV-volume.
a velocity profile can be obtained.' In order to obtain instantaneous velocity
profiles, a time window is opened which is sufficiently short to time resolve the
turbulence of the flow. The coincidental' property of these measurements is of
importance to measure turbulent properties lika the dissipation rate of
turbulence, I .

I-

In which thA grsdiest of the fluctuating velocity dissipates the kinetic energy of
turbulence.

Figure 1 shows a schematic of the transmitting and receivin3 optics of the system
developed with AIOSR support. Figure 2 Illustrates the diagnostic electronics of
the first method to record the data and reduce them to useful Informti~on. Figure 3

shows the optical 'frequeny analyzer.
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RESONANT CARS DETECTION OF 0H4 RADICALS

James F. Vardieck
hUnited Techlnologies Research Center

East Hartford, CT 0610R

Coherent anti-Stokes Raman spectroecopy (CARS) is an important
spectrosopic technique which fulfills several requirements for
probing hostile combuction environments that are of primary
interest to the Air Force. The several advantages and numerous
applications of CARS diagnostics have bmn well-chronicled
elsewhere. A limitation of normal CAMR is that, at atmo'.pheric
pressure, detection. requires a species oncentration of about 1
percent or greater. The aim of this program has been t.o extend
CARS diagnostics to minority species, in particular r&dicals,

"* through the technique of resonant CARS. The essentials of
resonance CARS are illustrated in Fig. 1. The hydroxy radical was
"chosen as a candidate molecule ýecause of its seminal importance
in both combustion and atmospheric chemistry. The approach taken
throughout this program has been to achieve an understanding of
the basic physics of electronic resonant CARS in OH, including
effects of tuning, laser linewidth dependencel choice of
electronic transition, and saturation considerations.

At UTRC the first observation of resonant CARS in OH has been made
under several conditions, including several different choices of
the electronic resonant frequency. The amplitude and shape of a
particular CARS spectrum are very sensitive to the proci'se tuning
to the electronic resonance. The OH resonant CARS spectrum has a
"much greater amplitude than the adjacent water (conventional) CARS
spectrm. In addition to the experiments, the theory of resonant

". CARS in OH has been treated. Agreement betweený theory and experi-
ment is generally good, except for the experimental observation of
satellite structure about the central line. This observation is
shown in Fig. 2, which compares the theoretical spectrum predicted
for excitation into 01(2) of the X to A transition, with the
"experimental spectrum. The major discrupanciy, highlighted, by the

* expanded inset of Fig. 2, is 'the asymmetrically disposed fine
'structure about the strong central line. This satellite structure

is now the subject of investigation. Several causes have been
proposed, among them are8 (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. Does resonant
CARS have an advantage at high pressure? Another problem is to

* - '. explore whether saturated CARS can be employed for concentration
measurement, and, if so, the concentration range of applicability.

I', .
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SPRAY CHARACTERIZATION USN PHASE ANrE 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-
ments in sprays, two-phase flows, and eventually, In spray combustion is under Investi-
gation. The Phase/Doppler method is a unique method for 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 geometrieal
optics approach. This approximation provided an adequate description of the phencnens
while remaining simple enough to understand the physics and the effects of the optical
parameters. However, the exact Mie theory was used to verify these results and to
investigate the possible effects of light scattered by the combined mechanisms 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 hgreement 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 beh1-, the
receiver aperture. Droplets passing through the Intersection of the two beams scatter
light which produce an interference fringe pa',ern. 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 (unless 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 detectors 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 detectors ensures that phase
ambiguity does not occur, provides redundant measurements for signal validation and
allows 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 to
assess the impact, If any, of random 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.

Each size distribution was normalized to account for the variation 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.
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Richard X. Chang, Marshall B. Long, and Roman Inc
Yale University

Center for Laser Diagnostics
New Haven, Connecticut 06520

It -ay be possible to use the coherent but-non-directional laser emission
from individual particles as active markers for flow-field visralization and
remote illumination. In particular, new applications may be viable with
coherent mission droplets as velocimetry markers in otherwise optically dense
Stwo-phase flows and in overwhelmingly high elastic, scattering environments such
as near a solid boundary. Furthermore, determination of the chemical species
of individual droplets appears to be possible with coherent Raman mission.
New research has just been initiated on the nonlinear optical emission from
water droplets and ethanol droplets with and without fhodamine 6G or Courmarin
dyes.

Laser omission from individual liquid ethanol droplets (radius ý30 u and
at room temperature) containing Rhodamine 6G at wavelengths comensurate with
morphology-dependent resonances (MDRs) has been observed. For a conventional
dye laser, optical feedback (i.e., higher Q) at selected wavelengths is provided
by an external wavelength dispersive element. For a droplet dye laser, higher
Q at selected wavelengths is provided by the 3055 associated with the liquid-air
interface of the droplet. At these resonances, standing waves result from the
total internal reflection at the liquid-air boundary of counterpropagating waves
close to the circumference of the droplet (se Fig. 1). Since the fluoresnce
linewidth of Rhodamine 6G is homogeneously broadened, the mitted radiation will
strongly favor those wavelengths which correspond to the lDRs. The laser
mission was noted to consist of spectrally narrow peaks spanninq the fluores-
cence gain profile. The output-vs-input intensity dependence was noted to be
linear at low input pore and was followed by an exponential growth, finally
reaching a saturation region at higher power.

Stimulated Raman scattering (SRS) from individual H20 or ethanol droplets
at wavelengths comensurate with MDRs and the spontaeous Raman Stokes radiation
has recently been observed. Two notable features in the SR3 mission from the
drbplets ares (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) j and (2) the input
intensity required to achieve the SR8 threshold for the droplet is an order
of magnitude less than that for the corresponding bulk liquid with 2-4 cm path
length. Both observations are consistent with HDRe resulting from the sphari-
cal liquid-air interface which forms an efficient optical cavity for the SRS.
Investigations on the coherent anti-Stokes Raman scattering (CAMS) from indi-
vidual droplets are underway.
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Figure 1. Optical wave truct=e within a droplet. Fluorescence radiation
within the droplet undergoes total. internal reflection at the
liquid-gas interface. The droplet acts as an optical resonator
for counterpropegating waves around the aireumerzene.
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SIZE AmD sHAE CHARACTMU2ZATION OF 114DIVXIDAL FLIAING
DROPLTZS BY LASE LIGHT SCAITTRING

Richard K. Chang, Boa-Tab Chu, and Marshall B. Long
Yale University

Center for Laser Diagnostics
Ne" Haven, Connecticut 0i3520

Int tophase flows, the six* and shape distribution of the fuel 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
propertien of all the droplets. The teq~erature-dependent. surface tension and
the bulk viscosity of a single droplet affect the droplet shape an well as its
shape oscillations a* the droplets flow in a comustor and are acoustically
petred.

We report a new technique for determining both the size chamgps and the
shape distortions of individual droplets flowing in a linear stream. This
technique is based on the "whimpering gallery modes" or more accurately
morpholoqy-dependent resonances (NDRs) associated with microparticles having
a rotational axis symmetry. For size and shape determination, we chose to

mesu~re the NDRs in the fluorescence spectra from ethanol droplets "tagqed
with Xhodanine 6G dye. Highly monodisperse tagged ethanol droplets are
generated by a modified Derglund-Liu vibrating orifice generator. The drop-
lets havea radius izi the 10-50 us range with a con dispersity of one part
in 104-10~ and spacing within a linear stream of NI00 um.

The evaporation-of droplets within a linear stream can be readily deter-
mined by measuring. the wavelength shift of spec if iA". 3633s from successive drop-
lets further dowmstreamt from the orifice, since the droplet decreases in size
monotonically with time after exiting the orifice. Our resmlts demnstrate
that the wake of preceding droplets significantly decreases the evaporation
rate of a droplet within the linear stream.

The surface tension and viscosity of an ethanol droplet flowing within
a line&r stream can be determined by measuring the wavelength oscillation of
specific MDR* from sucessive droplets further downstream from .a perturba-
tion which can induce shape distortions. Figure I shows the experimental
configuration'. Share perturb~at ion at one location was initiated with two

coutrpropagating Ar+ laser' beams (514.5 no, 8 mW each) impinging on a

single tagged ethanol droplet. The subsequent shape distortion of droplets'
wi~thin the linear stream can be described by a quadrupole mode oscillation
with an oscillation frequency (f22 - 2oq/,2pa 3 and a daming constant

T2- a2/5V, where a is the surface tension, o is the density, and v is the
kinematic viscosity~. Figure 2 shows the I0Ro in the fluorescence spectra
from succissive droplets dow. stream of the shape distorting perturbation.
The wa~s exhibited a damped oscillation with a frequency f and damping
constant T2 for ethanol droplets. Our results coqparo wolf, with electro-
dynamic calculations of the MDRs for equivolume droplots. which oscillate
between spheres and *ligtitly oblate or slightly prolate spheroids.
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Fiqure 1. Schematic of th emperimnta•l arranqment for the laser-induced
shape oscillati a of flowing droplets. Two counterpropaqating
beams (Ar# 'aseo, 514.5 na) are focused on the absmoby' dye-
tagged ethanol plet. A probe beaum !pulsed N2 laser) is
focused into a ,beet and induces fluorescence from the droplet.
The dispersed f uorescence spectra highly monodisperse droplets
in a linear s are detected by a television camera.
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Figure 2. Fluorescence spectra from laser-perturbed droplets downstreais
from the orifice.* Since th6 frequency of the droplet generation,
is known, the distance downstream is plotted as time delay after
the Ar+ laser perturbatior defined as t -0. Bachi droplet is
perturbed by the Ar+ laser beans at a location indicated by the
two arrows. The subsequent-freely damped oscillations of XDRu
from droplets drcwnstreau yield a shope oscillation frequency and
damrinq constant corresponding to a quadrupole resonance.
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SL.PAY CRARACTERIZATION WITH A NONINTRIUJSIVE
OPTICAL SIXGL= PARTICLI COUNTER

Cecil F. esse
Spectron Development Laboratories, Inc.

3303 Harbor Bouleward, Suite G-3
Cost& Mesa, CA 92626

The objective of this research program to advance the understanding
of droplet oulng technology in combustion environvmts using light
scattering. The ephasis during this, the second year of this research
program, has been in establishing what informatioo of the scattered light is
better salted to provide the size and velocity of droplets, Which car then
yield local sass flux measuremnsts. The studies conducted indicate that the
absolute intensity of the scattered light combiried with the standard LDV will
produce excellent results. This technique has been combined with auto
calibrating algorithm to cospensate for the loss of energy experi~nead when
the laser beam; or the scattered light travel through window and other
particles along the path. This is the basis of the DIAX technique. In such
technique, two emil laser beam of one color interfere In the center- of a
large beam of another color. The interference pattern produces the Doppler
signal and sbo identifies the center of the large beam where the intensity Is
almost uniform.

An alternative and unique approach, referred to as P/MAX, Is also under
investigation. Here, instead of using laser beam with different colors, the
P/MAX technique uses beam with polarizations normal to each other. This
allows the use of low power single color lasers.

In order to perform mas flux naasuremnts in addition to the size and
velocity distributions, the active probe volues mast be known. This, probe
volume is a function of particle size and several optical paramters.r It is
extremly important to understand and predict the probe voluze1 sincet it mest
be used to correct the number of events corresponding to the various ,size
classes. These corrected coeats will constitute the ordinate of the pdf of
the size dtstribution. Figure I illustrates the probe volume configuration.
Here, two lenses with focal lengths f1 and f 2 image the probe volume on a
pinhole of diameter D * The variation of the probe volum's nondiumnsional
coordinate y' with particle size d' is shown on Figure 2. The experimantal
values were obtainad by traversing a monodlsporse string of droplets
throughout the sensitive area. The effect of the probe volume on the size
distribution is illustrated on Figures 3a and 3b. Figure 3a shows the raw
counts obtained with two different size ranges. Figure 3ba shbo the cornts
corrected by probe volume. It can be observed that the size distributions
obtained with the two size ranges produce the sam re4ult only after
correcting the distributious by the probe volume. This test also demonstrates
the instrumsnt 's self-consistency.

The Sauter Mean diamter (SpD) of the spray Is plotted on Figure 4 as a
function of radial position for two pressures. The trend shom is the
expected one, namely, the SQ is smell at the center of the spray and
Increases with radial position.
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INTELLIGENT LASER DIFFRACTION INSTRUMENTATION.
FOR PARTICLE SIZE ANALYSIS

E. Dan Hirleman and Joseph I. Koo
Arizona State University

Tempe, AZ 85287

Particle and droplet size distributions, being parameters of
fundamental importance, should be priority measurement objectives
for intelligent sensors in next-genetration propulsion systems.
Unfortunately there are a number of problematic scientific issues
limiting the development of laser light scattering particle
sizing instruments capable of autonomous, self-diagnosing
operation in hostile environments. Bean steering due to thermal
gradients, multiple scattering from high number density aerosols,
and contamination of windows and electro-optical components have
been 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 conditions. Both the novel specific approaches discussed
below and the emphasis on concepts relevant to intelligent
instrumentation make this, project unique.

The research is concentrated in three areas: development of rapid
and robust computational algorithms for the laser diffraction
inverse scattering problem; synergism of electro-optical
detection strategies with the inverse scattering algorithms; and
techniques for on-line calibration and performance evaluation
particularly with respect to the potential detection and
"correction for multiple scattering 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 concepts proposed to extend the
standard configuration of laser, beam expander, transform lens,

* and fiued geometry detector. The modulated reference diffraction
Ssignature is carried through the particle field on the primary

"bean 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 contaminctec 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 operation 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.

,N,
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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 aim of this program is 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 lifetime of an impurity introduced into
the reacting material. Since spectra and lifetimes of selected impurities
(rare-earth ions) 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 cm-1, the upper
level typically will not fluoresce at low temperaturgs, the reason being that
multi-phonon relaxation rates are extremely high (10 0/s) with small energy
gaps since fewer phonons are required for quenching. At low temperatures no
population build-up occurs in the uppuir 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 level.

An example of thij behavior is found In Dy+3 :LaF3 (Fig. 1). Absorbed laser
light excites Dy+4 in a high-energy level which radiatively and nonradiatively
decays to the F(4 Fo.2) level. This level undergoes a fast thermal equilibrium
which pumps a portlbn of Its population into the nearby G(4 11512 )' level. The
fluorescence is then observed from both stales. Notice the gr dual build-up
of the G-fluorescence line located at 4537 A with temperature. The G level
increases in Intensity approximately 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 lve and non-
radiative relaxation rates which govern the observed lifetimes The radiative
probability includes both purely electronic and phonon-assistel., transitions;
the nonradiative probability includes relaxations by multi-phonon emission and
effective energy-transfer rates arising from ion-ion interactions. The tem-
perature dependence of the lifetime is solely detemined by t"e temperature
dependence of the nonradiative relaxation rate.

"Nonradiative relaxation between J states can occur by the simuitaneous emis-
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 ion with the fluctuating crystalline electric field. Lattice vibrations
are quantized as phonons having symmetry properties oetermined by the symmetry
of the crystal and excitation energies determined by the masses of the consti-
tuent ions and the binding forces. Examples obtained in this program of the
effect of temperature on the lifetime of a transition are shown in Fig. 2.

Phase I of this study has been successfully completed, and work on Phase II
has been init.tated. 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.

S ".-•';' * ;•'.%. •> **;.%.*• S .:'.. .•'.. *%.•2"-% %! ** '% -,"%.A-VVV'•<,< "-.v"•" •, 'V•"• '. -



*0 1985 ROCKET RESEARCH MEETING *'
Abatraot, 74 Pg 2

0 I
0. 41

w i0.-
5.€-C

se- ai,.

LU
-I"'

' "i u:I•LO 0. C'.

211,

u~ It

:. .'..a -

CL42
4n 0

I!W4

p..



1* 1985 ROCKET RESEARCH MEETING **
Abstraot 711 Pg 3

I -q
£ ~4JC

S.CCS•=a prU. 41I-°

•U

" ,
U.

itiI

U 
S4L

431

P. . 4 w ,3 43

lJ ,0II 1 X)I lon

xC

XC,"

4_
,-.• % _l0._



' 1985 ROCKET RESEARCH MEETINO Of

Abstract 75 Pg 1

REAL-TIME, TWO-DIWENSI1NAL FUEL SPRAY VISUALIZATION

Lynn A. Melton James F. Verdieck
.University of Texis United Technologies
at Dallas Research Canter
Richardson, TX 75080 East Hartford, CT 06108

Fuel spray properties are often very difficult to measure under
realistic conditions. This research is part of a continuing
effort to develop fluorescent additives which can be used to
reveal spray properties such as simultaneous liquid/vapor
concentrations, droplet temperature, and ambient oxygen
pressure. These additives permit the use of lasew-induced
fluorescence in a planar sheet to determine the desired
parameters non-intrusively, in real-time, from 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 parameters such as vapor density
and droplet temperature have been determined Indirectly, or not
at all. In contrast, our studies focus on the development of
specific fluorescent additives which reveal directly the desired
property from the fluorescence spectrum. Previous work at our
laboratories has verified the use of such additives to provide
simultaneous visualization of both liquid and vapor phases. The
work described here is directed toward the development o4
fluorescent sensors for droplet temperature measurement.

Temperature sensor s*;items follow naturally from the vapor-
liquid visualization studies, because both methods 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 between the monomer and exciplex Is temperature
dependent, the ratio of the intensities of the emissions from E*
and Ne in the liquid phase provide a measure of temperature in
the droplet. Thus, laboratory measurements of liquid phase
fluorescence spectra as a function ot temperature can provide a.
calibration curve for the intensity ratio, at specific
wavelengths, versus temperature. This is shown schematically in
Figure 2. In a spray experiment, if the emission from a
particular spatial element were measured at these two ave
lengths then the ratio would provide the droplet temperature
from the calibration curve for the chosen set of additives,
provided the vapor emission has been subtracted off. At
present, several promising exciplex systems for use as optical
thermometers are under development. One particular system
appears especially exciting because the fluorescent emission
changes from purple to yellow on going from room temperature to
75 degrees C. ,It is estionated that the determination of
temperature can be obtained to a precision of a few degrees,
provided the Intenesty ratio can be determined to about I
percent accuracy.
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EXI PLEX I TEMPERATURE MERSUREMENT
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SINGLE PARTICLE SIZING bY MEASUkEHENT OF BROW" N TION

Alan C. Stanton and WAl K. Cheng*
Aerodyne Research, Inc., 45 Manning Road, Billerica, Massachusetts 01821

*also, Department of Mechanical Engineering
M.I.T, 77 Massachusetts Avenue, CambridSe, Massachusetts 02139

Few nonintrusive techniques are available for particle measurements in the
subaicron size range (<0.1 M diameter), yet measurement of these particles is
basic to an understanding of Important processes in combustion, such as soot
formation and oxidation. The objective of the present research is to investi-
gate a new optical technique for the measurement of submicron particles, using
a laser interferometric system to measure the' Brownian motion of Isolated
particles in a gas stream. By measurement of the motion of many such par-
ticles, the size distribution may be obtained. This technique is unique in
that it requires no a priori assumption on the particle size distributiou, nor
knowledge of the particle optical properties.

The experimental approach utilizes a laser interferometer system for
measurement 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 aspects of the Brownian motion of an isolated particle is required.

A representation of the notion of a 0.1 pM particle is shown In Figure 1.
Random changes ii4particle velocity, of order 10-5 sa-, occur in characteris-
tic times of 10" seconds due to collisions with gas molecules. With suffl-
cieat tins resolution to measure instantaneous particle velocities, one would
observe. a Mazvellian velocity distribution. The characteristic time for the
Kaxvellian distribution to evolve Is the relaxation time (410-7 as show in
Figure 1), which Is a function of particle size and fluid properties. Because
realizable sampling intervals are constrained to be msuch longer than the 107.
a collision' time, our strategy is to sample with an interval of -10-8 8,
which is still fast compared to the relaxation time. Over this interval, the
signal is a superposition of many random events, bst 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 msch correlations between signal statistics and particle size.

To understand the properties of the signal, we have simulated the Brownian
motion sensor using a Monte Carlo technique. From analysis of simulated date,
we have found the correlation show in Figure 2. This plot shows a relation-
ship between the mean time between signal extrema (derivative zero crossings)
and a parameter, with dimensions of time, which is the square root of the
product of the sampling interval and the particle relaxtion time. The
linearity of this plot shows thee for fixed sampling Intervals, the statistical
property (the mean time between extreme) is proportional to the square root of
the particle relaxation time. Thus, the relaxation time for Brownian motion of
an Individual particle may- be determined fron' the statistics of the inter-
ference signal, and the particle size follows directly.
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Figure 1. Tiem Dependent Notion of a 0.1 pp Diameter particle
in Air at 300 K and Atmospheric Proesure. The
etatistics of irovaian motion may be studied If

meauremuent are uade at sampling Intervals shorter
than the relaxation tine.
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PROPULSION RESEARCH GOALS

GENERAL GOALS: Research in support of rocket propulsion is directed at
providing a fundamental basis for a new generation of propulsion concepts and
improving the scientific understanding of phenomena associated with the
generation of propulsive power. Research is needed from molecular to
macroscopic scales in areas which include plasma acceleration, dynamics of
rocket combustion, the behavior and synthesis of advanced energetic materials,
characteristics of exhaust plume formation and radiation, and the dyhamics of
advanced propulsion concepts. Further knowledge is needed in these areas to
"meet mid-term and long-term Air Force technology goals related to improving
performance, reliability, penetrability, and durability for Air Force mission
applications involving space systems, ballistic missiles, and air launched
missiles. However, specific provisions are ilso included for research
directed toward scientific opportunities which cannot be related to particular
mission areas at this time.

Future Air Force space missions for connurtications, surveillance, and weapons
systems will require substantially higher power density and greatly improved
propulsion for orbit raising. Research is 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, magnetoplasmadynamics and nuclear power.

SPECIFIC GOALS:

The following topics summarize many of the current gcols which are being
"addressed by the ongoing research programs.

Solid Propellant Mechanics To improve undestanding 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 dama'., 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 reaction of
these materials with gases representative of rocket exhausts.

* "Noninterferina Diagnostic Techniques To achieve sensors which will enable the
adaptive control and autonomous operation of high performance propulsion
systems. To achieve diagnostic 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 reacting, unsteady,
turbulent flowing media. To establish techniques for obtaining rate date for

* energetic ccaterial being heated in excess of 105 K/s.
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Exhaust Plumes To provide mechanistic basis for analyzing, interpreting, and
altering plume radiance. Establish the influence of composition and flow en-
vironment on particle formation and growth mechanisms. To verify and improve
predictive models for nucleation and condensation in multi-component, multi-

. phase systems. To determine reaction 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 Eneraetic Materials To control the behavior of
energetic materials during combustion. To establish 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.

"Combustion and Reacting Flows To understand important bond rupture and heat
release mechanisms so that research to modify burning rate and combustion
efficiency 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-fields
"on propellant ballist'ics. To characterize the mechanisms leading to changes
in solid propellant properties and burning modes that produce trinsition from
normal deflagration to detonation of rocket motor grains. To increase the
scope and usefulness of the JANAF Thermochemical Property Data.

CoN tustion Instability To improve analytical methods for interpreting,
predicting, and avoiding instability behavior of solid motors through
mechanistic understanding 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 2-0 and 3-0 geometries. To defeat
combustion instabiltiy 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 methodologies 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 enerz,•
gains or losses. To determine and characterize acoustic energy gains and
"losses in terms of flow field parameters. To understand contributions of
heterogeneous structures in composite propellants.

Metal Combustion To characterize the basic mechanisms and chemistry involved
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 convergentsections. To improve
methods for simultaneously measuring temperature and concentration of
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turbulent flam zones of multi-phase media so that conditions leading to metal
cam- bastion under solid propellant ram-rocket conditions (particularly high
alti- tude) can be characterized. To assess the role of fluorine in the
comution of fluorinated metallic propellants and to determine mechanism$
that affect oxide particle size.

Ied [nerg, To quantify mechanism of laser energy transfer to working
fluids, to assess the barriers to optical access for energy transmission, and
to establish approaches to plasma confinement. To enable consideration of
candidate short wavelength energy beam with hydrogen; to determine if other
working fluids and fuels offer promise.

Solar Thermal Prooulsion Establish the mechanisms of solar radiation energy
absorption under the desired thruster conditions.

lictromemetic Acceleration To understand magntoplasmadynmic processes for
the purposes of establishing the conditions of sustained high energy density
operation and to project upper limits 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 limitations on electrical propulsion system
operating continuously at megawatts power levels. To realize more weight
efficient and less vulnerable heat rejection concepts for electrodes,
chamers, and nozzles.

Ultra-Hich Eneray Density To decrease the losses in thermtonic flows. To
explore noval approaches to high energy density storage. To devise means of
accommodating plasm temeratures greatlyIn excess of material limits.
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