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g Universal Energy Systems, Inc. (UES) was awarded the United States
0 Air Force Summer Faculty Research Program on August 15, 1984. The
} contract is funded under the Air Force Systems Command by the Air Force
Office of Scientific Research.

The program has been in existance since 1978 and has been conducted
by several different contractors. The success of the program is evident
from its history of expansion since 1978.

The Summer Faculty Research Program (SFRP) provides opportunities

¥ for research in the physical sciences, engineering, 1life sciences,
,ﬁ‘ ’ business, and administrative sciences. The program has been effective in
e providing basic research opportunities to the faculty of universities,
W] colleges, and technical institutions throughout the United States.

The program is available to faculty members in all academic grades:
instructor, assistant professor, professor, department chairman, and
T research facility directors. It has proven especially beneficial to
& young faculty members who are starting their academic research programs
and to senjor faculty members who have spent time 1in university
el administration and are desirous of returning to scholarly research
' programs.

o Beginning with the 1982 program, research opportunities were
2. provided for 17 graduate students. The- 1982 pilot student program was

53‘ highly successful and was expanded in 1983 to 53 students; there were 84

K graduate students in the 1984 program.

K In the previous programs, the graduate students were selected along

418 with their professors to work on the program. Starting with the 1985

{2 program, the graduate students were selected on their own merits. They

Lp were assigned to be supervised by either a professor on the program or by

qﬁ an engineer at the Air Force Laboratories participating in the program. '
) There were 92 graduate students selected for the 1985 program.

}3 Again in the 1986 program, the graduate students were selected on

Be their own merits, and assigned to be supervised by either a professor on {

ﬂq the program or by an engineer at the participating Air Force Laboratory. k
kp There were 100 graduate students selected for the 1986 program. ;
“a Follow-on research opportunities have been developed for a large

:¥\ percentage of the participants in the Summer Faculty Research Program in

3. 1979-1983 period through an AFOSR Minigrant Program.

)

}5 On 1 September 1983, AFOSR replaced the Minigrant Program with a ;
3 new Research Initiation Program. The Research Initfation Program

) ' provides follow-on research awards to home institutions of SFRP
participants. Awards were made to approximately 50 researchers in 1983.

L) '
:& f The awards were for a maximum of $12,000 and a duration of one year or 1
‘g less. Substantial cost sharing by the schools contributes significantly ‘
:ﬂ ‘ to the value of the Research Initiation Program. In 1984 there were

' approximately 80 Research Initiation awards. !
r
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PREFACE
N _o AY

-

The Umrited—States  Air Fforce Summer Faculty Research Program
(USAF-SFRP) 1s a program designed to introduce university, college, and
technical institute faculty members to Air Force research. This is
accomplished by the faculty members being selected on a nationally
advertised competitive basis for a ten-week assignment during the summer
intersession period to perform research at Air Force
laboratories/centers. Each assignment is in a subject area and at an Air
Force facility mutually agreed upon by the faculty members and the Air
Force. In addition to compensation, travel and cost of living allowances
are also paid. The USAF-SFRP 1is sponsored by the Air Force Office of
Scientific Research, Air Force Systems Command, United States Air Force,
and is conducted by Universal Energy Systems, Inc.

The specific objectives of the 1987 USAF-SFRP are:
(1) To provide a productive means for Scientists and Engineers
holding Ph.D. degrees to participate in research at the Air

Force Weapons Laboratory;

T (2) To stimulate continuing professional association among the
Scholars and their professional peers in the Air Force;

(3) To further the research objectives of the United States Air
Force; -
(ﬁ) To enhance the research productivity and capabilities of

Scientists and Engineers especially as these relate to Air

Force technical interests. _.

i
ODuring the summer of 1987, 159-faculty members participated. These
researchers were assigned to 25 USAF laboratories/centers across the

country. This three volume document 1is a compilation of the final
reports written by the assigned faculty members about their summer
research efforts.
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LIST OF 1987 PARTICIPANTS
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LIST OF 1987 PARTICIPANTS

NAME /ADDRESS

Or. Suresh K. Aggarwal
Assistant Professor

Dept. of Mechanical Eng.
Univ. of I1linois at Chicago
P 0 Box 4348

Chicago, IL 60680

(312) 996-2235/53117

Or. Gurbux S. Alag
Associate Professor

Dept. of Electrical Eng.
Western Michigan University
1940 Howard Street, #410
Kalamazoo, MI 49008

(616) 383-1538

Dr. John W. Amoss
Associate Professor

Dept. of Systems Science
University of West Florida
Pensacola, FL 32514

(904) 474-2547

Or. Victor H. Appel

Associate Professor

Dept. of Educational Psychology
Univ. of Texas at Austin
Austin, TX 78712

(512) 471-4155

Dr. Xavier J.R. Avula
Associate Professor

Dept. of Engineering Mechanics
University of Missouri-Rolla
Rolla, MO 65401

(314) 341-4585

Or. Francesco L. Bacchialoni
Associate Professor

Dept. of Electrical Engineering
University of Lowell

1 University Avenue

Lowell, MA 02173

(617) 452-5000

DEGREE, SPECIALTY, LABORATORY ASSIGNED

Degree:
Specialty:
Assigned:

Degree:
Specialty:
Assigned:

Degree:
Specialty:
Assigned:

Degree:
Specialty:
Assigned:

Degree:

Specialty:
Assigned:

Degree:
Specialty:
Assigned:

Ph.D., Aerospace Eng., 1979
Aerospace Engineering
APL

Ph.D., Systems Eng., 1976
Systems Engineering
RPL

Ph.D., Electrical Eng., 1972
Electrical Engineeering
AL

Ph.D., Psychology, 1959
Psychology
HRL/MO

Ph.D., Engineering Mechanics
1968

Engineering Mechanics

HRL/MO

Ph.D., Ingegneria, 1946
Engineering Mechanics
HRL/MO
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Dr. Praphulla K. Bajpai Degree:
Professor
Dept. of Biology Specialty:
University of Dayton Assiqgned:
300 College Park
Dayton, OH 45469
(513) 229-3029
Or. Vernon L. Bakke Degree:
Associate Professor Specialty:
Dept. of Math. Science Assigned:
University of Arkansas
Fayetteville, AR 72701
(501) 575-4531
Dr. Shankar S. Bale Degree:
Professor Specialty:
Dept. of Science and Math Assigned:
Saint Paul's College
Lawrenceville, VA 23868-1299
(804) 848-3111
Or. William W. Bannister Degree:
Professor
Dept. of Chemistry Specialty:
University of Lowell Assigned:
Lowell, MA 01824
(617) 452-5C00
Prof. Beryl L. Barber Degree:
Assistant Professor Specialty:
Dept. of Electronic Eng. Tech. Assigned:
Oregon Institute of Technology
3201 Campus Drive
Klamath Falls, OR 97601-7791
(503) 882-6321
Or. William M. Bass Degree:
Professor
Dept. of Anthropology Specialty:
The University of Tennessee Assigned:
252 South Stadium Hall
Knoxville, TN 37996
(615) 974-4408
iv
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Ph.D., Immunophysiology,
1965

Immunology

AAMRL

Ph.D., Mathematics, 1971
Mathematics
AL

Ph.D., Genetics, 1971
Genetics
AAMRL

Ph.D., Organic Chemistry,
1961

Organic Chemistry

ESC

MS, Electronic Eng., 1961
Electrical Engineering
RADC

Ph.D., Physical Anthropology
1961

Physical Anthropology

ESC
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Or. Bryan R. Becker

Associate Professor

Dept. of Mechanical Engineering
Rose-Hulman Institute

5500 Wabash Avenue

Terre Haute, IN 47803

(812) 877-15N

Or. Charles Bell

Professor

Dept. of Engineering

Arkansas State University

P 0 Drawer 1080

State University, AR 72467-1080
(501) 972-2088

Prof. Kweku K. Bentil

Associate Professor

School of Building Construction
University of Florida
Gainesville, FL 32611

(904) 392-5965

Dr. David E. Betounes
Associate Professor
Mathematics Department

Univ. of Southern Mississippi
S.S. Box 5045

Hattiesburg, MS 39406-5045
(601) 266-4293

Prof. Phillip A. Bishop
Assistant Professor

Area of HPER

University of Alabama
Tuscaloosa, AL 35487-9909
(205) 348-83170

Dr. Jerome W. Blaylock
Associate Professor

Dept. of Computing & A.S.
Texas Southern University
3100 Cleburne Avenue
Houston, TX 77004

(713) 527-70M1

Degree:

Specialty:
Assigned:

Degree:

Specialty:
Assigned:

Degree:

Specialty:
Assigned:

Degree:
Specialty:
Assigned:

Degree:

Specialty:
Assigned:

Degree:

Specialty:
Assigned:

e a® TN et n .
e N g B e e e e e

- L

Ph.D., Engineering Science,
1979

Engineering Science

APL

Ph.D., Mechanical Eng.,
1965

Mechanical Engineering
AD

M.S., Building Construction,
1975

Building Construction

LMC

Ph.D., Mathematics, 197
Mathematics :
AD

£d.D., Exercise Physiology,
1983

Exercise Physiology

SAM

Ph.D., Computer Science,
1982

Computer Science

LMC

e S R A R LR SO RN

-

L)

[FEes

l" .I'-" -,;).—,-
SR _

'’
0

o

[,
A0

LY

':"N % A

5,

s

-
-
5%

.

T

P LA A
,Ar¢15(7

-l

Fg
5 44

g
ot

. ‘.'-’55

;. S"‘-
»

s

a
'y
a
[
)
I

.......



Dr. John W. Bopp
Assistant Professor
Dept. of Chemistry
Nazareth College
4245 East Avenue
Rochester, NY 14610
(716) 586-2525

Dr. Kevin Bowyer
Assistant Professor

Dept. of Computer Sci. & Eng.

University of South Florida
4202 £. Fowler Avenue
Tampa, FL 33620

(813) 974-3032

Mr. Lee I. Britt
Instructor

Dept. of Physics

Grambling State University
Grambling, LA 71245

(318) 274-25175

Mr. Richard H. Brown
Associate Professor

Dept. of Biology

Quachita Baptist University
Box 3686

Arkadelphia, PA 71923
(501) 246-45N

Dr. Robert A. Buchl

Assistant Professor

Dept. of Physics & Astronomy
Univ. of Wisconsin-tau Claire
Eau Claire, WI 54702-4004
(715) 836-2212

Dr. Charles M. Bump
Assistant Professor
Dept. of Chemistry
Hampton University
P O Box 6483
Hampton, VA 23668
(804) 727-5330

Degree:
Specialty:
Assigned:

Degree:
Specialty:
Assigned:

Degree:
Specialty:
Assigned:

Degree:
Specialty:
Assigned:

Degree:
Specialty:
Assigned:

Degree:

Specialty:
Assigned:

Ph.D., Chemistry, 1984
Computer Science
AD

Ph.D. Computer Science, 1980
Computer Science
RADC

M.S., Physics, 1978
Physics
AEDC

M.S., Physiology, 1963
Physiology
OEHL

Ph.D., Physics, 1971
Physics
AD

Ph.D., Organic Chemistry,
1979

Organic Chemistry

FJSRL
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Or. Allan R. Burkett
Associate Professor
Dept. of Chemistry
Dillard University
2601 Gentilly Blvd.
New Orleans, LA 70122
(504) 283-8822

Or. Ronald V. Canfield

Professor

Dept. of Applied Science

Utah State University

UMC 42002601 Gentilly Blvd.

Utah State University, UT 84233
(801) 750-2434

Dr. Patricia A. Carlson
Professor/Director

Dept. of Humanities

Rose-Hulman Inst. of Technology
5500 Wabash Avenue

Terre Haute, IN 47803

(812) 877-1511

Dr. Kwo-Sun Chu

Chairman

Dept. of Physics & Comput. Sci.
Talladega College

Talladega, AL 35160

veU9) 362-0206

Dr. David Y. Chung
Professor

Dept. of Physics
Howard University
Washington, DC 20059
(202) 636-7903

Or. Robert W. Courter

Associate Professor

Dept. of Mechanical Engineering
Louisiana State University

CEBA 2513D

Baton Rouge, LA 70803

(504) 388-5891

Degree:

Specialty:
Assigned:

Degree:
Specialty:
Assigned:

Degree:

Specialty:
Assigned:

Degree:

Specialty:
Assigned:

Degree:
Specialty:
Assigned:

Degree:
Specialty:
Assigned:

Ph.D., Inorganic Chemistry,
1972

Inorganic Chemistry

RPL

Ph.D., Statistics, 1975
Statistics
RADC

Ph.D., Literature/Language,
1973

Literature/Language

HRL/LR

Ph.D., Theoretical Physics,
1974

Theoretical Physics

ML

Ph.D., Physics, 1966
Theoretical Physics
FJSRL

Ph.D., Aerospace Eng., 1965
Aerospace Engineering
AD
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, Dr. Bruce A. Craver Degree: Ph.D., Physics, 1976

X Associate Professor Specialty: Physics éfg
: Dept. of Physics Assigned: ML o
University of Dayton -9
I 300 College Park N
Dayton, OH 45469 %
f (513) 229-2219 ]
: Ve
. i
Prof. William K. Curry Degree: M.S., Computer Sci., 1976 -
‘ Assistant Professor Specialty: Computer Science )
o Dept. of Computer Science Assigned: AL ”
g Rose-Hulman Inst. of Technology o
X 5500 Wabash Ave. oS
D Terre Haute, IN 47803 Dy
(812) B877-1511
) NG
\ Dr. Phanindramohan Das Degqree: Ph.D., Meteorology, 1963 J:
i Professor Specialty: Meteorology N
» Dept. of Meteorology Assigned:  ESD N
Texas A&M University [
’ College Station, TX 177843 gt
i (409) 845-0633 e
; o
N B
. Dr. Bruce A. DeVantier Degree: Ph.D., Civil Eng., 1983 =
Assistant Professor Specialty: Civil Engineering
i Dept. of Civil End. & Mechanics Assigned: ML o
" S. I1linois University gy
’ Carbondale, IL 62901 .
p (618) 536-2368 RS
] )
.
N Or. Elvis E. Deal Degree: Ph.D., Industrial Eng., 1985 )
. . . s
o Assistant Professor Specialty: Industrial Engineering 7
Dept. of Industrial Engineering Assigned: OEHL x:
University of Houston -
4800 Calhoun o
\ Houston, TX 77004 - 5
: (713) 749-4487 ;E
.QJ'
ﬁ Dr. Suhrit K. Dey Degree: Ph.D., Aerospace Eng., 1970 Q;
4 Professor Specialty: Aerospace Engineering -
Dept. of Mathematics Assigned:  AEDC
, Eastern I1linois University b
, Charleston, IL 61920 iy
; (217) 581-3217 o
2
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Dr. Ronna E. Dillon Degree: Ph.D., Educational
Professor Psychology, 1978
Depts. of Educational Psychology Specialty: Educational Psychology
and Psychology Assigned:  HRL/MO
® Southern I1linois University
Carbondale, IL 62901
(618) 536-7763
Or. Ravinder Diwan Degree: Ph.D., Metallurgy, 1973
Professor Specialty: Metallurgy Ry
Dept. of Mechanical Engineering Assigned: ML N
Southern University ety
Baton Rouge, LA 70813 N
(504) 7171-4701 gé ]
® ®
. sy
Or. Verlynda S. Dobbs Degqree: Ph.D., Computer Sci., 1985 3“*:
Assistant Professor Specialty: Computer Science N
Dept. of Computer Science Assigned: AL :$~‘
Wright State University g,
414 Fawcett ";
Dayton, OH 45435 i
(513) 873-249N »}x
tay
e
Or. F. Carroll Dougherty Degree: Ph.D., Aeronautical/ }Eﬁi
Assistant Professor Astronautical Engr., 1985 ®
Dept. of Aerospace Engineering Specialty: Aerospace Engineering 5:;!
University of Colorado Assigned:  AEDC N
Campus Box 429 Pl
Boulder, CO 80309 i
(303) 492-8464 o
T
Dr. John M. Dunn Degree: Ph.D., Applied Physics, 1984 5?
Assistant Professor Specialty: Applied Physics ﬂﬁ
Dept. of Elec. & Compt. Eng. Assigned:  RADC ;
University of Colorado '
° Campus Box 425 8_
Boulder, CO 80309 Nl
(303) 492-54817 E:Ce
22
Qs
Dr. Thomas A.W. Dwyer Degree: Ph.D., Mathematics, 1971
Associate Professor Specialty: Mathematics =%
Dept. of Aero & Astro Eng. Assigned: WL NN
University of Illinois j::*
104 S. Mathews Avenue o
Urbana, IL 61801 @;a‘
¢ (217) 244-0720 kg
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Or. Kiah Edwards
Professor

Dept. of Biology

Texas Southern University
3100 Cleburne Street
Houston, TX 77004

(713) 527-71829

Dr. Marco A. Egoavil

Associate Professor

Dept. of Mechanical Engineering
University of Puerto Rico
Mayaguez, PR 00709

(809) 834-4040

Dr. Ira Elder

Professor

Dept. of Mathematical Sciences
Eastern New Mexico University
Portales, NM 88130

(505) 356-6208

Dr. Ramez Elmasri
Assistant Professor

Dept. of Computer Science
Univ. of Houston

Houston, TX 177036

(713) 749-2630

Or. John E. Erdei
Assistant Professor
Dept. of Physics
University of Dayton
Dayton, OH 45469
(513) 229-2318

Or. Joseph J. Feeley

Associate Professor

Dept. of Electrical Engineering
University of Idaho

Moscow, ID 83843

(208) 885-7482
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Degree:

Specialty:
Assigned:

Degree:
Specialty:
Assigned:

Deqree:

Specialty:
Assigned:

Degree:

Specialty:
Assigned:

Degree:

Specialty:
Assigned:

Qegree:
Specialty:
Assigned:

- e e -
- P

Ph.D., Molecular Biology,
1974

Molecular Biology

OEHL

Ph.D., Mechanical Eng., 1981
Mechanical Engineering
AEDC

Ph.D., Applied Mathematics
1979

Applied Mathematics

WL

Ph.D., Computer Science,
1980

Computer Science

RADC

Ph.D.,
1983
Physics
APL

Condensed Matter,

Ph.B., Electrical Eng., 1980
Electrical tngineering
AD
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Or. Wilton Flemon
Associate Professor

Dept. of Chemistry
Metropolitan State College
Denver, CO 80204

(303) 556-2838

Dr. Dennis R. Flentge
Associate Professor

Dept. of Math/Science
Cedarville College

Box 601

Cedarville, OH 45314-0601
(513) 766-2211

Dr. Luther D. Flippen, Jr.
Assistant Professor

Dept. of Mechanical and
Nuclear Engineering

Mississippi State University
P O Drawer ME

Mississippi State, MS 39759
(601) 325-3412

Dr. Lee A. Flippin
Assistant Professor

Dept. of Chemistry

San Francisco State Univ.
San Francisco, CA 94132
(415) 469-1627

Or. Lionel R. Friedman
Professor

Dept. of Electrical Eng.
Worcester Polytechnic Inst.
100 Institute Road
Worcester, MA 01609

(415) 469-1627

Dr. John W. Gilmer
Assistant Professor
Polymer Science Program
Penn State University
University Park, PA 16802
(814) 863-1487

Degree:

Specialty:
Assigned:

Degree:

Specialty:
Assigned:

Degree:
Specialty:
Assigned:

Degree:

Specialty:
Assigned:

Degree:
Specialty:
Assiqned:

Degree:

Specialty:
Assigned:

xi
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Ph.D., Physical Organic
Chemistry, 1970

Physical Organic Chemistry
RPL

Ph.D., Physical Chemistry,
1974

Physical Chemistry

APL

Ph.D., Mechanical Eng., 1982
Mechanical Engineering
RPL

Ph.D., Organic Chemistry,
1980

Organic Chemistry

AFGL

Ph.D., Physics, 1961
Physics
RADC

Ph.D., Physical Chemistry,
1984

Physical Chemistry
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Or. Stephen J. Gold

Associate Professor

Dept. of Electrical Engineering
South Dakota State University

P 0 Box 2220

Brookings, S0 57007

(605) 688-4419

Or. Michael R. Gorman
Assistant Professor

Dept. of Engineering Mechanics
Univ. of Lincoln-Nebraska

216 Bancroft Hall

Lincoln, NE ©68588-0347

(402) 472-2391

Dr. Benjamin Gottlieb
Professor

Dept. of Science

Bishop College

3837 Simpson Stuart Road
Dallas, TX 75042

(214) 372-817173

Or. Gary M. Graham

Assistant Professor

Dept. of Mechanical Engineering
Ohio University

261 Stocker

Athens, OH 45701

(614) 593-1556

Mr. William M. Grissom
Assistant Professor
Dept. of Physics
Morehouse College

630 Westview Or., S.W.
Atlanta, GA 30314
(404) 681-2800

Dr. Timothy A. Grogan
Assistant Professor
Dept. of Electrical and
Computer Engineering
University of Cincinnati
ML#30 898 Rhodes Hall
Cincinnati, OH 45245
(513) 475-2349

Degree:
Specialty:
Assigned:

Degree:
Specialty:
Assigned:

Degree:
Specialty:
Assigned:

Degree:
Specialty:
Assigned:

Degree:
Specialty:
Assigned:

Degree:
Specialty:
Assigned:
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Ph.D., Electrical Eng., 1969
Electrical Engineering
FJSRL

Ph.D., Physics, 1981
Physics
RPL

Ph.D., Physics, 1964
Physics
AFGL

Ph.D., Mechanical Eng., 198%
Mechanical Engineering
FDL

M.S., Mechanical Eng., 1978
Mechanical Engineering
AEDC

Ph.D., Electrical Eng., 1983
Electrical Engineering
RADC
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Dr. Vijay K. Gupta Degree: Ph.D., Chemistry, 1969 .:,'2.‘
Professor Specialty: Chemistry T
Dept. of Chemistry Assigned: ML 4""
Central State University ’
® Wilberforce, OH 45384 \
(513) 376-6423 .“':'
A
v
Dr. Narayan C. Halder Degree: Ph.D., Physics, 1963 :'L.,v::
Professor Specialty: Physics 3
Dept. of Physics Assigned: AL NG\
University of South Florida -
Tampa, FL 33620 :-,,!’
(813) 974-2781 Iy
S
® , ) @®
Or. Kenneth R. Halliday Degree: Ph.D., Mechanical Eng, 1977 e
Associate Professor Specialty: Mechanical Engineering N:'.:c:'
Dept. of Mechanical Engineering Assigned: ML :"10;.
Ohio University ol
259 Stocker Center i
Athens, OH 45701
(614) 593-1557 IR
A%
2
Dr. Elmer C. Hansen Degree: Ph.D., Mechanical Eng., 1978 -f.‘-,,-‘
Assistant Professor Specialty: Mechanical Engineering Lot/
+. Dept. of Mechanical Engineering Assigned: AD
University of Florida : o
222 MEB j.q, '
Gainesville, FL 32611 o
(904) 392-0827 RO
ATy,
Dr. David Hart Degree: Ph.D., Mathematics, 1980 .\f\-:
Assistant Professor Specialty: Mathematics N
Dept. of Mathematics Assigned: FUL RN
University of Cincinnati RN
Cincinnati, OH 45221 NN
*. (513) 475-485) 8
:&;;
Dr. Terence Hines Degree: Ph.D., Psychology, 1978 ;‘E:\f(
Assistant Professor Specialty: Psychology E-h%
Dept. of Psychology Assigned: HRL/0T A
Pace University _
Pleasantville, NY 10570 NS
(914) 741-3791 N
N
N
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Dr. Albert Hirschberg Degree: Ph.D., Organic Chemistry, fg}g
Professor 1960 %
Dept. of Chemistry Specialty: Organic Chemistry oS ﬁ
Long Island University Assigned: FJSRL -
Brooklyn, NY 11201 a0l
r (516) 536-5719
: ik
f Dr. Robert Hoffman Degree: Ph.D., Psychology, 1978 -3
Associate Professor Specialty: Psychology
N Dept. of Psychology Assigned:  AFGL )
! Adelphi Univ. Ly
X Garden City, NY 11530 o
: (516) 663-1055 b
! Y
@
. Or. James Hoffmaster Degree: Ph.D., Physics, 1970 iy
i Chairman Specialty: Physics A
' Dept. of Physics Assigned: AD Nl
' Gonzaga University ‘
' Spokane, WA 99205 o
(509) 328-2416
: %
; S
; Or. Gwendolyn Howze Degree: Ph.D., Molecular Biology, ¢
; Associate Professor 1974 )
) Dept. of Biology Specialty: Physics 5
Texas Southern University Assigned: AD .
K Houston, TX 77054 o
3 (713) 795-0280 33
’:a -.;'
‘ Dr. Mayer Humi Degree: Ph.D., Applied Math, 1970 “
. Associate Professor Specialty: Applied Mathematics N
' Dept. of Math Assigned:  AFGL =
' WPI NS
v Worcester, MA 01609 o~
\ (617) 755-3771 -~
K o
By Dr. Peter Jeffers Degree: Ph.D., Chemistry, 1964 "
r Professor Specialty: Chemistry o
R Dept. of Chemistry Assigned:  ESC e
\ S.U.N.Y. 'z-::
! Cortland, NY 13045 %
(607) 753-2903 -
: 3
: 3
N Dr. Gordon Johnson Degree: Ph.D., Electrical Eng., 1972 Zﬁ
' Professor Specialty: ¢Electrical Engineering "
' Dept. of Physics Assigned: ML .
: Walla Walla College N
’ College Place, WA 99324 4
1 (509) 527-288) ‘&-
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Or. Louis Johnson
Associate Professor

Dept. of Electrical Engineering

Oklahoma State Univ.
Tryon, OK 74875
(918) 375-23174

Or. William Jordon
Assistant Professor
Dept. of Engineering
Louisiana Tech. Univ.
Ruston, LA 71272
(318) 257-4304

Dr. William Kauder

Assistant Professor

Dept. of Accounting

North Carolina A&T State Univ.
Greensboro, NC 27411

(919) 294-4539

Dr. John Kenney

Assistant Professor

Dept. of Physical Sciences
Eastern New Mexico University
Portales, NM 88130

(505) 562-2152

Dr. Yong Kim

Assistant Professor

Dept. of Civil Engineering
Catholic University of America
Washington, D.C. 20904

(301) 635-5164

Or. Charles Kimble
Associate Professor
Dept. of Psychology
University of Dayton
Dayton, OH 45469
(513) 229-2168
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Degree:
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Assigned:

Degree:
Specialty:

Assigned:

Degree:
Specialty:

Assigned:

Degree:
Specialty:

Assigned:

Degree:
Specialty:

Assigned:

Degree:
Specialty:

Assiqned:
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Ph.D., Electrical Eng., 1973
Electrical Engineering
RADC

Ph.D., Interdis. Eng., 1985
Engineering
ML

Ph.D., Accounting, 1982
Business Administration
LMC

Ph.D., Physical Chemistry,
1979

Physical Chemistry

RPL

Ph.D., Civil Eng., 1984
Civil Engineering
ESC

Ph.D., Psychology, 1972
Psychology
AAMRL
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Or. Jerome Knopp Degree: Ph.D., Electrical Eng., 1976 E::'"
Associate Professor Specialty: Electrical Engineering .::'.
Dept. of Engineering Assigned: WL O,
University of Missouri -8
Independence, MO 64050-1799 B,
(913) 276-1278 :&E
%
Dr. Lawrence Koons Degree: Ph.D., Chemistry, 1956 ot
Professor Specialty: Chemistry R _J
Dept. of Chemistry Assigned:  FJSRL AVN
Tuskegee University PN
Tuskegee, AL 36088 N
(205) 7271-8835 A%
)
a
®
Or. Henry Kurtz Degree: Ph.D., Chemistry, 19717 ‘.'-:*
Assistant Professor Specialty: Chemistry X
Dept. of Chemistry Assigned:  FJSRL u.‘.az
Memphis State Univ. agh
Memphis, TN 38107 £aXy
(901) 454-2630 >
&
Dr. Thomas Lalk Degree: Ph.D., Mechanical Eng., 1972 e
Assistant Professor Specialty: Mechanical Engineering :-s.
Dept. of Mechanical Eng. Assigned: APL cﬂ
Texas A&M Univ. -~
College Station, TX 717840 o
' (409) 693-9495 :'-:'.
1 Lt
LN
I.-’
Or. Dan Landis Degree: Ph.D., Psychology, 1963 ros
Professor Specialty: Psychology
\ Dept. of Psychology Assigned:  DEOMI A
{ Univ. of Mississippi 22
University, MS 38671 j.:-.'
(601) 236-244) ;:~
k-
a
'{ Dr. Steven Leon Degree: Ph.D., Mathematics, 1971 {
Professor Specialty: Mathematics e
Dept. of Mathematics Assigned:  AFGL 0
Southeastern Massachusettes M
North Dartmouth, MA 02747 ‘
(617) 999-8320 e
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Or. David Ludwig
Assistant Professor

Dept. of Mathematics

Univ. of North Carolina
Greensboro, NC 27412-5001
{919) 334-5749

Dr. Mohammed Maleque
Associate Professor
Dept. of Pharmacology
Meharry Medical College
Nashville, TN 37208
(615) 327-6510

Dr. Robert Masingale
Professor

Dept. of Sciences and Math
Jarvis Christian College
Hawkins, TX 75765

(214) 769-2174

Dr. Michael Matthews
Assistant Professor

Dept. of Behavioral Sciences
Orury College

Springfield, MO 65802

(417) 865-8731

Dr. Alastair McAulay

Professor

Dept. of Electrical Engineering
Wright State University

Dayton, OH 45440

(513) 873-2167

Dr. Barry McConnell

Assistant Professor

Dept. of Computer & Info Sci.
Florida A&M University
Tallahassee, FL 32307

(904) 599-3022

Mr. Oliver McGee

Sr. Research Associate
Dept. of Civil Engineering
Ohio State University
Gahanna, OH 43230

(614) 476-5035%

Degree:
Specialty:
Assigned:

Degree:
Specialty:
Assigned:

Degree:
Specialty:
Assigned:

Degree:
Specialty:
Assigned:

Degree:
Specialty:
Assigned:

Degree:
Specialty:
Assigned:

Degree:
Specialty:
Assigned:

xvii

Ph.D., Mathematics, 1971
Mathematics
SAMN

Ph.D., Pharmacology, 1976
Pharmacology
SAM

Ph.D., Chemistry, 1966
Chemistry
FJSRL

Ph.D., Psychology, 1984
Psychology
HRL/MO

Ph.D., Electrical Eng., 1974
Electrical Engineering
AL

Ph.D., Computer Sci., 1984
Computer Science
Wi

M.S., Eng. Mechanics, 1983
Engineering Mechanics
FOL
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Dr. Daniel Mihalko Degree: Ph.D., Math Statistics, 1977 D
Associate Professor Specialty: Math Statistics :;ff
Dept. of Math & Statistics Assigned:  SAM v
Western Michigan University o
Kalamazoo, MI 49008 ik
(616) 383-6165 N &
e
| o B
Mr. Augustus Morris Degree: B.S., Biomedical Eng., 1981 NN
Mathematics Instructor Specialty: Biomedical Engineering
Dept. of Natural Sciences Assigned:  AAMRL o
Wilberforce University L
; Wilberforce, OH 45426 2
! (513) 376-2911 o
! r.i‘h'
@
Dr. Mary Morton-Gibson Degree: Ph.D., Physiology, 1970 ‘.;.;
Associate Professor Specialty: Physiology/Biophysics ;
Dept. of Chemistry/Physics Assigned: SAM ¢ 3
; Lock Haven University x*:
; Lock Haven, PA 17745 R
(717) 893-2054 . |
t -‘-J:(
: kP
: Or. Lena Myers Degree: Ph.D., Sociology, 1973 =~
, Professor Specialty: Sociology L
Dept. of Sociology/Social Psych. Assigned: DEOMI Y
Jackson State University « !
: Jackson, MS 39217 s
(601) 968-2591 -
;:‘
» Or. James Nail Degree: Ph.D., Electrical Eng., 1976 ey
Associate Professor Specialty: Electrical Engineering |
Dept. of Engineering Assigned: AD t,
: Mississippi State Univ. }Q}_
' Mississippi State, MS 39762 el
(601) 325-3665 :; )
, - \ .
Or. Henry Nebel Degree: Ph.D., Physics, 1967 ~N
Associate Professor Specialty: Physics -
Dept. of Physics Assigned:  AFGL A
Alfred University s
' Alfred, NY 14802 N
(607) 871-2208 AN
Y
Dr. Maurice Neveu Degree: Ph.D., Chemistry, 1959 =
Associate Professor Specialty: Physical/Organic Chemistry )
Dept. of Chemistry Assigned:  FJSRL 5”
State University College TS
Fredonia, NY 14063 :“'
(716) 673-3285 Nt
N
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Or. James Noyes Degree: Ph.D., Computer Sci., 1977 ety
Associate Professor Specialty: Computer Science }*\¢
Dept. of Math & C.S. Assigned: AL ’ 'y
Wittenberg University ~.
g Springfield, OH 45501 AN
(716) 673-3285 L
Sy
('.‘ (
Or. Noel Nussbaum Degree: Ph.D., Biology, 1964 oY
Associate Professor Specialty: Biology
Dept. of Biology Assigned:  AAMRL BERCY
Wright State University N
Dayton, OH 45401-0927 .:-;::-;
(513) 426-8935 :‘:_Q’
AN
P Or. Thomas Nygren Degree: Ph.D., Psychology, 1975 "qf
Associate Professor Specialty: Psychology Sy
Dept. of Psychology Assigned:  AAMRL $f§$
Ohio State University R
Columbus, OH 43221 s,
(614) 486-7931 @
AN
Or. Kurt Oughstun Degree: Ph.D., Optics, 1979 3
Assistant Professor Specialty: Optical Sciences e
Dept. of Electrical/Computer Assigned:  SAM o
Engineering @
University of Wisconsin ey
Madison, WI 53705 PN
(608) 231-3126 N
ARG,
..‘.\’ 7
Dr. Surgounda Patil Degree: Ph.D., Math Stat., 1966 §
Professor Specialty: Math Statistics R
Dept. of Math Assigned:  AEDC oy
Tennessee Technical University e
Cookeville, TN 38501 A
(615) 528-6924 R
LY
Or. Martin Patt Degree: M.S., Electrical Eng., 1964 )
Associate Professor Specialty: Electrical Engineering jx"
Dept. of Electrical Engineering Assigned:  AFGL ﬁ':"h
University of Lowell w2
Lowell, MA 01854 o
(617) 452-5000 e
e
L
Dr. William Patten Degree: Ph.D., Mechanical Eng., 1986 )
Assistant Professor Specialty: Mechanical Engineering Fote ¥y
o Dept. of Mechanical Eng. Assigned:  FDL d

University of Iowa
Towa City, 1A 52242
(319) 335-5675
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Dr. Ralph Peters Degree: Ph.D., Zoophysiology, 1975 ;Zﬁ
Associate Professor Specialty: Zoology .y
Dept. of Biology Assigned: SAM T
Wichita State University -8
Wichita, KS 67217 A
(316) 943-8762 r"'..-
%
o
Or. Randall Peters Degree: Ph.D., Physics, 1968 o
Associate Professor Specialty: Physics
Dept. of Physics Assigned: WL 9
Texas Tech University I
Lubbock, TX 79409 NN
! (806) 742-37517 Y
D
o
Dr. Gerald Pollack Degree: Ph.D., Physics, 1968 ~
Professor Specialty: Physics P,
Dept. of Physics/Astronomy Assigned:  SAM e
Michigan State University ]
East Lansing, MI 48823 o
(517) 353-9590 2
Y e
h e
Dr. Spencer Porter Degree: Ph.D., Phys. Chemistry, 1968 5%,
Professor Specialty: Physcial Chemistry s
Dept. of Chemistry Assigned: ML i
Capital Univeristy - ..
g Columbus, OH 43209 )
(614) 236-6107 :-l':
DRy
Or. Leonard Price Degree: Ph.D., Org. Chemistry, 1962 ‘
Chairman Specialty: Organic Chemistry by
Dept. of Chemistry Assigned:  SAM a
Xavier Univ. of Louisiana Y
New Orleans, LA 77012 N
(504) 486-7411 N
o
Dr. Stephen Pruett Degree: Ph.D., Immunology, 1980 w5
Assistant Professor Specialty: Immunology e
Dept. of Biological Sciences Assigned:  SAM o~
Mississippi State University EX
Mississippi, MS 39762
(601) 325-3120 S
AT o
'.f
.'-.
Dr. Panapkkam Ramamoorthy Degree: Ph.D., Digital Signal o
Associate Professor Process, 1977 o
Dept. of Electrical/Computer Eng. Specialty: Electrical Engineering Y
University of Cincinnati Assigned:  RADC TR
Cincinnati, OH 45221 N
(513) 475-4247 oy
XX :‘l‘
)
Y
B
e

NONDYAS 4 -‘.b ".3.0."!.| AOINURLACHG .llO-"O (% l."l"‘.“!'.‘ ». ’ S I'o O'v - . \.. HGRLYY, '.f. .0 ' pG ' f w f

-



T TTIRIWC TR W WO W W " aatafar la® fa Rat Sav Gat hat iy flat bot bup Rt N , H A . Rt gd it Rt pgh

PN

A7

o

Dr. Gandikota Rao Degree: Ph.D., Meteorology, 1965 ;'.::’
Professor Specialty: Meteorology A
Dept. of Meterology Assigned:  AFGL '-r”
St. Louis University )
¢ St. Louis, MO 63156 S
(314) 658-3115 S
R

e

Dr. Donald Robertson Degree: Ph.D., Psychology, 1981 :',:_-:::.
Associate Professor Specialty: Psychology =y
Dept. of Psychology Assigned:  AAMRL pE
Indiana University of PA .:j:x"
Indiana, PA 15705 )
(8412) 357-4522 o
e

o , . . ®
Dr. Kenneth Roenker Degree: Ph.D., Solid State Physics, hrtvp.
Associate Professor 1973 NN
Dept. of Electrical/Computer Eng. Specialty: Solid State Physics :\.’,.
University of Cincinnati Assigned: AL .n-"{:
Cincinnati, OR 45221 e
(513) 475-4461 ‘&
R,

M N

Or. Ramendra Roy Degree: Ph.D., Nuclear Engr., 1975 "":::
Professor Specialty: Nuclear Engineering A
Dept. of Nuclear Engineering Assigned:  APL N
Arizona State University @
Mesa, AZ 85202 2N
(602) 838-0551 A
ey

Or. Paul Rybski Degree: Ph.0., Astronomy, 1972 e
Assistant Professor Specialty: Astronomy Al
Dept. of Physics Assigned:  AFGL 8
University of Wisconsin A
Whitewater, WI 53190-1790 NER
(414) 472-5766 o
o

A

ALY

b Dr. Joseph Saliba Degree: Ph.D., Solid Mechanics, 1983 .8
Assistant Professor Specialty: Solid Mechanics RN
Dept. of Civil Engineering Assigned:  FDL g
University of Dayton GGk
Dayton, OH 45469 RS
(513) 229-38417 SN
Or. Richard Schori Degree: Ph.D., Mathematics, 1964 PN
Professor Specialty: Mathematics NN
Dept. of Mathematics Assigned: SAM N
Oregon State University sah N
° Corvallis, OR 97333 e
(503) 754-4686 O
A
2N
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Dr. Lawrence Schovanec Degree: Ph.D., Mathematics, 1964
Assistant Professor Specialty: Mathematics
Dept. of Mathematics Assigned: RPL
Texas Tech University
Lubbock, TX 79409
(806) 742-1424
Dr. William Schulz Degree: Ph.D., Chemistry, 1975
Associate Professor Specialty: Chemistry
Dept. of Chemistry Assigned: ESC
Eastern Kentucky University
Richmond, KY 40475
(606) 622-1463
Dr. Nisar Shaikh Degree: Ph.D., Mechanics, 1983
Assistant Professor Specialty: Mechanics
Dept. of Engr. Mechanics Assigned: ML
Univ. of Nebraska
Lincoln, NE 68588-1347
(402) 472-2384
Dr. Shiva Singh Degree: Ph.D., Mathematics, 1959
Professor Specialty: Mathematics
Dept. of Mech. Engineering Assigned: FOL
Univ. of Kentucky
Lexington, KY 40506
‘(606) 2571-3825
Dr. Gary Slater Degree: Ph.D., Aerospace Engr., 1971
Professor Specialty: Aerospace Engineering
Dept. of Aerospace Engineering Assigned: FOL
University of Cincinnati
Cincinnati, OH 45221
(513) 475-6287
Dr. Timothy Su Degree: Ph.D., Physical Chem., 1971
Professor Specialty: Physical Chemistry
Dept. of Physical Chemistry Assigned: AFGL
Southeastern Massachusetts Univ.
North Dartmouth, MA 02790
(617) 999-8235
Or. David Sumberg Degree Ph.D., Physics, 1972
Associate Professor Specialty: Physics
Dept. of Electrical Engr. Assigned: RADC
Rochester Institute of Tech.
Rochester, NY 14618
(716) 475-6061
xxii
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Dr. Wesley Tanaka
Associate Professor
Dept. of Chemistry
University of Wisconsin
Eau Claire, WI 5470
(715) 836-5388

Or. Richard Tankin
Professor

Dept. of Mechanical Engr.
Northwestern University
Evanston, IL 60201

(312) 491-3532

Or. Joseph Tedesco
Assistant Professor

Dept. of Civil Engineering
Auburn University

Auburn, AL 36849

(205) 826-4320

Dr. Forrest Thomas
Professor

Dept. of Chemistry
University of Montana
Missoula, MT 59812
(406) 549-8205

Dr. Howard Thompson

Professor

Dept. of Mechanical Engineering
Purdue University

W. Lafayette, IN 47907

(317) 494-5624

Dr. David Townsend
Associate Professor

Dept. of Psychology
Montclair State College
Upper Montclair, NJ 07043
(201) 783-9407

Dr. Michele Trankina
Assistant Professor
Dept. of Biology

St. Mary's University
San Antonio, TX 78284
(512) 436-3241

Degree:
Specialty:
Assigned:

Degree
Specialty:
Assigned:

Degree
Specialty:
Assigned:

Degree
Specialty:
Assigned:

Degree
Specialty:
Assigned:

Degree
Specialty:
Assigned:

Degree

Specialty:
Assigned:

xxiii
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Ph.D., Biochemistry, 1974
Biochemistry
SAM

Ph.D., Mechanical Eng., 1960
Mechanical Engineering
APL

Ph.D., Civil Engr., 1982
Civil Engineering
ESC

Ph.D., Chemistry, 1959
Chemistry
FOL

Ph.D., Mech. Engr., 1965
Mechanical Engineering
FJSRL

Ph.0., Cog. Psychology, 1972
Cognitive Psychology
HRL/LR

Ph.D., Nutrit. Physiology
1982

Nutritional Physiology
SAM
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Or. Robert Trenary

Assistant Professor

Dept. of Computer Sci. & Math
Western Michigan University

Kalamazoo, MI 49008

(616) 383-6151

Dr. Dennis Truax

Assistant Professor

Civil Engineering

Dept. of Civil Engineering
Mississippi State Univeristy
Mississippi State, MS 39762
(601) 325-3050

Dr. John Uhlarik
Professor

Dept. of Psychology
Kansas State University
Manhattan, KS 66506
(913) 532-6850

Dr. P. Vaidya

Associate Professor

Dept. of Mechanical Engineering
Washington State Univ.

Pullman, WA 99164

(509) 335-7436

Dr. Joseph Verducci
Assistant Professor
Dept. of Statistics
Ohio State University
Columbus, OH 43210
(614) 292-3886

Dr. Robert Voigt
Associate Professor
Metallurgy

Dept. of Mechanical Engr.
University of Kansas
Lawrence, KS 66045

(913) 864-3181

Degree

Specialty:
Assigned:

Deqree
Specialty:
Assigned:

Deqree
Specialty:
Assigned:

Degree
Specialty:
Assigned:

Degree:
Specialty:
Assigned:

Degree:

Specialty:
Assigned:

xxiv
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Ph.D., Computer Science/Math
1987

Computer Science

AL

Ph.D., Civil Eng., 1986
Civil Engineering
ESC

Ph.D., Psychology, 1970
Psychology
HRL/0T

Ph.D., Acoustics, 1969
Acoustics
ESC

Ph.D., Statistics, 1982
Statistics
OEHL

Ph.D., Metallurgical Engr.,
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Metallurgical Engineering
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Dr. Keith Walker
Professor

Dept. of Physics
Point Loma College
San Diego, CA 92106
(619) 221-2374

Or. Richard Walker
Assistant Professor
Dept. of Mathematics
Fort Lewis College
Durango, CO 81302
(303) 247-N47

Or. Jacob Weinberg
Professor

Dept. of Mathematics
University of Lowell
Lowell, MA 01854
(617) 127-9820

Dr. Howard Weiss
Associate Professor
Dept. of Management
Temple University
Philadelphia, PA 19122
(215) 787-6829

Or. Charles Wells
Associate Professor

Dept. of Decision Sciences
University of Dayton
Dayton, OH 45469

(513) 229-3332

Dr. Ward Wells

Assistant Professor

Human Performance

Dept. of Physical Education
University of Alaska
Fairbanks, AL 99775-0240
(907) 479-5115

Or. John Westerkamp
Assistant Professor

Dept. of Electrical Engr.
University of Dayton
Dayton, OH 45469

(513) 229-3611
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Specialty:
Assigned:

Degree:
Specialty:
Assigned:

Degree:
Specialty:
Assigned:

Degree:
Specialty:
Assigned:

Degree:
Specialty:
Assigned:

Degree:

Specialty:
Assigned:

Degree:
Specialty:
Assigned:
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Ph.D., Physics, 1971
Physics
AFGL

Ph.D., Math/Geophysics, 1979
Mathematics
AFGL

Ph.D., Mathematics, 1961
Mathematics
RADC

Ph.D., Industrial Eng., 1975
Industrial Engineering
LC

Ph.D., Management Sci., 1982
Management Science
HRL/LR

Ph.D., Human Performance,
1981

Human Performance

SAM

Ph.D., Electrical Eng., 1985
Electrical Engineering
AAMRL
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Dr. Robert Wetherhold Degree: Ph.D., Applied Science, 1983 gﬁ;
Assistant Professor Specialty: High Temperature Composite e
Mechanical & Aerospace Eng. Materials _ e
State Univiversity of New York Assigned: ML ;1'
Buffalo, NY 14260 iy
{716) 636-2593 E&u.
0::,|'.:
Dr. William Wheless Degree: Ph.D., Electrical Eng., 1985 JE*
Assistant Professor Specialty: Electrical Engineering ayna
Dept. of ECE Assigned: WL .
New Mexico State University :5 4
Las Cruces, NM 88003 ol
(505) 646-3214 o ]
@
N
Dr. Stanley Whidden Degree: M.D., Hyperbaric Medicine, Eﬁ%
Researcher 1984 ;%&
Hyperbaric Medicine Specialty: Hyperbaric Medicine iy
Dept. of Hyperbaric Medicine Assigned: SAM S
JESM Baromedical Research Inst. 3
New Orleans, LA 70115 &
(504) 363-7656 o
Y
¢
. . ity
Dr. Andrew Whipple Degree: Ph.D., Cell Biology, 1979 )
Associate Professor Specialty: Cell Biology ®
| Dept. of Biology Assigned:  AAMRL T
y Taylor University T
Upland, IN 46989 i;g
(317) 998-5333 ffﬂ
| e
RS
Dr. Sharon Williams Degree: M.S., Cell Biology, 1979 ey
Instructor Specialty: Biochemistry A
Dept. of Chemistry Assigned: SAM RS
Southern University Iy
Baton Rouge, LA 70813-0572 o
(504) 771-3990 -
Dr. Frank Witzmann Degree: Ph.D., Biology, 1981 R
Assistant Professor Specialty: Biology -
Dept. of Biology Assigned: AAMRL S
l IUPUI Columbus
Columbus, OH 47203 -
(614) 372-8266 o
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Dr. William Wolfe
Associate Professor

Dept. of Civil Engineering
Ohio State University
Columbus, OH 43210

(614) 292-0790

Or. Lawrence Wolpert
Associate Professor
Dept. of Psychology
Ohio State University
Columbus, OH 43210
(614) 267-9328

Or. Cheng-Hsiao Wu

Associate Professor

Solid State Physics

Dept. of Electrical Engineering
Univ. of Missouri

Rolla, MO 65401

{314) 341-4671

Or. Joan Wyzkoski

Associate Professor

Dept. of Math & Computer Sci.
Fairfield University
Fairfield, CT 06430-7524
(203) 254-4000

Or. Melvin Zandler

Associate Professor
Physical Chemistry

Dept. of Chemistry

Wichita State Univ.
Wichita, KS 67204

(316) 689-3120

Dr. George Zobrist
Professor

Dept. of Computer Science
University of Missouri
Rolla, MO 65401

(314) 341-4492
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Specialty:
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Degree:
Specialty:
Assigned:

Degree:

Specialty:
Assigned:

Degree:
Specialty:
Assigned:

Degree:

Specialty:
Assigned:

Degree:
Specialty:
Assigned:

xvii

Ph.D., Engineering, 1979
Engineering
FDL

M.S., Psychology, 1983
Psychology
AAMRL

Ph.D., Solid State Physics,
1972

Solid State Physics

APL

Ph.D., Mathematics, 1979
Mathematics
WL

Ph.D., Physical Chemistry,
1966

Physical Chemistry

FJSRL

Ph.D., Electrical Eng., 1965

Electrical Engineering
ESMC
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C. PARTICIPANT LABORATORY ASSIGNMENT (Page 1)

k 1987 USAF/UES SUMMER FACULTY RESEARCH PROGRAM

AERO PROPULSTION LABORATORY (AFWAL/APL)
(Wright-Patterson Air Force Base)

1. Suresh Aggarwal 5. Thomas Lalk
2. Bryan Becker 6. Ramendra Roy
3. John Erdei 1. Richard Tankin
4. Dennis Flentge 8. Cheng-Hsiao Wu
ARMAMENT LABORATORY (AD)
(Eglin Air Force Base)
1. Charles Bell 6. Joseph Feeley
P 2. David Betounes 1. Elmer Hansen
, 3. John Bopp, Jr. 8. James Hoffmaster
{ 4. Robert Buchl 9. James Nail
J 5. Robert Courter

, ARMSTRONG AERQOSPACE MEDICAL RESEARCH LABORATORY (AAMRL)
(Wright-Patterson Air Force Base)

|
| 1. Xavier Avula 8. Thomas Nygren R
| 2. Praphulla Bajpai 9. Donald Robertson T
[ 3. Shankar Bale 10. John Westerkamp AT
i 4. Gwendolyn Howze 11. Andrew Whipple ﬁftﬁ
5. Charles Kimble 12. Frank Witzmann NN
6. Augustus Morris 13. Lawrence Wolpert -
7. Noel Nussbaum S

“. e

s '
~
I

(-"5

[

ARNOLD ENGINEERING DEVELOPMENT CENTER (AEDC)
(Arnold Air Force Station)
1. Lee Britt 4. Marco Egoavil
2. Suhrit Dey 5. William Grissom
3. Carroll Dougherty 6 Surgounda Patil

'y

AVIONICS LABORATORY (AFWAL/AL)
(Wright-Patterson Air Force Base)

John Amoss

Vernon Bakke

William Curry

Verlynda Dobbs

Narayan Halder

Alastair McAulay
James Noyes
Kenneth Roenker
Robert Trenary

[S 0 T P53\ B
o oo~

DEFENSE EQUAL OPPORTUNITY MANAGEMENT INSTITUTE (DEOMI)
(Patrick Air Force Base)

1. Dan Landis Etéﬂ
2. Lena Myers Y
A
A SAS
EASTERN SPACE AND MISSILE CENTER (ESMC) 5Q$j
(Patrick Air Force Base)
1. George Zobrist




C. PARTICIPANT LABORATORY ASSIGNMENT (Page 2)

ELECTRONICS SYSTEMS DIVISION (ESD)
(Hanscom Air Force Base)

1. Phanindramoha Das

A ENGINEERING AND SERVICES CENTER (ESC)

| (Tyndall Air Force Base)
1. William Bannister 5. William Schulz

' 2. William Bass 6. Joseph Tedesco
3. Peter Jeffers 1. Dennis Truax

:? 4. Yong Kim 8. P. G. Vaidya

iy

' FLIGHT DYNAMICS LABORATORY (AFWAL/FDL)
(Wright-Patterson Air Force Base)
1. Gary Graham 6. Shiva Singh
2. David Hart 1. Gary Slater
3. Oliver McGee 8. Forrest Thomas
4. William Patten 9. William Wolfe
5. Joseph Saliba

: FRANK J. SEILER RESEARCH LABORATORY (FJSRL)

; {(USAF Academy)

X 1. Charles Bump 6. Henry Kurtz

‘ 2. David Chung 7. Maurice Neveu
3. Stephen Gold 8. Howard Thompson
4. Albert Hirschberg 9. Melvin Zandler
5. Lawrence Koons

N GEOPHYSICS LABORATORY (AFGL)

L (Hanscom Air Force Base)

. 1. fFranceso Bacchialoni 8. Martin Patt

2. Lee Flippin 9. Gandikota Rao
3. Benjamin Gottlieb 10. Paul Rybski
4, Robert Hoffman 11. Timothy Su
5. Mayer Humi 12. Keith Walker
6. Steven Leon 13. Richard Walker
7. Henry Nebel

HUMAN RESOURCES LABORATORY/LR (HRL/LR)
(Wright-Patterson Air Force Base)
1. Patricia Carlson
2. David Townsend
3. Charles Wells
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C. PARTICIPANT LABORATORY ASSIGNMENT (Page 3)

HUMAN RESQURCES LABORATORY/MO (HRL/MO)
(Brooks Air Force Base)
1. Victor Appel
2. Ronna Dillon

3. Michael Matthews

HUMAN RESOQURCES LABORATORY/OT (HRL/OT)
(Williams Air Force Base)
1. Terence Hines
2. John Uhlarik

LOGISTICS COMMAND (LC)
(Wright-Patterson Air Force Base)
1. Howard Weiss

LOGISTICS MANAGEMENT CENTER (LMC)
(Gunter Air Force Base)
1. Kweku Bentil
2. Jerome Blaylock
3. William Kauder

MATERIALS LABORATORY (AFWAL/ML)
(Wright-Patterson Air Force Base)

1. Kwo-Sun Chu 8. Gordon Johnson

2. Bruce Craver 9. William Jordan

3. Bruce DevVantier 10. Spencer Porter

4. Ravinder Diwan 11. Nisar Shaikh

5. John Gilmer 12. Robert Voigt

6. Vijay Gupta 13. Robert Wetherhold
7. Kenneth Halliday

OCCUPATIONAL AND ENVIRONMENTAL HEALTH LABORATORY (OEHL)
(Brooks Air Force Base)
1. Richard Brown 4. Robert Masingale
2. Elvis Deal 5. Joseph Verducci
3. Kiah Edwards

ROCKET PROPULSION LABORATORY (RPL)
(Edwards Air Force Base)

1. Gurbux Alag 5. Michael Gorman

2. Allan Burkett 6. John Kenney

3. Wilton Flemon 7. Lawrence Schovanec
4, Luther Flippen
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C. PARTICIPANT LABORATORY ASSIGNMENT (Page 4)

ROME AIR DEVELOPMENT CENTER (RADC)
(Griffiss Air Force Base)

Beryl Barber

Kevin Bowyer

Ronald Canfield

John Dunn

Ramez Elmasri

Lionel Friedman

DN WA -

SCHOOL OF AEROSPACE MEDICINE (SAM)
(Brooks Air Force Base)

Phillip Bishop

David Ludwig

Mohammed Maleque

Daniel Mihalko

Mary Morton-Gibson

Kurt OQughstun

Ralph Peters

Gerald Pollack

O~ D WA -~

WEAPONS LABORATORY (WL)
(Kirtland Air Force Base)

Thomas Dwyer

Ira Elder

Jerome Knopp

Barry McConnell
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Timothy Grogan
Louis Johnson
Panapakkam Ramamoorthy
David Sumberg
Jacob Weinberg

Leonard Price
Stephen Pruett
Richard Schori
Wesley Tanaka
Michele Trankina
Ward Wells
Stanley Whidden
Sharon Williams

Randall Peters
William Wheless
Joan Wyzkoski
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RESEARCH REPORTS

1987 SUMMER FACULTY RESEARCH PROGRAM

Title

Vaporization Behavior of Multicomponent

Fuel Droplets in a Hot Air Stream

Large Space Structure Parameter
Estimation

Correlation and Simulation Studies of
GaAs Microwave MESFET Power Devices

Air Force Officer Selection Revisited:

Entertaining The Possibilities for
Improvement

Evaluation of Three-Dimensional Kinetics

Analysis Methods of Robotics for the
Study of Human Articulated Motion

Pointing Control Systems for
Balloon-Flown Instruments

Sustained Delivery of Volatile
Chemicals by Means of Ceramics

Frequency Estimation in the Analysis
of Radar Signals

Invitro Cytotoxic Effects of
Perflurodecanoic Acid on L5178Y
Mouse Lymphoma Cells

Fire Technology of Jet Fuels
(JP-8 vs. JP-4)

Microwave Measurements

Identification Techniques Using
Fragmentary Human Bone

A Numerical Simulation of the Flow
Field and Heat Transfer in a
Rectangular Passage with a
Turbulence Promoter

Synergistic Effects of Bomb Cratering

Xxxiv

Professor

. Suresh K. Aggerwal

Dr.

Dr.

Or.

Gurbux S. Alag

John W. Amoss

Victor H. Appel

. Xavier J.R. Avula

Or.

Or.

Or.

Or.

Dr.

Franceso Bacchialoni

Praphulla K. Bajpai

Vernon L. Bakke

Shankar S. Bale

William W. Bannister

Prof. Beryl L. Barber

Or.

Dr.

Or.

William M. Bass

Bryan R. Becker

Charles Bell
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1% Construction Contract Administrator's Prof. Kweku K. Bentil
Technical Handbook

N
e
16 Least Squares Estimation Theory and Dr. David E. Betounes "
Geometrical Smoothers AN
v
Wi
17 Increasing Work Capacity of Personnel Prof. Phillip A. Bishop A
Wearing Protective Clothing in Hot '25:
Environments
18 User-System Interface Standards Dr. Jerome W. Blaylock
19 Fourier Transform Infrared Studies of Or. John M. Bopp, Jr.

Ethylenediammonium Dinitrate and
1,4-Butanediammonium Dinitrate

20 A "Form and Function® Knowledge Dr. Kevin W. Bowyer
Representation for Reasoning about
Classes and Instances of Objects

21 An Analysis of Infrared Light Mr. Lee I. Britt
Propagation in Hollow Metallic Light
Pipes
22 Phytotoxicity of Soil Residues of Mr. Richard. H. Brown
JP-4 Aviation Fuel .
# 23 Dynamics of a Metallic Jet Or. Robert A. Buch] TAN
.___u.,\
24 Reactions of Nitryl Chloride with Dr. Charles M. Bump Z;{j:
Aromatic Substrates in Chloraluminate NI
Melts \::\_’_-\-
N~ N Y
25 Chemistry for the Space Program Dr. Allan R. Burkett 'J%F
A%
Ry
26 Bayesian Testability Demonstration Or. Ronald V. Canfield hzh“”
N
21 Hypertext and the Integrated Dr. Patricia Carlson O
| Maintenance Information System (IMIS) "'
Ty
28 Dopant Diffusion in NIPI Semiconductor Dr. Kwo-Sun Chu by
Superlattices ;
-.\
29 Nonlinear Optical Effects in Fibers Or. David Y. Chung M

"y

and Small Crystals

30 The Effect of Model Flexibility on the Or. Robert W. Courter
Accuracy of Aerodynamic Coefficients
Determined from Free-Flight Ballistic
Tests

31 Tunable Absorption in Superlattices Dr. Bruce A. Craver
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32 Computer Simulation of Adaptive Prof. William K. Curry :::t
Resource Management in Real-Time !
\x‘ '\.."-
‘ 33 Effect of Wind and Turbulence on an Dr. Phanindramoha Das ’ ;_*
‘ Artificially Generated Strato- :~“~
; Mesopheric Plasma N
: s L
' 34 Analysis and Modeiing of the Thermal Or. Bruce A. DeVantier R
. Response of an Autoclave for Expert S,
. System Control of Carbon-Epoxy =
. Composite Fabrication S
* \':‘\ .
R 35 A Study of Service Demand Distribution  Dr. Elvis Deal AN
‘ and Task Organization for the Analysis \jxl
of Environmental Samples and Associated *;:
Support Services at the USAF
X Occupational and Environmental
4 Health Laboratory-Brooks AFB,
i San Antonio, Texas
! 36 Vectorized Perturbed Functional Dr. Suhrit K. Dey
Iterative Scheme (VPFIS) for Numerical R
' Solution of Nonlinear Partial N
\ Differential Equations {;x
‘-‘,'-
' 31 An Eight-Domain Framework for Under- Dr. Ronna F. Dillon NN
4 standing Intelligence and Predicting }i‘
Intelligent Performance T
i) A
) 38 Microstructural Developments in Dr. Ravinder Diwan NN
) Titanium Aluminides: A Study of N
! Dynamic Material Modeling Behavior .x\
&
; 39 Ada and Artificial Intelligence Dr. Verlynda S. Dobbs 5\_
) Applications for Electronic Warfare vﬁ
' h
e 40 Computational Simulation of Transonic Dr. F. Carroll Dougherty y}
Store Separation ]
q M Guided Waves in Millimeter Wave Dr. John M. Dunn ‘SE:
] Circuit Design N
‘ i
-\.
42 Slew-Coupled Structural Dynamics Or. Thomas A.W. Dwyer B
Identification and Control P
. 43 The Effects of Metal Mutagens on the Dr. Kiah Edwards
Synthesis and Accumulation of
! Macromolecules
: 44 Project 1 - Scaling Laws of Two- Or. Marco A. Egoavil
. Dimension Nozzle Plumes; Project 2 -
2 Design of a Mechanism to Control
: Turbulence Levels in Wind Tunnels
'
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Volume 11
54

55

56
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58

59

60

61

62
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Computation of Rutherford Scattering
Cross Sections

Database Processing in Real-Time Systems

Non-Uniform Spatial Systems and the
Transition to Turbulence

Bank-To-Turn Control of Air-To-Air
Missiles

Borazine Reactions

Chemical and Spectroscopic Evaluation
of Antimony Sulfides

The Evaluation of a Thermal-Hydraulic
Design of a Fixed Particle Bed Reactor
and Suggested Model Revisions

Sift Studies of Gas Phase Ion-Molecule
Reactions

Silicon Junction-Difet Electrooptic
Modulator

Phase Behavior of Poly(p-phenylene
benzobisthiazole) Molecular Composites

Design of an Omnidirectional Torquer

Acoustic Emission and the Fracture
Behavior of 2-D Carbon Carbon

No Report Submitted

High Amplitude Airfoil Motion Using
Point Vortices

Liquid Film Cooling of Rocket Engines

Cellular Logic Image Processor
Evaluationn

Thermal Decomposition Investigations
of Candidate High Temperature Base
Fluids Il1. Silahydrocarbons

Effect of Surface States on the

Electronic Transport Properties in
Semi-Insulating GaAs

XXXVii
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Ira T. Elder

. Ramez A. Elmasri

John E. Erdei

Joseph J. Feeley

Wiltton Flemon

Dennis R. Flentge

Luther D. Flippen

Lee A. Flippin

Lionel R. Friedman

John W. Gilmer

Stephen J. Gold

Michael R. Gorman

Benjamin Gottlieb

Gary M. Graham

William M. Grissom

Timothy A. Grogan

Vijay K. Gupta
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The Surface Primitive Method of . Kenneth R. Halliday
Feature Based Computer Aided Design
for Manufacture

Gun Gas Diversion . Elmer C. Hansen
Multi-Block Grid Optimization . David Hart

Encoding in Less than 100 Milliseconds . Terence M. Hines
Demonstrated Using a Reaction Time
Task

." N . s
A

.

)
3

r

Nitrated Heterocyclic Compounds: A . Albert I. Hirschberg
Synthetic Study

'l
L2, 7,

-
3

A Human Factors Approach to the Process . Robert R. Hoffman
of Developing the Advanced Meteoro-
logical Processing System

SRS

Pressure Attenuation in Solids: A . James S. Hoffmaster
Computer Model

L £ L7
AT

In Situ Detection of Osteoprogenitor . Gwendolyn B. Howze
Cells in an Actively Growing Bone
System

Vi

+

Non-local Turbulance Theories . Mayer Humi

“ ‘.". )

Leaching and Hydrolysis of some . Peter M. Jeffers
Chlorinated Solvents

%

‘"3697

Cholesteric Liquid Crystals of Bio- . Gordon 0. Johnson
molecules for Use as Optical Filters

Contribution of the Value Assignment . Louis G. Johnson
Problem to the Complexity of Test

Generation in Combinational Logic

Circuits and Power Line Testing of

CMOS Digital Logic Circuits

2

e e ]
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L
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Effect of Stacking Sequence Upon . William M. Jordan
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VAPORIZATION BEHAVIOR OF MULTICOMPONENT FUEL DROPLETS
IN A HOT AIR STREAM

by

Suresh K. Aggarwal* and K. Nguyen**

Abstract

An experimental-theoretical investigation of the behavior of evaporating
fuel droplets in an hot air flow was initiated. In the theoretical part, a
computer code was developed to calculate the droplet size, velocity, and
surface properties along its trajectories. The major features of the code are
(i) three different liquid-phase models, namely the diffusion-limit, infinite-
diffusion, and vortex, can be employed, (ii) Two gas-phase models used for the
external convection effect on the transport rates are the Ranz-Marshall and
the axisymmetric models, (iii) vaporization of pure as well as multicomponent
fuel droplets can be predicted, and (iv) variable property effects are
considered. A parametric study was completed, where the predictions of the
three liquid-phase models were compared, and the variable-property effects

were evaluated. From these results, the operating conditions for the
experimental study were identified.

In the experimental part, the facility to inject a single stream of
droplets in well-characterized hot air flow was set up. A LDV system and a
therwocouple measure the local air properties. The droplet properties were
wmeasured by the Phase-Doppler particle analyzer and photography. Several
tests were completed to fuliy characterize the experimental conditions. In
future, the focus will be to compare the experimental and theoretical data for
laminar flow conditions. The study would be then extended to turbulent

flows. The future work is described in the Research Initiation Proposal.

* Assistant Professor
** Graduate Student
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Introduction

In spite of many significant advances reported in spray combustion
researcn, as reviewed by Law (1], Faeth (2], Sirignano {3], and Mann and
Tishkofr [4], we have a long way to go before the current spray models become
reliabpie predictive and/or design tools. Mew advances must be made in
physical modeling, numerics, and diagnostic capabilities. One critical area,
¥ winere further fundamental understanding is required, is the wvaporization
benavior of a droplet in a hot flow field. Clearly, an accurate prediction of
droplet vaporization rate and trajectory would provide the fundamental input

in any realistic spray model.

The Aero-Propulsion Laboratory at WPAFB has great interest in advancing

the fundamental understanding of complex spray processes. The laboratory has

| the most modern experimental facility for couwbustion and fluid-dynamic
research. It nas played a leading role in developing flow visualization
techniques and providing laser-based data base for modeling, and for further

insight into the complex combustion phenomena. I have worked extensively in

e

the area of spray ignition, droplet ignition, development of advanced
vaporization models, and numerical methods for spray computations. My
research interests have much in common with those of Dr. T. Jackson and Dr. M.
K Roquemore of APL. This lead to my summer assignment at APL. One graduate

student, Mr. K. Nguyen, worked with us on tihe project.

) II. OBJECTIVES OF THE RESEARCH

The literature search indicates that the behavior of an evaporating/
burning droplet has been extensively studied [1l]. Starting with the early
work of Godsave [5]), which led to the «classical dz-law model, many
experimental and theoretical investigations have been reported. Major outcome
of these investigations has been the development of several improved
vaporization models [1,3] to represent the effects of transient liquid-phase
processes and of external convection on the gasification behavior of pure as
well as multicomponent fuel droplets. However, there is no information
available as yet on the behavior of evaporating droplets under relatively cold
but convective environments. When the ambient temperature is (say) about 500

K, the possibility of an envelope flame around a droplet 1is precluded, the
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gasification rate is relatively low, and the droplet heat-up time may not be

small as compared to its lifetime, which means that the liquid-phase transient
processes would be important. A need therefore existed to generate data base
and to assess the advanced vaporization models for low temperature
environment. Studying tne vaporization bpenavior under low tewperature
conditions is also particularly relevant for the multicomponent case. ilost of
the theoretical developments have been based on the assumption that the liquid
mass diffusion is much slower than the surface regression rate. At lower
environment temperature, however, the mass diffusion rate may be comparable to
the regression rate. The validation of the theoretical models under such
conditions will be thus of great practical and fundamental value. The overall
objective of this research is to develop an experimental facility and
comprehensive theoretical models to investigate the behavior of evaporating

sprays. The specific tasks to be completed are:

(i) To develop a cowmputer code which employs the advanced vaporization
models to predict the behavior of multicomponent fuel droplets in an
hot air flow.

(ii) To set up an experimental facility for generating a single stream of
droplets in an hot air flow, and to make measurements of local gas-
phase and droplet properties along a droplet trajectory.

(iii) To generate experimental data for evaluating the various vaporization
models for pure and multicomponent fuel droplets.

(iv) To extend the work to study the droplet dispersion and vaporization

behavior in hot well-characterized turbulent flows.

The first two tasks were completed during the summer program and are
descrived in the next two sections. Tasks #3 and #4 would be pursued under

the Research Initiation Program.
I11I. THEOKETICAL WORK

A coumputer code was developed to predict the transient behavior of a
droplet along its trajectory. The major features of the code are (i) Three

different liquid-phase models, namely the diffusion-limit, infinite-diffusion,

and vortex models, can be employed, (ii) Two different models can be used to
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account for the effect of external convection on the transport rates, (iii) :\.\"
heat-up and vaporization behavior of pure as well as multicomponent fuel $:,.
s,
dropiets can be obtained, and {iv) variable-property effects are considered. ~
Ine various liquid- and gas-phase models, as well as the other aspects of the :\"f.\.
theoretical work are now discussed. Some representative numerical results are :-::-.
et
also presented. o]

"

£

1iia. Droplet Equations N
;

The equations governing the variation of droplet position, velocity, and ::’:::'
size are: oo
dX g

= A \"l
& =% o S8
o "~ 3

v C -

d ) 3 (.,D m Re(VP V) 2 :;

de 16 p r?' N

p P S

-

2 o
d r* — Ll
--% 2w (3) 5

dc* c o1 }_\"
pg °» *p )

. @

where the drag coerficient is assumed to be given by N
g 2/3 o

24 e -

C W + —— *a b

bD Fl (l 5 ) (4) :_‘..

e

L]

2or, lvp - v‘ o
Re = u : (5) :::. ]

here V is the gas velocity, and p the gas density. y, A, and Cpg are "-
a

respectively the average viscosity, thermal conductivity, and specific heat of S,
Zas layer surrounding the droplet. As discussed by Faeth [2]), their :'.:’_:.
variations with local gas temperature and composition should be considered in :-f:‘.-
order to accurately predict the droplet vaporization history. Dp and a_ are
®

the liquid density and thermal diffusivity. Further, the drop radius in Eq. w
(3) is normalized by its initial value (rpo), and the temporal variable {is -l:::'_
~\-

normalized by Tho and ap. Expression for m depends on the gas-phase model
used to represent the effect of external convection, and is given as: ;\'
e

.:_.

&
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= (1 + 0.3 ReJ/Z) tn (1 + B)

for Ranz-Marshall correlation (6)

_ 4 )
= —— Re f(bY)

/I

for simplified axisyumetric model

where f is the Blasius function [6] of the mass transfer By, which is defined

as
g o s " Ve (7
Y 1 -Y
fs
with Y =7 Y,
fs is
(8)
Yfm =z Yfi

Here the subscripts s and « represent respectively the properties at droplet

surface and in the gas environment outside the gas layer. The summation is

. over all species in the gas phase. The above set of equations is complete

except for Y. . (or Yis)

temperature at tne droplet surface.

which is a function of 1liquid composition and

The Clasius-Clapeyron relation for phase
equiliovrium and the Raoult's law for ideal mixtures [6] are used to determine

Y This leaves the liquid composition (Yzis) and temperature at the droplet

is*

surface as the unknowns. Different liquid-phase models, employed in the

study, ditfer essentially in the determination of these unknowns. These are
briefly described next.

IIIb. The Diffusion-Limit Model

In this model, the transient heat and mass transport processes in the

liquid are assumed to be diffusion-controlled, and are represented by the

unsteady heat and mass diffusion equations. Since the droplet is vaporizing,
a transformation is used to cast the moving boundary problem into a fixed

one. The transformed equations are:
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9T* 3TI* aT*

e 2v L -7 . (9)
at ar ar r
Y SZY Y
2.l A M L 2oTE (10)
3t ar r r

lere Ii is the normalized liquid temperature inside the droplet, Yzi the mass
fraction of 1liquid species i, Le the liquid Lewis number, r the normalized
radial location inside the droplet, and t the normalized temporal variable.
! The initial conditions, the boundary conditions, and other details of these
equations can be found in earlier publications [1,6]. The numerical solution
of Eqs. (9)-(10) yield the transient distribution of liquid temperature and

composition inside the droplet, and thus at the surface.

IIIc. The Infinite-Diffusion Model

The diffusion-limit model does not consider the effect of internal
circulation, which would be induced due to the relative gas motion, on the
transport processes., The infinite-diffusion model, on the other hand,
considers the other 1limiting situation. It assumes that the 1liquid
tewperature and composition remain uniform as the droplet vaporizes. The
relative rate of vaporization of each component is then controlled by its
volatility. The wodel may be relevant when the droplet lifetime is small as
compared to the liquid-mass-diffusion time, an highly unlikely situation. The
temaporal variations of teuwperature and composition are determined from the

overall energy and mass conservation.

* : Py )
dT* 3 C m (H - .)

= (1
) dT cpg (TB To)
dm
L =3 T (12)
dt P

Here m; is the non-dimensional mass of liquid species i in the droplet. Then
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the ratio of m; and the total remaining mass gives the liquid mass fraction of
species i. Again, the reader is referred to an earlier publication [6] for

more details.

111ld. The Vortex Model

The condition of complete mixing, as assumed in the infinite-diffusion
model, is never realized in combustor situations [3]. Even with large
internal circulation, the liquid temperature and composition become uniform
along the streamlines but not across them. To represent the effect of
internal circulation realistically and still maintain one-dimensionality a
simplified model has been developed by Sirignano and coworkers [3,7]. After
certain simplifications [7], the equations for the liquid temperature and

composition inside the droplet are

P o0

= ¢ 5 + [1 + c(t) ¢]3—- (13)
13T, 3¢ L4

LMy 2y —

—_ = —== + [— + c(t) ¢] (14)
bl a?l Le 3¢2 Le 3

where ¢ is the dimensionless stream function, For further details of the
vortex model, the reader is referred to Tong and Sirignano [7], and Aggarwal
L6]. The initial and boundary conditions are also discussed in the cited

references.

I1le. Mumerical Results

Equations (1)-(3), (1l1) and (l2) were solved by using a second-order
Runge—-Kutte scheme. The local gas-phase properties were assumed; when the
results are compared with experiments, the measured flow properties would be
employed. The Eqs. (9)-(10) for the diffusion-limit, and (13)=(14) for the
vortex models were solved by an implicit Crank-Nicolson scheme. Due to the
large liquid Lewis number, a thin diffusion layer exists near the droplet
surface, i.e. the Eqs. (9)-(10) and (13)-(14) are stiff. A variable-size mesh

is employed to resolve the stiffness.

1-9

v e I N )

' ( " "-{‘-,“v‘.‘h”\‘_\"\"'ﬁf 'h"’ \'5 \,1\,\

-

LAAAKS
g

Fy
l‘:
1 S

Vale
-

1

s

e e
s
M0

..’.

yo

<L

Zof

3?¥ﬁ>i:

. L%
frﬁ%.i

-

PRy
oara) o
O

o

L}
Y: [ ]
L

»

Yo

PR A )
'/'Ju".
A

4

e
)
<

4
o
a R 4
G-ttt s e e

- .
ML
="

E R
e g
»

Y
'.l‘
£

31,.
2 el L
) o A/

5, ’f"(_ .

KA
-
VA

¥ e ¥
P4
o 5 9

Lo BN
2

5 8

.o
7'
k]

l"
."-



¥

R

A

1

Some representative results from the numerical study are now discussed.
A bicomponent hexane-decane fuel droplet at initial temperature of 300 K is
assumed to be injected at a velocity of 3 m/s in an hot air flowing at 1
w/s. Initial mass fraction of 1liquid hexane is assumed to be 0.5 and tne
initial droplet diameter is 6U microns. These values correspond to the

expected experimental conditions.

Figures 1 and 2 show tne droplet surface temperature, liquid mass
fraction of hexane at the surface, and square of the droplet radius normalized
by its initial value, as predicted by the three liquid-phase models. All the
properties are all plotted along the droplet trajectory. The air temperature
is 400 K and 800 K for Figs. 1l and 2 respectively. The differences between
the predictions of infinite-diffusion model and other two are greater for the
latter case. This can be expected since increasing the air temperature
ennances the surface regression rate, as evident in the reduction of axial
distance traversed by the droplet during its 1lifetine. This reduces the
liquid mass diffusion rate relative to the regression rate. Perhaps, a more
interesting observation 1is that the differences between the diffusion-limit
and infinite-diffusion models are quite significant even at relatively low air
temperature (400 K). Thus, an experimental study of the vaporization behavior

of multicomponent fuel droplets in low temperature conditions would provide

some information.

The vaporization behavior of a pure fuel droplet is portrayed in Fig.
3. Tnese results are given because we plan to obtain the corresponding
experiwental results. The air temperature is 400 K. Note that tne droplet
surface temperature decreases for the hexane fuel since 1its wet-bulb
tewperature is below its initial temperature. The differences between the
diffusion-limit and infinite diffusion models are again non-negligible. Also
the heating time 1s not negligibly small as compared to its 1lifetime,
indicating that the transient liquid-phase processes are important even when

the air temperature is low.

More detailed results from a systematic parametric study would be given
when the predicted values are compared with experiments. The purpose of
presenting a few numerical results was to indicate some of the capabilities of

the code and to demonstrate the importance of an experimental study.
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I11f. Variable-Property Effects

There are three aspects of the variable-property effects. First, the
temperature and composition in the gas layer surrounding a droplet can vary
signirficantly frow tneir values at the droplet surface to those in the far
field. This aspect 1is considered by defining a reference state for
calculating the tnermo-physical properties. Folilowing Faeth [2], the
reference state is defined as

o, =a ¢, * (1 —a) ¢, (15)

r
where ¢ is a generic quantity, g is the weighting factor, and subscripts s and

o represent values at the droplet surface and in the far field.

The second aspect is that ¢, can change significantly during the droplet
lifetime because g varies due to droplet heating and vaporization, and
¢, varies as the droplet traverses through different gas regions., The third
aspect is that the 1liquid thermophysical properties would vary due to the
changes in 1liquid temperature and composition. All three aspects were

‘ considered in the study.

The variations in the specific heat, density, thermal conductivity, heat
of vaporization, and mass diffusivity of liquid were evaluated over the
temperature range of interest., It was found that the effects of liquid-phase
variable properties can pe effectively considered by using the properties at
an average liquid temperature. Further details would be given in a separate
report. To evaluate the effects of gas-phase variable properties, a mixture
of hexane, decane, 0, and N, was considered. Following Faeth [2], the value
b " of a was assumed to be 0.7. Note that the comparison of experimental and
anumerical results would be used to get a better value. Then, using the
composition and temperature at the drop surface and in the ambience, the
reference state can be obtained. The thermophysical properties of the mixture
were calculated by following the procedure used by Shuen et al. [8], where
several sources were employed to obtain the properties of each species. More
details would be provided in a separate report, Here, the effect of
considering variable properties in the gas phase is presented. As shown in

b Fig. 4, the droplet surface temperature is higher which results in greater
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vaporization rate for the variable-property case. This 1s because the gas ?‘::Ez
conductivity increases due to the increase in the reference temperature for “":-l:.'\
this case. Consequently, the rate of heat transfer to the droplet is ”'
g enhanced. Also notable is the fact that the variable-property effect is ::;:
; stronger for tne lower air temperature case. WNote that in the present study, :: :
‘3 tne ambient conditions are held fixed during the droplet lifetime. As a :.'
’ resulct, tne effect is entirely due to the changes in surface properties. 1In a T
" combustor, the awbient conditions would change along the droplet trajectory, :_v_.:
) o

2
LA 4

and the variaple-property effects would be more significant.

L0 T
A
%.‘I oy -

P L

IV. TdE EXPERTHMENTAL FACILITY

[ 4
' The schematic of the experimental set-up used to generate a single stream :::‘
; of droplets in an hot air flow, and of the diagnostic facility is shown in Fig :‘- ‘
K 5. 'The hot air flow system consists of a settling chamber, which contains the A
N screens, electric heater, and honeycomb., The chamber is connected to the test ::"\
: section, which is a 18" long square duct (3.5" x 3.5"), through a contraction EE:
: elbow. The droplet generation system consists of a fuel supply line, a 0.75" ;E
¢ piezoelectric system for applying the pulse to a liquid fuel column, and a o
v glass nozzle with a tip diameter of 50 microns. An air cooling system in an ‘\ N
E annulus around the fuel tube is used to keep the temperature of liquid fuel at :,_ﬂ\'
s room conditions. The whole experimental set-up is mounted on an adjustable .'..‘:
’ frame to provide movement in all three directions. The major diagnostic :.,‘
; facility consists of a Phase-Doppler Particle Analyzer (PDPA) for measuring ':._::
¢ the local gas wvelocity as well as the droplet size and velocity, a "_..::
,' tnermocouple to measure the local gas temperature, and a photographic systeuw T\;\‘
to record the droplet size variation along the trajectory directly. A :
R thermocouple 1is also used to measure the initial droplet temperature. Also, ':f
‘: the laser sheet 1lighting along with a Bragg cell 1is wused for droplet !‘:
: visualization. - \
A ;-}.
) During the summer program, the experimental facility was set-up. The ~.
preliminary tests conducted to characterize the droplet and hot-air flow ;::::

Y necessitated many modifications in the air flow and droplet-generation ‘.:
; systems. Several changes were made in the air flow system to enhance the "_::
‘ transverse mixing in the settling chamber and to have a uniform air flow with ) b
, very low turbulence level. Some modifications were also made in the liquid o~
o
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h e
; 5
R 0 D e O T D O O A D e N N DI A N AN SONT,

Ada) X

(]



T T T R T A T A M W o 7Y ¥ M R Y L B M WU WLV i W Wy v v vl 3
o
.,,.
9
v
flow system. The present measurements indicate that the air flow has fairly :::j
uniform velocity and temperature distributions in the central part of the QE'_:’
b duct. In addition, the flow visualization indicates that it is possible to -
generate and maintain a single stream of droplets along the duct axis. The ";‘t N
experiuwental set-up is now fully operational and ready for wmeasurement of :"‘::
droplet size and velocity along its trajectory. The local air properties N .I.'
needed for numerical calculations will also be measured. Further details of 5'
the experimental work are provided in the next section and in the RIP. -}'\::5
i,
| PN
V. RECOMMENDATIONS ::‘:'_::"'
P a. First set of experiments will focus on the vaporization behavior of pure u"
fuel (n—decane) droplets in the hot air flow. The droplet size and velocity E“.- ,:
nistory will be measured by the PDPA and photographically. The experimental N ¢
values will be compared with the corresponding numerical results, as shown in L S
Figs. 1-4. The measured values of the local flow and initial droplet -2:-"‘
properties will be employed in numerical predictions. The initial comparison _::j:
will help us in validating the computational results as well as in refining ":’-:
. the diagnostics. l'
b, The vaporization behavior of multicomponent fuel droplets will then be E?:'"-.
studied by using a mixture of hexane and decane fuels. Following an initial "}:E.
comparison, a systematic parametric study will be conducted. The important "Ej:'
parameters would be initial liquid cowposition, droplet size, air temperature, NS
and relative air velocity. From the comparison, the various liquid- and gas- :{:\'
phaes models will be evaluated. Other aspects, such as variable-property :::j}:_
effects will also be examined, :'.;:}
Cs A key variable for comparison is the droplet surface temperature. A :‘-':S'C
4 technique based on the fluorescence method [9] will be developed to measure ,..:,.\
thie temperature. The experimental data will be compared with the numerical ::&
values of surface temperature as predicted by different models. This would be :_::E:
a significant development since the surface temperature history is much more NN
sensitive to the 1liquid-phase models as compared to the droplet size :,.'-_._
history. The experimental technique will also be potentially useful in spray t;'__::
applications. :‘::;
> d. The experimental-theoretical study will then be extended to the i
evaporating droplets in hot well-characterized turbulent flow. In the ._:
NN
ﬁé
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experiment, the vaporization and dispersion of droplets will be measured in

grid-generated turbulent flow field. The theoretical model will consider the

P

discrete as well as stochastic models to predict the dispersion behavior of
vaporizing droplets. Again, a parametric investigation will be conducted.
, Tne additional paraweters here will be tne turpbulent scales.
; e. Turbulent sprays will also be studied experimentally and theoretically in

the future.
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ABSTRACT

There has been a great deal of interest in experimental modal analysis
as a part of an integrated computer aided engineering approach to the
solution of structural dynamics problems. Experimental modal analysis refers
to the process of determining the modal parameters (frequencies, damping
factors, and modal vectors) of a linear, time-invarient system by way of an
experimental approach. One common reason for the experimental approach

is the verification of the results of the analytical approach, such as finite
element analysis.

The determination of modal parameters from experimentally measured
data involves the use of parameter estimation techniques. The estimation
methods are changing due to the transfer of existing technology from the other
fields where estimation techniques have been more commonly used over the
past several decades. It is proposed to investigate the practical
implementation and use of various parameter estimation techniques to
determine modal parameters from experimentally measured data.
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Several planned USAF Space Systems will pose serious vibration by
control problems when very precise vibration control of large flexible 1:3:5:'.
structures in presence of on board noise is performed. The accuracy of .-:g‘;-
vibration control is dependant on the accuracy of the mathematical structural s
model. A popular approach for determination of structural model is to perform ;;%‘
system identification. There is a proliferation of identification techniques 'Q
currently being advocated. it is, therefore, essentiai that various system '“
identification schemes be evaluated in their application to large flexible space "
structures. NN
o
The Air Force Astronautics Laboratory, Edwards Air Force Base, is '.‘
currently developing an in-house capability for experimentally evaluating new Lt
techniques in system identification and vibration control for large flexible ‘_‘_.r%.«-
space structures. Towards this end a cantilevered two dimensional flexible :ﬁ.:
gnd structure has been constructed. Suitable equipment which will enable Eé: y
on-line and off-line identification experiments to be performed, has also been f'-.“
acquired. i":
My research interest has been in the area of digital adaptive control '*
specially where explicit identification of the system is also involved. | have ':'
also worked at NASA on development of flight control systems for aircraft ,.\
using MATRIXx software. My background, thus, enabled me to work on the B2
comparative analysis of various identification schemes using the experimental ':iiﬁ
setup at AFAL and the control system design software MATRIXy. P
T
s
. QBJECTIVES: e
I
The Air Force Astronautics Laboratory at Edwards Air Force Base is :::-:
currently involved in the evaluation of various modal parameter estimation ;::3';
schemes in the first phase of its long term research effort in the area of large .'-}:I-'
space structures control. An experimental facility has been built to conduct i .'
system identification studies on a flexible two-dimensional grid structure. ::
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Results obtained by using parameter estimation techniques will be used to
verify results obtained by analytical methods like NASTRAN.

it is proposed to determine the modal parameters experimentally for
the grid structure in the region up to 10hz.

The following is the details of the proposed work undertaken as a part
of this research.
1) Frequency response functions are obtained using impact testing

2) Use different parameter estimation methods to determine the modal
parameters from the frequency response function. The methods considered
are:

i) Single degree of freedom approximation

ii) Ibrahim time-domain method

iii) Linearized least squares mulitiple degree of freedom method

M MODAL PARAMETER ESTIMATION;

Modal parameter estimation is the estimation of frequency, damping, and
modal coefficients from the measured data. The measured data may be either
in raw form or in processed form such as frequency response. Regardless of
the form of the measured data, the modal parameter techniques have been
divided into two categories: (1) Single degree-of-freedom (SDOF)
approximations, and (2) multiple degree-of-freedom (MDOF) approximation.

Over the last twenty years, many modal parameter estimation methods
have been developed. Often, it seems that these methods are very different
and unique. In reality, all methods are derived from the same equation and
are concerned with the decomposition of a composite function into its
constituent parts. The decomposition may occur in the time domain in terms of
damped complex exponentials, in the frequency domain in terms of SDOF
functions, or in the modal domain in terms of modal vectors. The various
modal estimation methods are enumerated in the following:
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* Forced Normal Mode Method

* Quadrature Amplitude

+ Kennedy-Pancu Circle Fit

+ SDOF Polynomials

* Non-linear Frequency Domain

» Least Squares Complex Exponential
+ |brahim Time Domain

» Eigensystem Realization Algorithms
» Orthogonal Polynomial

» Gilobal Orthogonal Polynomial
» Polyreference : Time Domain
: Frequency Domain
» Direct Parameter Identification: Time Domain
: Frequency Domain
Autoregressive Moving Average (ARMA)

The following parameter estimation schemes were considered:

» Single degree of freedom approximation: Ir most modal parameter
estimation schemes, the typical procedure is to first estimate the eigenvalues
(natural frequencies and damping factors) and then to estimate the
eigenvectors (modal coefficients). The simplest modal estimation procedure
is to measure the magnitude of frequency response at one of the natural
frequencies. The natural frequency for this simple case can be determined by
choosing the frequencies where the magnitude of the frequency response
reaches a maximum. The damping factor and modal coefficients can be
estimated with known techniques.

+ The second method a MDOF approximation is the Ibrahim time
domain method developed to extract the modal parameters from damped
complex exponential response information.

L e s Y ".".".
P, 2L . .
/ "s’ﬁ(&’& 5 4 L.
l“g.‘{ y 2

* The third method involves the development of a linearized least

. ®
squares algorithms. The parameter estimation is done in two steps. In the first K,
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step, the frequencies and damping factors are calculated. Using this CEEE
L information, the modal vectors are obtained in the next step. ".7':;
V.  BESULTS: e

~

With the advent of small, dedicated mini-computer systems it is possible S \
to measure frequency response information and computationally determine -
the modal parameters. As a result of this improved computational capability a '*E’:-_E
large number of computational algorithms have been developed in recent ;:;};
years for computing modal information. A few of this algorithms were ’3"3’
P evaluated to compare each technique in respect of its implementation, .,
advantages, and disadvantages. Pt
S
The SDOF is the simplest to use but its main disadvantage is that the f 5
technique does a very poor job of separating modes. The Ibrahim Time ,ﬁ:
Domain approach based on the damped complex exponential response -'"o':;
method is rather straight forward in application. It does require the use of an i .
oversized mathematical modal to improve the accuracy of the identified ,'\'ﬁ"
’ parameters. The linear least square algorithm while implementable is e
computational intensive. ~::3.
s
Dus to the time limitation, most of the recent popular methods could not ::::':'

be investigated. It is proposed to continue to investigate the other techniques A
before a recommendation of the most suitable method/methods is made. N
g

v
V.  BECOMMENDATIONS: et
| . s
Experimental modal analysis is playing an increasingly important role .:::.::}_
in structural dynamics efforts which are in need of analytical model 4__;“.5
verification. The determination of modal parameters from experimentally N
measured data involved the use of parameter estimation techniques. YRR
Numerous parameter estimation methods are available and each has its é:ﬁ_:
advantages and disadvantages, and as such, have their own ardent devotees. :&“:-'.:
The objective of the present study is to evaluate the ease or difficulty in NN
implementing these techniques and compare the qualities of their resuits. ;\-,_.
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A very limited study was carried out under this research because of
limited duration of the effort. It is proposed that the study be continued to e
embrace all the techniques mentioned in Section Il before a final N,

o
recommendation can be made for suitable method/methods that can be used e
for parameter estimation. 2

.
X

£

A mini-grant proposal will be submitted to Universal Energy System to A
continue this research and to study the implementation feasibility, advantages,
and disadvantages of all the parameter estimation methods. Ed
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Correlation and Simulation Studies
of
Microwave MESFET Power Devices
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Correlation plots of dc data for microwave power MESFETs are f“ég
\]
presented. These data were measured on devices processed on :jﬂ
(s

o o

substrates grown by low—-pressure and high-pressure

AN

Czochralski techniques. The purpose of the correlation was ift

. A
- ‘f.. ,'
; to assess the merits of GaAs materials grown by the two sxx'
A

y o
methods and to establish the uniformity of ion implantation, i
NG
annealing, and processing of full 3 inch diameter :: X
h) ]

substrates. Since the characteristics of the devices seemed :3;

to be process and device related, correlation plots of

]
1) 5

n’i;’

T
Y
x
E o2

measured data were compared with correlation plots of

’

Monte-Carlo simulations to help identify what process or

.}-{l{

e
L4

device parameters were causing the observed variations in dc

7
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characteristics.
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Introduction ')‘07}
Uﬁ
Y The Avionics Laboratory, Wright-Patterson Air Force Base, {2{
o
has ongoing programs with several companies that process :¢Qa
] semiconductor materials into devices for use in microwave \ﬁﬁ}
N
and high-speed logic circuits. The primary tasks of each :ﬁg
N
T
{ program are (1) to process, using established procedures, 37?
o
GaAs substrates grown by low-pressure and high-pressure Bty
A
™
liquid encapsulated Czochralski techniques; (2) to obtain ng'
S
&-‘N.J
data describing the material, process, and device parameters N
before, during and after the processing of the substrates; RS,
and (3) to provide such data for material and device ﬁ;h;
Sy
o a4
correlation studies. The companies involved in the programs &fﬂ‘
®
and the devices they are processing are: o
\
Material Growth }
Texas Instruments - Low-pressure Boule S
Rockwell International - High-pressure Boule "
8
Device Processing T
Texas Instruments - Low-noise MESFET NI
Raytheon Semiconductor - High-power MESFET Ay
Raytheon Research - MMIC T
Hughes Microwave Products - Logic Devices

The overall objectives of the programs are to assess the

relative merits of GaAs material grown by the two methods

and to establish the uniformity and repeatability of ion

-
»
¥ by

Y
~
™~

'«
w

implantation, annealing, and processing of full 3 inch

-
-
)
)

i
(XN

diameter GaAs substrates.

* g
.Yy
’,

’

5
e

oYy
P
Yy

<

3-4

_..
"y
ey

Y

Ky
F_-.
7

AN APALS A DEALALAVEARRIAL ALY (55 RN

el



R TR T R T VU O e O oY 40 aia” * A - . " g

X

- e

e o

Goals and Objectives

My general tasks were to help correlate some of the data
provided by the companies under item (3) listed above. I
feel I was chosen to participate in the program because of
my previous experience in the area of microwave solid-state
device research. Because of the vast amount of data and the
number of devices involved, I was afforded the opportunity
to review the available data and company reports before

setting specific goals and objectives.

Specific goals and objectives decided upon are:

1. To conduct a detailed analysis of the Raytheon
data taken during the processing of the
High-pcwer MESFETs, and

2. To obtain correlation plots of that data and to
compare them with simulated plots obtained from
appropriate theoretical models of the devices,
hoping, thereby,

3. To extract information pertaining to material,
process, and device parameters.

Background Informatjion

Throughout the programs, each company received five wafers
from a sequence of four low-pressure and four high-pressure
boules. To distinguish between wafers, the following code
was used. A first letter, L or H, followed by a digit was
used to distinguish between the low and high-pressure boules

within the sequence of four sets. Next, two digits were used

3-5
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to distinguish the location of a wafer within a boule with

the numbers running consecutively from seed to tail. Thus
wafer H232 means wafer 32 from high-pressure boule 2 with
the next three digits denoting a measured characteristic of

some material, process, or device parameter.

During the processing of high-pressure and low-pressure

boule 2, Raytheon divided the wafers into lots as shown in

Table 1.
Table I

Processing Arrangement

Process Lot Wafers
1 L2235, L236
H229, H232
2 L2333, L2237
Ha228, Ha31l
Destructive Tests L2334, H23Q

Although RF measurements were made on selected devices, they
required that each device be mounted in separate test
fixtures. Unfortunately, the mounting procedure and the RF
measurements were costly and ¢time consuming and only a
limited number of devices from each wafer (l16/wafer) were RF
tested. On the other hand, large amounts of data ( > 2000
values) were measured on the active-layer and dc
characteristics and, consequently, most of the correlation
studies concentrated on those categories since it was felt

that any conclusions reached would be more meaningful.
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Analysis Method

Ideally, one would prefer to compare the various
characteristics of each wafer with those of a "standard". One
could then evaluate the various wafers based on how their
measured characteristics deviated from those of the standard.
Unfortunately, no such standard exists and the next approach
would be to compare the wafers among themselves. A cursory
examination of the data, however,; showed considerable
variation between boules, and, in fact, among near adjacent
wafers of a particular boule, even those processed in the
same lot. The data taken over a given wafer even showed
considerable variations 1in the dc characteristics. These
variations made it difficult to establish a criteria by which
to evaluate the wafers. Comparing correlation plots of
measured data to simulation plots of simulated data adds a
new dimension and insight into the interpretation of the

distributions observed in the histograms.

"The dc characteristics of the MESFET used in the simulations

4@ based, in part, on limiting cases of small-signal models

le.@loped by Pucel , Haus, and Statz!, Fukyia, and
‘- eetmand. In discussing the 1limiting cases, reference

“o made to certain equations of Pucel et al. by

- P ~.mre- rather than by repeating the equations here.
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Insofar as possible, their nomenclature will also be used
here. The paper by Pucel et al. contains an excellent
discussion of previous work by aothers which led tao the more
complete models, and should be reviewed by those unfamiliar

with MESFET modeling.

The model is based on a uniformly doped chanrnnel of
effective thickness, a, which is analyzed by dividing the
MESFET longitudinall!y into two sectionms as first proposed Dy
Grebene and Ghandhi“. One section, that nearest the source
and denoted section | of length L;. 15 takenrn to na.e
constant carrier mobility and the other, that neares! tre
drain and denoted section [ of lengtr . 1% tawer ° 3

have saturated carrier velocity. The bowrdar . he'wee: ‘'e

two reqgions is a function of the e.® ' . t et
depends upon the operating Zondirt.nns ‘re @ ,a° &
describe thi1s model are nigr.. e L mar . a T e )
between the two reqgQ.n"s. ‘e, ceee : . -
determinead by use o' a LIS ¥ “ - -

complicated wnnde . . . : -
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and (3] were wused in Monte-Carlo type simulations to
generate "theoretical"” scatter plots with which the measured
scatter plots were compared. The main purpose of the
simulations were to help identify some of the material,
process, Or device parameters that might be contributing to
the large differences in the scatter plots of the measured
data. The gqeneral approach used here was to determine
certain average materi1al and device parameters from the
similarities Oof the pliots based on the Monte-Carlc model and
te determine what Adeviations 1N those parameters would lead

to the cbser veo deviations 1n the scatter plots.
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Using the equations of Pucel et al. i1t can be shown that,
for p * s (the large current condition for a given device),
the scatter plot should have an average slope equal to

vgbL/Hg = EgbL = 0.3 for Eg @.3E4 volts/cm and L =

1E-4 cm for fully saturated devices. The slope should be
greater than this value since the effective gate length (the

depleted length under the gate) will be larger than the

actual gate length. The experimental points for 1 + 14 - 20
(corresponding to Id > .95@ A indicates a slope of about
2.%0 for ®1x ot the seven plots. For N = 1.2E+17, a =
17617, 2 = .023, and vg = 1.4E77 this value for g @nd
the above value for Eg implies a constant ilow fleln
mobility of G666, the calculated Lrgatws 4i.e 1! [
would be equal to . 113 A for arn I, le Cat ¢ L Rater
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This 1indicates that the device resistance at 3.9 volts for
]
l‘ J
those devices i1s essentially equal to the unsaturated value '::',:{'.
0'.'.
U
or, conversely, that those devices are barely saturated at .“tﬁ‘.i::
-'.;."
3.9 volts. One should compare the scatter plots for wafer . »
.{:.
H229 (different lots) that show a relatively well defined .:::J‘
T
ey
scatter plot with the scatter plot for wafer L2236 that shows Vs
W
a broad scatter plot between & line of slope V.5 and 3.9. o
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v,
’ The average external pinchoff voltage for these wafers 4re ;"'
agh,
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. . o,
s1mulation assumed a to have a mean value of .17 microns

with a standard deviation of .04 and N to have a mean value o

of 1.2E17/cm3 with a mean value of .2E17. The average A

values of a and N were chosen 0 that the average external e,

pinchoff voltage, W, - ®, 1% less thanmn 3.8 volts and the
device was assumed to operate 1n the saturatio reqQlon with 'y

L
a saturation factor of 2.5. The saturated veloci1ty was -
assumed to he [ (M S@C ang *he low ti1e ) rob it
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a condition where the velocity saturation

relatively short (L ® Ly Lp=* 0, where p =

region is

d ) and the

other scatter plot for the condition where the velocity

saturation region is relatively long (Ly30, Lp=L

where p=zs).

In general there 1is fair agreement between the simulated

scatter plots for I4gg vs pinchoff voltage and

the actual

scatter plots of Figure 4 in that the actual scatter plots

tend to fall bDetween the limiting cases. The

differences

between the simulated scatter plots and the actual scatter

plots for transconductance vs Idss ralses sOme

Questions. The transconductance was defined b,

be

Am = lgivge=e: lg'vg= U
which 1s the same #«D'@®8810" LUSSTd 17 '@ & ;™. a°
for those dO@.1(@8 nNa.1g D1 et d P auee  pas
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sCatter plots of Figure 4 clearly show most wafers nav.e arn

abundance of points representing devices wlth pinchoff

voltages less than 1.0 volts with the possitle e-cept.o-
wafer L236. Its transconductance scatter pilot goes ot
show @ scatter of points about a li1near

what one would expect 1f all de.ices "ac

greater thamn 1.¢ .voits. The tramsconoau. ta:

actual plots seems to rave beer . .amp e ¢

than B.81¥ and Jaispiacen

gener al trend 1 transcond.:

widely scattered abo.;*
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Air Force Officer Selection Revisited: Entertaining

The Possibiliities for Improvement

by
Victor H. Appel
and

Andrew D. Carson

ABSTRACT

Regsearch literature was examined to identify selection
devices or methodological/conceptual developments appearing
promising as a means for enhancing the system of officer sel-
ection for Officer Training School and Air Force ROTC candi-
dates. In that the current system is focused almost exclus-
ively on cognitive/intellective predictors, the investigators

sought to broaden the scope by incorporating predictors of

P
~

-
w,

«

o
-

L)

other 1likely sources of variance, particularly leadership/

%'nty
2o
-

managerial and commitment variables. Recommendations are

1.

! x

A
yl

offered how such constructs might be tapped by incorporating
an appropriate biodata form within the existing selection
device, the AFOQT. Experimentation over the long run with

an assessment center methodology is also proposed.
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I. INTRODUCTION

For the past 34 years the means employed for the

gselection of the bulk of Air Force officers has remained

relatively unchanged. These officers are those whose

source of commissioning is Officer Training School (OTS)

or Air Force ROTC (AFROTC). They represent approximately

74% of the active duty force (Gandi, 1987). As Rogers,

Roach and Short (1986) have observed, the basic sequential

selection strategy for these applicants is a four step pro-

cess. Once a vacancy occurs, candidates are evaluated suc-

cessively to see if they qualify with regard to 1) Educa-
tion 2) Physical Fitness 3) Moral Character and 4) Mental

Competence.

Though any applicant may be eliminated at any of the

four selection points, the fourth step, determinaticn of

mental competence, serves as the principal selection hurdle.

This hurdle is satisfied or not based on the score attained
on a measure of general ability, the Air Force Officer Qual-
ifying Test (AFOQT). Since its introduction in 1953 as a
means for predicting success in OCS and as a means for
screening for aircrew training, the AF0OQT has undergone 16
revisions(Rogers, Roach and Short, 1986). Still, the AFOQT

remains a measure of general ability. When validated against

OTS or other early training criteria, the AFOQT yields val-

idity coefficients ranging from .10 to .40, but most common-

ly validities are between .20 and .30.

4-4
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During the more than three decades in which the AFQQT

has been used, there have been multiple advances in the
field of personnel selection (Dunnette, 1976). It is only
logical that the Officer Selection and Classification Func-
tion of AFHRL should expand its efforts beyond those re-
lated to the AFOQT. The Officer Selection group hoped that
by commissioning outside assistance to review selection
literature, recomﬁendations for improving the selection
process might be obtained.

The senior investigator is a vocational and organiza-
tional psychologist. For more than 20 years he has been
concerned with the gooodness of fit between persons and
positions. Personnel psychologists at AFHRL felt his back-
ground would be helpful in taking a fresh look at means for
enhancing officer selection. This seemed particularly ap-
propriate in light of his coilaboration with some AFHRL
personnel in isolating factors influencing turnover propen-
sity among Air Force personnel.

The second author of this report, with background exper-
ience and training as a Developmental and Counseling Psych-
ologist, brings useful experience in the areas of career de-

velopment and career planning.

o

II. OBJECTIVES OF THE RESEARCH EFFORT

AL
e

':I‘:"-
AAKS
T ..'4 sl

The objectives of the research effort were two fold:

. :{ .'.
by
b

# 1. To carry out a literature review in the area of oc- vék
~
cupational success prediction for officers/execu-

tives.
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2.

III.

la.

lb.
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To conduct follow-up telephone interviews with
investigators engaged in personnel selection

research deemed promising and relevant to us.

APPROACHES TAKEN IN REALIZING OBJECTIVE 1

Approach la: As a precursor to conducting a lit-

erature review, the investigators sought to find
job analyses carried out on various of the of-
ficer AFSC's. The investigators reasoned that
if officer job analyses were available, they
would illumine the major components of the posi-
tions, and thereby suggest the types of compet-
encies fHr which predictors needed to be sought.
with that information in hand, it was hoped that

the scope of the literature review would be re-

duced.
Results Achieved When Apprcach la Pursued: This
initial effort did not prove worthwhile. Although

the investigators were able to locate a substantial
body of officer AFSC's which had been subjected to

Job Analysis, the tasks identified were at such a

micro level, there were literally hundreds of job

components. It was decided to forego further attempts.

The effort did demonstrate that there are substant:al

differences across officer AFSC's. It railses the

guestion whether the many, non-rated AFSC's re-

4-6
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quire differentiation of selection composites in

the same fashion as rated officer positions now

do.

2a. Approach 2a: 1In an effort to cull fresh possibili-

ties for selection enhancement from the research
literature, the investigators conducted a computer
search of the civilian and military literature on
the prediction of occupational success among of-
ficers/executives. The literature surveyed covered
a twenty year span from 1967 through 1987 as listed
in the PSYCINFO data base of the American Psycho-
logical Association. This resulted in a data file
of 458 entries.

2b. Results Achieved When Approach 2a Pursued: Having

surfaced many more relevant studies than anticipat-
ed the investigators devised a three dimensional,
cube model into which the various studies could be
sub-divided. The model allowed each study to be
classified with regard to 1) Type of Selection

Measure{e,g. paper and pencil--aptitude) 2) Type

of Variable (e.g. Flexibility) 3) Measured Against

1""
Oy

L
Which Criteria (e.g. Performance Rating by Super- R
4

visor). The investigators devised a form by which '
o
. e : oo
each study could be quickly classified. This was e
in an effort to facilitate generalizing about the Rk
v
results found. »
~
[ & F\u‘
When the results were tallied it became ap- t&
~od
*~
. o
parent that there were many more studies involving N
'\I
N
v
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the use of paper and pencil measures than there ":
. . , c',
were performance based or naturalistic studies. ﬁw,
it
Further ,of the paper and pencil measures used, &
. - -
-':n"‘"
general ability measures were most effective, -
ks
. e
along with biodata forms. Personality and in- Jﬁk'
terest measures were least effective along with
.
unstructured interviews. When peer ratings ﬁ};
| (R LS
» Y
» 3 3 3 --. iy
| were conducted they often were guite predictive. &ﬁr;
| e
Most striking was the impressive validity coef- d
NN
) ]
ficients achieved by assessment centers. Where- R i
o,
P
D oa e P Ny
as validity coefficients of .20 or .30 or less Pattg!
ox
were typically found for paper and pencil mea- Ny
Tt
)

9 sures, assessment centers consistently produced

o€,
77
A

b
validity coefficients in the .40's (Hakel, 1986, %&ﬁ
! wle
Tenopyr and Oeltjen, 1982; Thornton and Byham, e
1982). i';f:;-_
LN
Ja. Approach 3a While not originally planned, lit- e

[

"
-
g

erature review efforts unearthed related work

agschs
‘»'Z"‘
. . . . . , e 3
on Utility Analysis. Utility analysis is a means oy
:-\'.\
for estimating the dollar savings achieved when s
e
. C - o 8
a selection device's predictive efficiency is im- NS
N
proved. Recent improvements by Hunter and Hunter :ﬁy
N,
(1984) in the means for estimating the dispersion }Qi
component of the utility formula have simplified o7,
o
>,
computation and thereby stimulated the conduct of ?;¢4
o
Utility analyses. These analyses are impressive ::d
in that they demonstrate the substantial dollar 4&&
?\a
savings which even a modest increment in predict~ gBV
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ive validity can bring about.

3b. The investigators decided to apply Hunter
and Hunter's (1984) Utility formula to the
problem of AF officer selection enhancement.
Using figures from meta-analyses performed by
Schmidt et al (1984) for cognitive ability
tests, the researchers chose .22 as a repre-
sentative validity. Similarly, they chose
.43 as a realistic validity coefficient value
if assessment center methodologies were added.
To carry out the necessary computations, using
Hunter and Hunter's adaptatiocn of the original
formula developed by Cronbach and Gleser (1965),
the investigators required certain demographic
information about AF officers. This was readily
available from Gandi (1987) at the Air Force
Military Personnel Center, Randolph AFB. When

the requisite values were substituted in the

Vy
"

equation, the results were startling. Current

"-I'i 3
s

selection based on a validity of .22 can be N

Pé

demonstrated to save the USAF $153,243,890 over
. i . -"I). ui

what it would cost if random selection were used. .
If the validity of officer selection procedures
could be raised to .43, the USAF would save an
Y
additional annual amount of $146,278,130. W

Iv. APPROACHES TAKEN IN REALIZING OBJECTIVE 2

4

+ la. Approach la: These investigators simply made use

of AUTOVON resources at AFHRL to contact both mili-
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la.

tary and civilian cdlleagues throughout the country.

These investigators were particularly interested in
contacting counterpart scientists in the pther branches
of service.
The telephone contacts proved to be highly wvaluable.
These investigators were able to find that there was
appreciably more interest in selection enhancement
procedures for officers than other sources had indica-
ted. Further, these investigators were able to find
out that parallel research was being funded by other
branches of service, with possible overlap. Some
research materials were exchanged.
RECOMMENDATIONS
Since the two objectives of this research are both re-
lated to enhancing officer selection within the Air
Force, recommendations with regard to that issue will
be combined, and presented here.
1. There is strong reason to support continuing
efforts at improving the psychometric propert-
ies of the AF0OQT, as now available in Forms P.
In addition to continuing the new types of
cognitive subtests being developed, additional
work on establishing the extent to which dif-
ferential validities exist on the AFOQT for
various sub~-groups.
2. The current officer selection system is virtual-

ly a unidimensional one, with the AFOQT, the

4-10

-~ Nt -, “ S e )

e et ananar e A A el e e Lt e e e P TN W AT N AN A
N AN N YA PN o R B o e 2 S e A a et Sy e e el v T sl

A
-
Py

e
. ﬂ-’ L)
-"*.:’ ,- (]

i
[N®
‘.

sl

(%4
‘I..- )

‘e a BB

v

,s
PN

f(ﬁﬁ}
P )"._i'_‘r'

Tyt f

"'.&I s
£z

i

iy .-J >
je

o

!

s

l"‘ '

P\, -, -,
vas

X
b
3

-, e,
PREA




mmmmmmwxnvmtv AR AR o
1 Y dta

requirement of college completion and the
Patton rating of colleges all appear to be
"soaking up" the cognitive sources of variance.
Selection devices aimed at tapping factors
orthogonal to the cognitive ones would appear
o offer good prospect for significantly in-
creasing the valicdity if added.

3. The major lack visible to these investigators

e TR W TSR T T ..

with regard to the current officer selection
system- deals with leadership/managerial ability.
While there is some relationship between 1intel-
lectual abilities and leadership/managerial
abilities, that relationship is a modest one.
Selection devices which can differentiate among
those high and low in these regards are badly

{ ' needed. While ambiguity remains in the con-
structs, efforts at paper and pencil measures

of leadership/managerial ability could begin.
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Bass et al(l1987) have provided a conceptual
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foundation in their paradigm of transactional

versus transformational leadership which seems

3R
promising. In the near term, these investi- 'fﬂa
.:\'-:."!
gators propose the use of biodata forms,which AR
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might be developed,to differentiate applicants,

In the far term, these investigators propose

,

moving to an assessment center methodology.
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Initially, experimental efforts,using the
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+ assessment center in San Antonio, would be
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required.

4. Since selection devices are no better than
the criteria against which they are validat-
ed, it 1is regquisite that efforts at criterion
development be expanded.

The investigators propose that a biodata form

appraising leadership/managerial abilities be

developed in a follow on effort. Such a measure
could be incorporated within the AFOQT. Content
of the form would primarily be demographic. The
biodata form might also be used to tap commitment

to the Air Force, a variable closely linked to

turnover propensity. -‘.J
"‘- )
VAN

In the view of these investigators, there is insuf- ::w
N

ficient collaboration among AFHRL and the other per- A
=,
» "5

sonnel and training commands (ATC and MPC) in the

San Antonio area. Each of these elements could

contribute to selection enhancement in significant

ways, were they to have their mission expanded to N

. . . L. e

include selection issues. Simiilarly, AFHRL could et
A
Ayth

contribute to classification and training functions. e
)

Similarly, there does not seem to be adegquate collab-

oration across the branches of service among those NG

‘0L,

concerned with selection issues. Much more should
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g

be done on a voluntary basis to keep other branches i
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EVALUATION OF THREE-DIMENSIONAL KINEMATICS ANALYSIS METHODS OF

ROBOTICS FOR THE STUDY OF HUMAN ARTICULATED MOTION

by

Xavier J. R. Avula

ABSTRACT

The three-dimensional kinematic analysis methods of robotics were
considered for the study of human articulated motion. Literature on the
direct and indirect kinematics analysis was reviewed for the purpose of
evaluating the Articulated Total Body (ATB) Model at the Armstrong Aero-
space Medical Research Laboratory as a simulation tool in the develop-
ment of robotics telepresence technology. The behavior of the ATB right
arm was simulated on the computer with a force applied to the center of
the hand. The arm positions at various times, and the workspace were
determined. Recommendations were made to develop software based on the
three-dimensional kinematics methods for the ATB Model, and to perform

reach analysis for determining workspace boundaries.
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I. INTRODUCTION

Some technological advancements, in addition to being beneficial to humans,
expose them to risks that threaten their personal safety. Several defense
and industrial operations are performed in hazardous environments contami-
nated by nuclear materials and toxic chemicals, and in extreme temperatures.
For operations in such hazardous environments, the employment of mobile
robots, which are remotely controlled by humans, is a natural alternative.
Also, some operations in modern air- and spacecraft place such great
demands on the senses that it is humanly impossible to perform optimally
without the aid of some electronic and mechanical manipulators. The
technology of utilizing and controlling robots by a human in the control
loop is called Robotic Telepresence, and lately much attertion is being
directed towards its development. It is believed that better manipulation

of remotely located robots can be achieved with a human in the control loop.

The technology of robotic telepresence will provide the understanding
necessary to link a human's hands, arms, eyes, and ears to a robot's sensors
and manipulators through exoskeletal devices. In the development of the
overall robotic telepresence technology, three-dimensional kinematics and
dynamics analysis of robots is important. In the Robotic Telepresence Pro-
gram of the Harry G. Armstrong Aerospace Medical Research Laboratory (AAMRL),
Wright-Patterson Air Force Base, the Articulated Total Body (ATB) Model will
be used as a dynamics and feedback control simulation tool. The ATB Model is

a computer model developed under the sponsorship of the AAMRL to aid in the

study of crew member dynamics during ejection from high-speed aircraft.
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This model is based on the rigid body dynamics which uses Euler's equations

) of motion with constraint relations of the type employed in the Lagrange
method. The model has been successfully used to study the articulated human
body motion under various types of body segment and joint loads. The present
study is limited to the evaluation of the kinematics methods of robotics for

understanding the human articulated motion as simulated by the ATB Model.

My research task as a participant in the 1987 Summer Faculty Research Program
(SFRP) was to determine what three-dimensional kinematics analysis methods
are most applicable to study the human articulated motion utilizing the
ATB Model as a simulation tool. My experience in teaching advanced dynamics
at University of Missouri-Rolla, and my previous work on the calculation of
maximum aerodynamic loads on the body segments and joints of the Advanced

| Dynamic Anthropomorphic Manikins ADAM), and my involvement in research on

| various aerospace medical problems have led to my placement as an SFRP
participant in the Laboratory. These experiences have been found to be
compatible with and desirable for the technical needs of the Robotics

Telepresence Program at the AAMRL.

ITI. OBJECTIVE

The technology of Robotics Telepresence involves the investigation of methods
to provide remote, closed-loop, human control cf mobile robots. The effective-
ness of a remotely located robot, or any robot for that matter, is based on
the trajectory and reach of its end-effector which are analysed using three-
dimensional kinematics and dynamics methods. Here we confine ourselves to

the evaluation of the kinematic analysis methods. There are several types
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of analyses: The direct kinematic analysis uses a straight forward geometric
solution in which the position, velocity and trajectory of the end-effector
are expressed in terms of the joint angles and link lengths, and their deri-
vatives. This method is suitable for description in time of structural ele-
ments but does not take into account the forces acting within or on the
system nor does it include inertial effects. To handle consecutive coordinate
transformations associated with multiple degrees of freedom, a more general
method based on homogeneous transformation matrices is used. This method can
also be utilized for inverse kinematic problems in which axis motions that
nroduce desired end-effector motions are calculated. Yet another general
method is the one based on rotation matrices involving quaternions which is

usually preferred for the solution of inverse kinematic problems.

The objective of the present study is to review the above methods of
kinematic analysis for the purpose of using them to understand human arti-
culated motion. In consideration of similarities between the robotic arm
and the human arm, and in view of human-in-the-loop control of remotely
located robots through exoskeletal devices, such a study will be beneficial.
In this study the ATB Model will be used as the simulation tool because of

its proven success in earlier studies.

III. THREE-DIMENSIONAL KINEMATICS ANALYSIS IN ROBOTICS

Kinematics is a fundamental tool in the study of geometry of the end-effector
arm motions of a robot. A robotic arm is a system of rigid bodies connected

in series to form a kinematic structure. Most robotic arms are open kine-
matic chains. The problem of finding the end-effector position and orientation

for given joint displacements is referred to as the direct kinematics problem.
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In direct kinematics the end-effector position is determined uniquely. The
problem of finding the joint displacements that lead the end-effector to

the specified position and orientation is the inverse kinematics problem.
Inverse kinematics is more complex in the sense that multiple solutions may
exist for the same end-effector location and arm structure (Asada and Slotine,
1986). In the inverse kinematics problems it is not always possible to derive
a closed~form solution since the kinematic equations are comprised of non-
linear - simultaneous equations with many trigonometric functions. When the
kinematic equations cannot be solved analytically, numerical methods are

used to derive the desired joint displacements.

The direct kinematics problem of defining the position of the end-effector

as a function of the joint angle values can be solved using straightforward
geometry (Koren, 1985). Only simple kinematic structures can be handled by
this method. The relationship between a pair of adjacent links in a kinematic
chain coupled by a revolute joint can be described by the Denavit-

Hartenberg (1955) notation which employs a minimum number of parameters.

This notation is based on the 4 x 4 matrix representation of rigid body
position and orientation. The forerunner of this notation is the method of
representing the kinematic relationships by homogeneous coordinate trans-
formation matrices. The coordinate transformation matrices represent the
relative translation and rotation between the coordinate systems of adjacent
links i and i-1 (Richard et al., 1984) as shown in Fig. l. Considering each
link with respect to a suitably chosen local coordinate system the relative
translation and rotation between the links are represented by a 4 x 4 matrix
called 'A' matrix. In a kinematic structure of n+ ] consecutive links we will

have n consecutive coordinate transformations along the serial linkage
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that can be compactly described by a single equation :.:\ s

0

%0 - [A?][A;][Ag]...[Ai-ll...[An_ll " W

o (1 RN

-— - .
by which the position vector Xn in frame n is transformed to XO in frame O. Pt
L%
The 4 x 4 'A' matrix [Ai-ll, for example, represents the position and ot
orientation of frame i relative to frame i-l. Equation (1) can further

be written as

2= (m (2)
in which
(1] = [a010a00A7] .. (a7 R (3)

The matrix [T] in Equation (3) represents the end-effector position and

Ty
: . . IR
orientation in terms of joint displacements, angle 61 or distance di Ll g
e
[ 'i
depending on the type of joint. .This equation provides the functional ) -"
> ot
relationship between the last link position and orientation and the )
.(:\ N
displacements of all the joints involved in the open kinematic chain. ;-"-\v‘:
s
LN
Equation (3) is thus referred to as the kinematic equation of the end- x';{xj
R TAN
i*lrl_
effector which governs its fundamental kinematic behavior. e
(.-:'.':‘.'
A
ey
FaNA
A
By substituting the values of a given set of joint displacements into the -.:_\::.‘:;
:-I‘.-F_:J
right hand side of the kinematic equation, Equation (1), one can readily 8
AR
find the corresponding end-effector position and orientation. This is the :'.-:.-,‘.-
Sy
direct kinematic problem we have referred to earlier. '::'::,
PalCs
¢ Q\.\-
_‘-"\. A
.l.- V~.>.-
The problem of solving for 91 and di in [T] when the end-effector is moved to a :-:'}::.-:‘
LRGN
WYL R
FATAEN
specified position and orientation is the inverse kinematic problem. .-_.-;‘:'
EACAN
Only a few simple kinematic structures yield closed-form solutions for the ®
..:A\a.
KR
inverse problem. If the closed-form solution cannot be obtained numerical _,':,f:
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CATAIN
.'\.J\"c
5'9 i\'\'\
L
e
3
RGO N d AN MM XM NI M IR b NG WO '.'.‘..... «‘ '\ T , *-\ > ,.h" WA AN AT ANV ) w - YA



A N

e

b = -

o e

W P w o

¥
i
Al
A
Al
i

N

T R O R Y O O R D D T T U TS v Or R o A Ak g ba t s 1 g0 antairc i il 4

methods based on iterative algorithms such as the Newton-Raphson method

can be employed. The iterative methods are computationally complex and time
consuming. A kinematic structure which yields a closed-form solution is
called a solvable structure. What makes a kinematic structure solvable is

an important issue in robotics. Pieper (1968) addressed this issue at length
and listed all the possible kinematic structures having six degrees of free-
dom that are solvable. Pieper's analytical method was extended by Feather-

stone (1983) and Hollerbach (1983).

There are numerous alternative kinematic modeling methods to homo-

geneous coordinate transformations. The problem of determining the position
and orientation of a rigid body in space is studied by using the mathod of
screw axes and line geometry. Yuan and Freudenstein (1971) described the
kinematic analysis of spatial mechanisms using screw coordinates. Roth (1967),
Sugimoto and Duffy (1982), and Woo and Freudenstein (1970) investigated
various aspects of rigid body motions in the light of screw theory and line

geometry which were found to be more efficient in numerical kinematic analysis.

The design of arm linkages and the determination of workspace volume are
important objectives in robotics technology. Roth (1975) was the first to
address the design problem of finding appropriate kinematic structures and
link dimensions to allow the arm to cover a specified workspace. Kumar and
Waldron (1981), Gupta and Roth (1982), and Tsai and Soni (1981) also have
dealt with work space volume and shape determinations by a variety of analy-
tical and numerical methods. Further discussion of kinematics analysis methods
in robotics is beyond the scope of this report. Let us now turn our attention
to the Articulated Total Body Model which we wish to consider as a tool for

understanding human articulated motion from robotics point of view.
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IV. THE ARTICULATED TOTAL BODY (ATB) MODEL

The Articulated Total Body (ATB) Model is a computer model developed under
the sponsorship of the Harry G. Armstrong Aerospace Medical Research Labora-
tory to aid in the study of crew member dynamics during ejection from high
: speed aircraft. The forerunner of this model was the Crash Victim Simulator
(CVS) developed by Calspan Corporation under the joint sponsorship of the
Motor Vehicle Manufacturers Association and the National Highway Traffic
Safety Administration to simulate the three-dimensional dynamic response
of motor vehicle crash victims. The ATB Model is based on the rigid body
dynamics which uses Euler's equations of motion with constraint relations
of the type employed in the Lagrange method. The model has been successfully
used to study the articulated human body motion under various types of body

segment and joint loads. (See Fleck and Butler, 1975)

The dynamic behavior of the ATB Model is determined by classical methods
of analysis. The body segments are coupled to form an open
chain of interconnected rigid bodies. For an arbitrary

segment n, the translational dynamic equation is

) M X =IF + anj (4)

in which
Mn = mass of segment n

Xn = position of the center of gravity of the nth segment

constraint force at joint j acting on segment n

nj
Fnk = kth external force acting on the nth segment

b

| The angular dynamic equation in the inertial system is

' b-1¢ w o+ D_1 & w + D} ) w = D-l ZTorques (3)
n ‘nn n ‘n'n n ‘n’'n n crordue
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where,

£
(]
%
VY

angular velocity vector of segment n e

©
]

S N
inertia matrix about the center of gravity of segment n A

(=
o]
[}
oy
’
) A ¢

the direction cosine matrix associated with segment n

ey .‘
) )
f
A vector exponential integrator is used to solve Equations (4) and (5) iy
Co ]
with appropriate constraint equations. The constraints considered in the f::'
‘*'J'k')‘
AN
ATB program are: NAS
N
. . P . Y- ALt
(i) linear position constraint "'
(ii) angular joint constraint (locked joint, pinned joint) :ER:Q
S
(iii) distance constraints (zero distance, fixed distance, rolling 5;% {
1 % )
‘s . A
and sliding constraints) w ¥l
LS
(iv) force constraints, and DA
(v) torque constraints ﬂ}ﬁf
v:\-!‘_‘r
. . . o Y
The integration of Equations (4) and (5) yields the position vector N
.
components of body segments. These quantities are displayed :,:jz
\(.‘-: :
graphically by VIEW and PLOT computer programs. iﬁ{.
N
"
. , . : . . ol
In the ATB Model the kinematic variables are determined by the integration )
- . . . . Wl
of dynamical equations of motion. The direct and inverse kinematic methods RO
i\‘“p.“
BN,
of robotics have not been applied. However, a recent modification in the ’ ]f
>
o
. : ] 3 I3 . \ I.
ATB progam utilizes a direct kinematic method to automatically position SN
“::.b
NN
a crew member (seated occupant in the CVS) before the dynamic loads are \ﬁﬁ}
\.!\ -
L L
applied. Witb this modification the model computes the position of each ®
.
l" ', +
body segment in the inertial reference frame provided that the location };:
ap
N
of the first segment and the angular orientation of each segment are N
M e
’\"\
known. This is similar to the direct kinematics method in robotics involving ®
,_.-_r
straight forward computations. A computer subroutine called CHAIN based on DA
N
A
Sut
N
W
el
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the relationship

z, + D Ty 2 +D§+1 T (6)
in which
z = vector from the origin of the inertial coordinate system to the
center of gravity of segment k
Dk = direction cosine matrix for segment k (the superscript T
stands for the transpose)
rj’k==vector from the center of gravity of segment k to joint j whose

components are expressed in the local reference coordinate system
of segment k, and
i = joint (j)
Equation (6) can be used to solve for the location of each successive segment
from that of the previously defined segments. Note that the program CHAIN is
used only to automatically position a seated occupant in equilibrium. The
program specifies the axes about which the segments are rotated, and the

sequence of rotations to achieve the desired orientation.

V. AN EXAMPLE

In this example the behavior of the right arm cf a crew member to which
a five-pound force is applied in the vertically upward direction is simulated.
The force remains constant throughout the simulation. For each segment of the
arm, the x-y coordinate system is parallel to the cross-section, and the
z-axis is oriented alon, *he longitudinal axis of the segment. The following
are the segment properties:

Right Upper Arm

Principal Moments of Inertia:

I = 0.102 lb-secz-in
XX

o, v, " - [RETS
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0.099 1b—se02—in

I
yy

I
zz

0.011 1b-sec2—in

; Major and Minor Axes:

, a=1.9 in
b=1.8 in
' ¢ = 6.0 in

Right Lower Arm (Weight = 3.82 1b)

-

Principal Moments of Inertia:

0.12 lb-secz—in

1 =

' XX

X 2

b I =0.12 1b-sec -in

%" yy

2,

. Izz— 0.007 1lb-sec -in : %

e IR

;‘ Major and Minor Axes: :;,x‘
s

R a=1.775 in AR
P
x4

. b=1.775 in

¥

; ¢ = 5.8 in

\

‘ The seated crew member at time t = 0 sec is shown in Fig. 2. A force F = 5 1b

is applied at the center of gravity of the hand, and the subsequent motion of

1

¢

B the arm is simulated. The arm positions which are calculated by the ATB Model

'

! software are displayed in Fig. 2 (b-f) for times t = 60, 120, 180, 240, and

300 milliseconds. Figure 3 is constructed by superposition of arm motion
4
; sequences to indicate the workspace generated under the prescribed conditions.

It must be emphasized once again that the segment positions have been calcu-
lated by solving the dynamical equations of motion, Equations (4) and (5),

and not the kinematic equations.
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Fig. 3 Workspace of the ATB right arm with I = 5 1b(4) O

(Arm positions are superposed)
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V. DISCUSSION AND RECOMMENDATIONS

There exists a vast body of knowledge on the three-dimensional kinematic
analysis methods addressing the behavior of robot manipulators. Numerous
methods of analysis have been developed in attempting to reduce the
computational complexities associated with kinematic structures representing
robotic arms. Using rotation vectors and quaternion algebra, the number of
arithmetic operations required for kinematic solutions can be reduced to
only three or four parameters to define the relative spatial orientation
of a rigid body, whereas in the coordinate transformation matrix methods
we have to deal with 3 x 3 matrices. Regardless of the method chosen,

as we increase the number of links and joints in a kinematic chain the
analysis becomes more complex and leads to huge mathematical expressions.
This has motivated researchers to seek a unified theory of notations

for simplification. In reference to the Robotic Telepresence Program at
AAMRL and the role of the dextrous hand (DH) in this program, the kine-
matics of the robotic arm should be analyzed using such a unified theory
of notations because the DH has numerous linkages in comparison with a

common industrial manipulator.

The computation of workspace of the end-effector is important in deter-
mining the effectiveness of a robot. In view of using the ATB Model as a
simulation tool in the Robotic Telepresence Program, software based on

the three-dimensional kinematics methods of robotics should be developed

to study the ATB Model behavior. At present the ATB Model analysis is

based on the integration of equations of motion.
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The ATB Model does not have a joint at the wrist. In the recommended
analysis a spherical joint should be introduced at the wrist, and the
reach analysis should be performed for the ATB arm to determine the

workspace and its boundaries. Such an analysis will be useful in tra-

jectory planning of the end-effector (the ATB hand).

The methods of neuromuscular control should be investigated to determine
appropriate mechanisms for controlling the ATB hand. The knowledge of
these mechanisms can be carried over to understand the dextrous hand

behavior and to specify exoskeletal devices for control.
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This report considers the motions of a balloon-borne iﬂﬁ.

payload and examines in a qualitative fashion the overall S
" b

requirements of pointing systems for balloon-borne , ss

scientific experiments. Ny

L

7wy

General purpose support platforms are considered, and

Ny
Y,
% & A
’
o

two general configurations are recommended. One is simple,

h 1 :.*: vy
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of moderate accuracy and cost, the other is more complex,

-

more accurate and considerably more expensive.
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I. INTRODUCT ION

Some of the missions that the Air Force Geophysics Lab
has supported in past years, and will continue to support in
coming years consist in balloon flights of scientific
instruments. These flights are considerably less expensive
and generally last longer than rocket flights, therefore
of fer unigque advantages in the support of some scientific
experiments. The next observation is that it appears
possible to design and build some general purpose
platforms, each capable of supporting different scientific
experiments, in separate flights. Power, balloon controls,
and telemetry are necessary on all flights, therefore they
form a8 core of common elements present on a general purpose
platform. In addition, many experiments require controlled
pointing of an instrument in various directions in space.
This suggests to make angular references and pointing
control systems part of the support platform, and this is
the subject of the present investigation.

I have been involved in control! systems for many years,
both in professional practice and in teaching the theory. I
have worked on airborne servaos for optical instruments and
on the pointing system of a ground based 48" optical
telescope. This background makes the present assignment a

natural continuation of my previous experience.
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I11. OBJUECTIVES OF THE RESEARCH EFFORT iﬁf;
IN-I N
!
0\ .I\
Several balloon-borne platforms have been used in the t}’
R
past to support scientific experiments. Some were very hf 3
‘ elaborate and expensive, others very limited in capability.
: The objective of this research effort consists in exploring
’
> the possibility of utilizing one or more general purpose -
@
platforms to support balloaon-borne scientific experiments, ﬂ? 3,
"
’ {.’--:‘; '
and obtaining recommendations for the design of instrument jﬁﬁ
"
Yt
pointing systems for these platforms. ;f?}q
:ii:ﬁ
II1. APPROACH N
o>
25
Sals
. - N
A tentative approach has been established as follows: el
.':_\“;'.‘
1. Considerations on experiments and support platforms. &ﬁkj
¢
(SRS
\'_*.::-.
2. Summary of suitable state of the art position and :;3{
\.)'.".'.'
N
direction references, including cost estimates. SN
) .
R
i H H - . I'\l'\.l'
3. Considerations on pointing control system design, N

including angular references and command signals.

4, Recommendations on verification procedures.
]
6-5
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IV. EXPERIMENTS AND SUPPORT PLATFORMS

From a logical point of view, the scientific experiment
to be performed has to be considered first, and the support
platform specifications are derived from the desired
experiment. In practice it is very difficult to identify in
abstract all the support needed by future experimenis, but
in order to consider general purpose platforms, it is
necessary to find the requirements common io a vast class of
experiments. As indicated earlier, power, balloon controls
and telemetry are necessary in all flights, but since the
related technologies are well established they have been
excluded from this investigation. An additional item common
to many balloon-borne experiments consists in pointing
controls for the scientific instruments used on board, and
this is the subject on which the present investigation is
concentrated.

Pointing a scientific instrument in a certain direction
requires a mechanical structure capable of rotations about
some axes, and this implies different possible geometric
configurations. Command angles, usually variable with time,
are applied to servo systems driving the axes of rotation,
so obtaining the pointing angles. Errors appear in this
process: acceptable pointing errors versus time depend on

the individual experiment, and it is clear that reduction

of these errors means increase of system cost. It is
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difficult to relate error reduction to cost increase in a kf -~
7 precise fashion, since the cost of subsystems may change Kl
: : ;ff- %

rather rapidly with the development of new technology. ‘fﬁ
vﬁ "
therefore overall engineering judgment remains the dominant ”lﬁﬂ
criterion for setting the specifications of a general . ,:i

o,

» M
purpose support platform. ?%h.
Nty Y
A balloon-borne payload is subject to various motions 53?V

@
caused by the flight. Typical motions are [51]: 'fﬂ
SO
A d
- Pendulum-type aoscillations, with amplitude from about S :ﬁL?q
Ny !
w

deg. during ascent to about 10 arcmin. and period 1S :_M N

A
sec. when floating at high altitude. RN
\‘_\:\

LR

- Rotation, random, with angular velocity up to 0.25 rpm. N
SN

LN
- Vertical bounce, random, amplitude up to 1000 f{, pericd NALRY
e 1 i . T?ﬂy'
several minutes \Hﬁz
It is clear that pointing errors possibly caused by f:‘

» L
AR A
R At

b

>

oL
e 7

these motions must be considered. The system designer must

also keep in mind these other physical conditions:

<
)'

2

- Athmospheric pressure: almost zero.

’
;‘r
}5

!t{’
’)
s

- Ambient temperature: from -65 to +75 deg. C.

- High energy radiation (cosmic rays, etc.).

V. POSITION AND DIRECTION REFERENCES
X
l\l
The position of a free flying balloon is usually :f

important for the experiment, and in some case it must also

'
AR

g

s 5

be used to calculate in real time the instrument pointing

",:'."‘."I‘ T

- N,
MR
v
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angles. It can be obtained using several different methods,
some of which are listed here, with a summary of their

characteristics.

Ground radar tracking:

Accuracy is high.

Balloon coordinates are available at the tracking
facility: if needed on the balloon, they have to be
telemetered.

No need of computation on the balloon platform.
Distance limited approximately to the visible horizon:
for a balloon flying at 30 Km (100,000 ft.) and a sea
level radar, max. distance is approximately 437 Km.
Cost is variable, depending DH the availability of a

ground tracker near the launch site.

Global Positioning System (GPS):

Position in three dimensions, fully available in 1989,
with 50 m maximum error (Collins Navcore 1).

Velocity within 0.5 m/sec.

Time within 250 nanosec.

Outputs updated once a second.

Receiver on board of the platform.

Position, velocity and time can be utilized on board,
recorded if necessary and/or telemetered 1o ground.

Cost: ¢ 20,000 (Collins Navcore 1).
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3. Inertial Navigation System (INS):

- Combined with GPS (Honeywell Special Mission Management
System) gives good accuracy position, equal to ihat
given by GPS.

- Excellent for attitude measurement: see further ahead.

- Cost: ¢ 100,000 for commercial units, hardware alone.

4, Commercial Distance Measuring Equipment (DME):
- In the past, a method utilizing DME signals has been

designed. It appears inferior to the GPS system.

5. LORAN:

- Less accurate and convenient than GPS.

6. Omega:

- Less accurate and convenient than GPS.

~Directional reference may be obtained in several different

ways. Here are a few.

I. Local vertical established by gravity:
- Subject to errors caused by pendulum motion, of the
order of S deg. during ascent and 10 arcmin. during

flight at altitude.
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2. Azimuth by magnetometers:

- Only the horizontal component of the earth magnetic

field should be measured.

- Requires a precise knowledge of the earth magnetic

field in the region of the flight.

- Does not work near the magnetic poles.

- Moderately accurate: errors of about 0.35 degrees.

- Sensitive to magnetic fields produced on the platform.

- Analog or digital signal format.

- Cost: a few thousand dollars.

3. Gyroscopes.

In reference 3, laser gyros are analyzed and compared

with mechanical gyros and fiber-optic gyros. In addition,

star trackers are briefly examined. AFGL mission

requirements are there divided into two general areas,

differentiated as having high vs. medium level of accuracy

and stability. In previous AFGL missions

(SPICE, IRBS)

mechanical rather than laser gyros had to be adopted since

optical gyros were not sufficiently developed. The state of

the art of optical gyros is much more advanced to day, and

their specs continue to improve, therefore they should be

carefully considered at the actual design time. Typical

drift is about 0.02 deg/hr. Power absorption is still

rather high, of the order of 150 W. The price of a

commercial 3-axis ring laser gyro INS is about $ 100,000,
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similar to the price of a tuned-rotor mechanical gyro
system. In addition, the cost of integrating the gyro into
a complete pointing system must be added, and this is high

and difficult to estimate.

Fiber-optic gyros are closing in on the sensitivity

and low drift of good quality mechanical gyros
({Dynamically-Tuned Rate Gyros). At least two moderate
performance models are available on the market (Standard

Elektrik Lorenz AG, West Germany, price of the smaller unit

approx. % 18,000). Honeywell is developing its products and
expects practical devices in about two years. Reliability
will be high, errors comparable to those of mechanical

gyros of moderate performance (drift: 0.1 deg/hr!.

Estimated future price is $ 3,000 per axis.

4, Sun Trackers.

Moderately accurate: typical maximum error S arcmin.

Operate only when the sun is visible.

Require position, precise time reference and computation
to obtain absolute reference.

~ Cost: estimated at $ 30,000 for hardware.

S. Star Trackers.

- Very accurate: typical maximum error 2 arcsec.
- Operate only when the stars are visible.

- Require position, precise time reference and computation
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to obtain absolute reference.

- Cost: estimated at & 200.000 for hardware.

VI. POINTING CONTROL SYSTEMS

Several different possible geometries can be used to
align a scientific instrument with a target. A typical
configuration has three axes, azimuth, elevation and roll.
This geometry causes craoss-coupling at high values of
elevation and roll, which may be a difficulty. If necessary,
corrections can be applied where needed, but otherwise the
three servo systems driving the instrument axes can be
considered .ndependent.

Feedback loops are necessary to obtain reliable operation
in the presence of disturbances, and it is desirable for
simpli~.ity of analysis and design to have for each axis an

independent loop, with at most the classical "secant

correction” as a decoupling tool. Each of these loops must
be analyzed in its entirety, including sensors, controller
hardware and software, actuator, load inmertia and friction,

and any additional hardware which may affect the loop

performance. Control systems theory, classical and modern,

offers analysis and design methods for linear and non-1linear
systems.
Assuming l|inearity, in each axis a feedback system type

1 or type 2 (one or two open-loop time integrations) should
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S
be used to provide zero steady-state position error to a Eif
) ..
command angle constant in time. Reduction of the effects of f : )
‘
N
~
disturbance torques is another important point to keep in ﬁ?
™ {
0
mind at the design stage: angular accelerometers may be A f'
added for this purpose. It is generally useful to introduce &:ﬁf
AN
s Y.
a "rate loop” in each axis: this allows the application of .E;ﬁe
:.'_»:._\.- .,
velocity limits, which prevent excessive speed and ALY
®
potential damage to the instruments. In addition, suitable 'r?ﬁ
") (3
o)
selectiaon of the velocity limits may be used 1o obtain ba:'
.L:‘."h Y
minimum-time motion when a large angle step command is Nt Ye),

»

%
applied, with consequent saturation [2]. &?gﬁ
sV W
. . . . . PNy
In the classical linear design, in each axis a e
J‘;I:
- . S L)
cantroller (analog or digital) calculates the angular error AN
@
(difference between command and measured angles) and from NN,
SN e
this error the signal to drive the corresponding motor. A RN
Nl

f.-'-
o
5-
[P

.

more elaborate controller can be designed applying "state

" Rty
feedback". ﬂﬂﬁ-
‘n ,‘- '."-

A "limit cycle", that is a steady-state oscillation of AN

R
small amplitude, may appear in some feedback loops ?*}f'
containing digital devices, when a command angle constant Ri?

o

P,

in time is applied. This may be acceptable if the amplitude i;:
AYY

of the osciltation is small. Typical example: a system R
. . . ) = J

where the driving motor is a d.c. motor (amalog) and the 2;:¢
.r__‘.: -
pointing angle is measured by means of a digital encoder. iﬁ¢$
A

RSN

Here the limit cycling can be eliminated by using analog ";'
L ]

format for the angle measurement and the calculations to ﬁ?
Q‘ t
R
e
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obtain the error and the signal driving the motor
amplifier. The command angle can still be telemetered to
the platform in digital format but it must be locally
converted to analog before the evaluation of the error.

In general, synchros or precision potentiometers may
be used for angular measurements if analog format is
desired, or direct drive digital angular encoders if
digital format is preferred. Molors are preferably
(engineering judgment) d.c. motors, which are analog
devices, and the power amplifiers driving them require
analog input signals.

Selection between the alternatives of analog or
digital design is rather informally done by engineering
Jjudgment. For example, if the directional references supply
analog signals, it is usually considered simpler to have

analog position loops rather than digital ones.

VII. COMMAND AND FEEDBACDK LOOP SIGNALS

The angular command signals for an experiment usually
vary with time, making up "angular trajectories". Depending
on the experiment, these trajectories may be entirely
precalculated, stored and later activated, or they may
involve real time calculations, possibly taking into account
the balloon position coordinates, which change with its

motions, including vertical bounce.
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Digital and analog signals are probably both present in V!
B
the feedback loops, since command signals transmitted from ygﬁy
L9
the ground are almost always in digital format, while the éé%ﬁ‘
.

. _ . \k"p
angular signals on board may be analog or digital. The NG
signals supplied by the directional reference sensors c:}$

. 1'::1'""-"
(magnetometers, gyros, sun-trackers, star tra_kers) derive n}ﬁﬁj
AN
G
from analog physical guantities, but as a result of the P OGN
subsystem manufacturer's preference they may be available q;kﬁﬁ
e
Y .
to the system designer in either analog or digital format el
'y "'::
- »
(or both). This is not a difficulty, since digital to ALY
analog and analog to digital converters can easily be used fjﬁf;
-: l.;l:.‘. ¢
where necessary. }:5$*f
O
Real time calculations of the command trajectaries ;&3ﬂ%-
require use of a computer, which may be located on the ?{%2{
PR Y
“u e
balloon platform or on the ground. Each of these two :_24:
TR

choices has its own advantages and disadvantages.

e

If the computer is on the platform, the payload has Eﬁg&:
increased complexity, but only a8 few commands are to be Eﬁg&t
telemetered for control or override of the coumputer. aikir

If the computer is located on the ground, the payload ;F&;é‘
has no increased compiexity, but more telemetry messages E§§§E.
are needed for the real time control operations, and this ?ii 3
may be a difficulty. E:&j:

There is no way to make a general recommendation in ESQFE!

ARG

‘¥

‘favor of one solution or the other, therefore their trade

off must be carefully considered case by case.
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VIII. MECHANICAL CONFIGURATIONS

Assume three axes:

azimuth, elevation and roll.

Some possible mechanical system configurations are

considered here.

1. In one configuration the platform is suspended by

means of a low friction spherical bearing, luocated at the

center of mass, with the result that the platform in flight

does not rotate when the balloon rotates or is accelerated

! in any direction. Various disturbance torques may still be

acting on the platform, therefore there is need of three

s axis stabilization, using inertial references. If a three

axis INS package is attached to the instrument to be

pointed, no additional

angle measuring device is needed:

the attitude signals from the INS can be sent to the
controliers driving the three corresponding motors.

Appropriate reaction masses must be included in this

configuration. A Ring Laser Gyro Inertial Navigation

i

b System, possibly with GPS connected to it (Honeywell) is 8

good attitude (and position) sensor for this system. Cost

of this system, including the cost of the INS plus software

and integration, is high, as indicated earlier. The

platform built by VISIDYNE and that described in references

4 and 6 have a similar configuration.
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c. Another possible configuration consists in a mechanical
frame attached to the balloon cable by means of a low
friction thrust bearing, to isolate the platform from the
balloon rotation. The platform, in flight without
disturbances is vertically oriented by the earth gravity,
within a few arcminutes. This configuration offers vertical
and horizontal references naturally available, thus saving
the complexity and cost of one or twoc control loops.
Undesirable deflections may appear, though, when
disturbances are applied to the platform, therefore this
possibility should be carefully evaluated. Elevation and
roll angles can be measured from the vertical! or horizontal
reference, and related motors move the scientific
instrument as needed. Possibly mechanical counterbalances
can be built into the elevation and roll drives to avoid
inertial disturbances. In addition to the natural vertical,
only an azimuth reference subsystem is needed. The azimuth
motor rotates the instrument package using an appropriate
reaction mass. References 1 and 7 describe systems having

configurations of this type.

3. A third configuration is like the previous one, with
the same elevation and roll subsystems. The difference
consists in utilizing the ballvuvon as reaction mass for

azimuth rotation. This requires a torsionally stiff
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connection between the stationary part of the azimuth Tt

o

bearing and the balloon, technique that has been

2F2 ?{1
y

practically applied with success (unpublished references).

IX. VERIFICATION PROCEDURES AN

- A test chamber for high altitude and low temperature

tests requires a major construction project, extremely

expensive. Chambers of this type exist at other

AT

.
28
e

v
’

facilities and can be used by AFGL. Constiruction of

another one is not recommended at this time.

NGNS
.If,.f\-:._ S

- For attitude control system tests, the platform may be

LI
AR

o .
LA S

Ans

N @

N
2

»

sy

suspended from a low friction azimuth bearing (air,

~

pressurized oil, magnetic or servo driven), thus =

e
h Fo) "z.

5

L4

approximating the free flying environment.

- If the balloon is used as a reaction mass for the azimuth A
.'- -

rotation, a corresponding inertia must be used in the :f.:
o,

test rig, suspended from the low friction bearing. The .,'é\
inertia and the bearing simulate the free flying balloon. ::;

- Commands for static pointing tests may be sent to the ;Eg‘
platform through telemetry. :’.‘;;

s

. =

- Static pointing angles may be measured (within a few "':
vy
mrad.) using a portable low power laser installed on the ::-::-::'.
RS

.....“h1

platform and acting as a pointer on a screen set at a ASES

. AL,

proper distance. ®
inti NN

- Dynamic pointing may be tested by commanding angular test \:‘_:
SN

et
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trajectories stored on board or sent through telemetry,
and analyzing the resultant error trajectories

(di fferences between commanded and measured angles).
Static angular errors or dynamic error trajectories may
be computed on the platform, recorded there or
telemetered to the ground control center, where can be
recorded for analysis.

Smoothness of motion may be measured using angular
accelerometers, their signais being transmitted through

additional telemetry to the control center.

RECOMMENDAT IONS

The following two recommendations are presented, based

engineering judgment:

Two different mechanical structures may be initially

considered for development: platform A and platform B.

Platform A:

Vertical obtained from gravity.

Azimuth from magnetometers.

Analog control loops.
- Cost: relatively low.

See references | and 7.
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Platform B:

Inertial Navigation System.

Digital control loops.

Cost: relatively high.

See references 4 and 6.

2. A study should be conducted on the relative advantages of
digital versus analog subsystems, components and signal

processing for balloon-barne pointing control systems.
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Sustained Delivery of Volatile Chemicals

By Means of Ceramics

by
Praphulla K. Bajpai and Deborah E. Hollenbach

Abstract

A simple ceramic delivery system was developed for studying the
toxicity of chemicals such as 1,1,1-trichloroethane (TCE) in animals.
1,1,1-trichloroethane was determined by gas chromatography. Use of
glass tube inserts and silicond® adhesive sealant for sealing the
ceramic cavity provided the best results. Storing of TCE (45 mg) in
glass tubes within the ceramic cavity allowed retention and delivery
rate of TCE at 3595 ug/hr for eight hours in vitro. Reservoir
modification of the glass tube-ceramic device to store 259 mg TCE,
resulted in a sustained delivery rate of TCE (624 ug/hr) for 11 days in
vitro. Analysis of hexane extracts of blood obtained from rats
implanted with the glass tube-ceramic device containing 45 mg TCE,
indicated that blood TCE was constant for 20 hours. Analysis of the
chamber air housing a rat implanted with a similar device indicated
that the level of TCE remained sustained at 1344 ug/hr for two hours.
The data obtained in this investigation suggests that the ceramic
system can be modified to deliver volatile chemicals in a sustained

manner for studying the pharmacokinetics and toxicity of  these

solvents.,
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I. INTRODUCTION:

1,1;1-Trich1oroethane (TCE) is commonly used as a dry-cleaning agent
and as a cleansing solvent for electrcal machinery and plastics. It is
also present as a contaminant in drinking water. Toxicity studies of
volatile hydrocarbons at present are performed by exposing laboratcry
animals to the compound by either oral dosage or inhalation. Oral
dosages utilize either gavage {in mineral or vegetable oil) or
microencapsulation using geletin-sorbitol (Melnick, 1987). Inhalation
exposures are carried out 1in inhalation chambers by bubbling the
chemical into the airflow lines going to the chamber (Gargas, 1986).
The latter procedure is currently being used at the Toxic Hazards

Laboratory of WPAFB.

The principal investigator (P. K. Bajpai, B.v.Sc., M.V.Sc., M.Sc.,
Ph.D) developed a ceramic delivery system in 1979 (Bajpai, 1979), and
since then he and his graduate students have used the sustained release
ceramic delivery systems to deliver enzymes, dyes, phenolics,
polypetides, proteins (Bajpai, 1985), and steroids in vitro and in
vivo (Benghuzzi, 1986). In the 1987 Summer Faculty Research Program
(SFRP) and Graduate Student Summer Support Program (GSSSP), we
attempted to develop an implantable device that would deliver a
volatile, chlorinated hydrocarbon (1,1,1-trichloroethane) in a
sustained manner for four to eight hour durations. Such a delivery

system could simplify studies of the kinetics and toxicity of these

solvents.
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II. OBJECTIVES OF THE RESEARCH EFFORT:

a. To develop a sustained delivery device for delivering
1,1,1-trichloroethane (TCE) for durations of four to eight hours either

in vitro or directly in experimental animals.

b. By the end of ten week duration we were also requested to develop a
system for delivering volatile chemicals for two to three month
durations in animals for studying the effects of these chemicals on

neurological behavior.
ITI. MATERIALS AND METHODS:

The development of a sustained delivery system for volatile chemicals
was conducted in two phases to minimize the use of experimental
animals. In phase I the loss of chemical from ceramic experimental
devices was examined in an in vitro free air flowing environment. In
phase II the ceramic system which appeared to fulfill the desired

objectives in the in vitro environments was investigated in animals.
a. Chemical.

High purity 1,1,1-trichloroethane (99.9% pure) was obtained from the
Aldrich Chemical Company (Milwaukee, WI). A1l experiments in this

study were conducted with TCE blended with 3% mineral oil.

b. Fabrication of Non-Impregnated and PLA-Impregnated

ALCAP Ceramic Delivery Devices.

Aluminum-calcium-phosphorus oxide (ALCAP) ceramic capsules (0.D=0.75,
1.D.=0.45, L=1.20 cm, Wt=0.92 g and density of 2.10 g/cm3) were

aluminum oxide, 34 g calcium

fabricated by thorough mixing of 50 9
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oxide and 16 g phosphorus pentoxide powders, and calcining the mixture
at 13150 ¢ for 12 hours. The calcined powders were crushed to the
appropriate particle size (<38 um) and molded into a cylindrical shape
by means of pressure applied to a die. The ceramic c¢ylinders were
sintered at 1350-14500 C for 30-36 hours to increase the density and
mechanical strength of the ceramic. Some ceramics were also
impregnated with polylactic acid (PLA) in chloroform (1:50) by the
procedure of Benghuzzi (1986). Typically, PLA has been wused to
impregnate the ALCAP in order to slow down the release of peptides and
steroids. The PLA works by decreasing the size of the pores in the

ceramic (Benghuzzi 1986).

For the preliminary work and the majority of the in vitro experiments
conducted during this study, the ends of the ALCAP were sealed with a
2:1 cement mixture made from ALCAP powder and alpha-ketoglutaric acid
(Bajpai, 1987). The acid-ceramic powder (ACP) sealed ends were then

coated with Si]astiém Medical Adhesive (Dow Corning, Midland, MI).
c. Glass Tube Inserts and Reservoirs.

One cm by four mm glass tubes with one end having an opening of two mm
as well as modifcations of the glass tube to include reservoirs were

fabricated by the glass blowing laboratory of the University of Dayton.

d. In Vitro Studies .

—

1. Standardization of the Gas Chromatograph.

A Hewlett Packard 5890 Gas Chromatograph (GC) cortaining a flame
jonization detector (FID) and a 10 ft. 10% SE-30, 80/10¢C SupelcoporéE

column was standardized in the 10-100 parts per million (PPM) range

using 20 liter Mylar® bags. The oven temperature was maintained at
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100° C, the injector temperature at 125° C, the detector temperature at
300° C, and the nitrogen carrier gas was maintained at a flow rate of
25 ml/min. A Hewlett Packard 3393A Integrator and a Hewlett Packard
19405A Sampler/ Event Control Module were used in conjunction with the
gas chromatograph for analysis of the one ml samples injected into the

GC at each sampling time.
I1. Analysis of 1, 1, 1-TCE.

For conducting the in vitro experiments, each ALCAP ceramic capsule was
suspended inside a 108 ml glass gas injection chamber on a cotton
string. The chamber was connected to a reciprocating electromagnetic
piston air pump which was connected to the gas chromatograph. A
constant air flow of 120 ml/min was maintained through the glass
chamber by the air pump. The HP Sampler/Event Control Module was
utilized to provide automatic sampling of the glass chamber. In order
to determine the concentration of TCE released by the delivery system
in the gas chamber the control module was programmed to automatically

sample the contents of the gas chamber by the GC.
e. Animal Studies.

The amount of TCE present in the blood and exhaled breath were
monitored in rats implanted with ceramics containing 45 mg of TCE in 3%

mineral oil.
1. Catheterization.

For monitoring TCE release in rat blood, anesthetized Fisher 344 male
rats (Charles River, MA) weighing 350 g were catheterized with 22 G, 8

inch Deseret Radiopaque cutdown catheters (Deseret Co., Sandy Utah).

The cathetar tip was passed through the left jugular vein to the right
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atrium and the sampling end was passed under the skin to the back of
the neck. A velcro vest was used to protect the sampling port.
Ketamine-xylazine (0.lml1/kg body weight) prepared in the laboratory was

used for anesthesia.
11. Implantation of Capsules.

Thirty-five ml of PenthranéD (methoxyflurane, Abbott Laboratory,
Chicago, IL) was used to saturate 10 guaze squares in a nine liter
glass chamber. The rat was placed in the chamber for 15 minutes and
removed for implantation of the capsule. The exposure to Penthrand®
allowed the rat to remain under angsthesia for six minutes. The
capsule to be implanted was prepared while the rat was being exposed to
Penthranégl A two cm incision was made 1in the abdomen of the
anesthetized rat with scissors and the capsule inserted into the
peritoneal cavity. The incision was closed with two to three stainless

steel wound clips.
III. Blood Analysis Studies.

Rats catheterized for 24 hours were implanted with an ALCAP capsule
containing 45 mg TCE. Following implantation blood samples were taken
at 15, 30, 45, 60, 90, 120 minutes and then at one hour intervals for a
total of six hours. Additional blood samples were taken at 24, 25, 27,
29, and 48 hours. A sample of 100 ul of blood from each collection was
placed in one ml of hexane and allowed to equilibrate for one hour.
The amount of TCE extracted in the hexane was determined by GC using an
electron capture detector (ECD). Standards of TCE (0.01 to 1 PPM) in
blood were prepared for constructing the standard curve. The GC with

ECD contained a 10 ft 10% SE-30, 80/100 Supelcoport® column and the
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operating conditions were: oven temperature of 70° ¢, injector ???ﬁf-
temperature of 125° C, detector temperature of 300° C, and an argon gjij,
methane (95 :5) gas flow rate of 25 ml/min. One ul of the hexane layer oA N,

was analyzed by GC to detect TCE. oty el
Iv. Exhaled Breath Studies. $§§§§

Three 230 g Fisher 344 male rats (Charles River, MA) were used for the FEL¢C
exhaled breath experiments. The chemical concentration in the exhaled
breath was analysed by GC, in one case using ECD, and in the other two A

cases, using FID. For ECD use the GC was standardized over a range of ML

5 B

B

L]
B

0.001 to 1 PPM while it was standardized over a 0.0l to 10 PPM range

for FID. The TCE standards were made up in twenty liter Mylarq9 bags.

A 10 ft 10% SE-30, 80/100 Supe]coporﬂD column was used with the f:;;gé:
following operating conditions: oven temperature 100° C, injector gégsgf
temperature 125° C, detector temperature 300° C, argon:methane (95:5) ;E\;§*
gas flow rate of 25 ml/min for ECD and nitrogen flow rate of 25 ml/min i:h; {

for FID.

-’

7

Following implantation of a TCE containing ALCAP, the rat was placed in I
ALY
; s ps . . W >
a 2.5 liter glass chamber modified to provide an air flow of 120 5;:j:c
D N
A N
ml/min. A sampling port was inserted in the air outfiow line in order ﬁ?:‘:'
P
to obtain air samples for analysis. Air samples of 100 ul were taken T AP
RS
at appropriate intervals for a duration of 24 hours. :§;=;3;
.-_:.':.-_‘_ )
e \.‘_-“'_‘
W

IV. RESULTS AND DISCUSSION:

a. In vitro Studies

1. Delivery by Non-Impregnated and

e
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P

LSS,

Pl A

PLA- Impregnated Ceramics.
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Preliminary experimental work showed that the TCE was lost from porous ;:‘3;
.h\./:_:.-
ALCAP ceramics in about two hours. Neither the PLA impregnation or a f:Ljﬁ
.:_‘..:_:f
coating of silastid® were able to siow the diffusion of TCE from the r“;ﬁi
R
ceramic capsules. It was obvious that inclusion of a nonporous Al
o
Y
container within the ceramic was necessary to contain the liguid ﬁ,’
‘>
chemical. o
o3
II. Delivery by Glass Tube Modified Ceramics. AN
' Ca
: ':.-:‘."
] :\.r_:.:‘
The glass tubes were filled with 45 mg of TCE in 3% mineral oil, and R
9o
the opening of the glass tube was sealed with ACP cement and the glass ,;' :
o
S -;-
tube inserted into the ALCAP ceramic. The ceramic was then sealed with i};:;
l- ' )
ACP cement and Silastic®. This particular modification resulted in a AN
b sustained delivery of TCE for 90 minutes. In subsequent experiments ¢2$~‘
> R
removal of ACP cement plug from the glass tube resulted in a six hour §:;:j
L L.
.F‘
sustained release of TCE with a subsequent air borne delivery rate of ¥
::;.-‘-
7200 ug/hr. ;E;Ei
E Sy
Since the removal of ACP cement from the glass tube resulted in a .ju;:f
. "w
sustained delivery of TCE, the ACP cement was removed completely from Y
.)\f
N g
the ceramic delivery systems. Silastiég)was used to cover both ends of :;:i
ke
the ALCAP and allowed to dry overnight. TCE (45 mg) in 3% mineral oil e
o
was injected through the silastic seal into the glass tube within the :{!w
SN
I\-l =
ceramic with a Hamilton syringe. The latter modification resulted in a {ﬂ::
sustained release to give an air borne delivery rate of 3595 ug/hr of :f;::

TCE for eight hours (Figure 1).

I1II. Delivery by Glass Tube and

Reservior Modified Ceramics.

Further modification of the glass tube-ceramic to accomodate 259 mg of
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TCE by attaching a reservoir to the glass tube resulted in the .(4!.
S N
"._J'\.P.\

sustained delivery rate of 624 ug/hr TCE for 11 days (Figure 2). :ﬁtﬁ:
LA,
. . . . RERELY,

b. Blood Analysis Studies in Animals. - Ln
NGNS
u'__(‘.:-‘: d

For these studies catheterized rats were implanted with TCE (45 mg) :;ﬂﬂ-
A

containing glass tube-ceramic capsules sealed with ACP cement and ﬁ“ﬁ'

e

Si]astiégl The blood profile of these rats showed a progressively

D.'O
'vﬂu
v
LA

increasing content of TCE in the blood for the first four hours. The jt::ﬂ
- ™ _\' .
n-.; N |

amount of TCE in the blood remained relatively steady for the next two e

@
hours and ranged between 0.7 and 1 ug/ml. A similar pattern of TCE Nhre
| | NN

release was observed at 24 hours and the concentration again ranged FVQ:
A

between 0.7 and 1 ug/ml (Figure 3). However, after 48 hours the éS&;_

: : ]
concentration of TCE in the blood had decreased significantly to 0.009 AN

ug/ml. It was concluded that the ALCAP ceramic delivery system did ;‘Sg:

i\“{.'\."-\.

maintain a constant release rate in the body. ~hi

‘t—!-—
27

c. Exhaled Breath Studies in Animals. RN

P

g

N
The first exhaled breath trial was conducted using a GC with ECD to RO
analyze the concentration of TCE. The delivery rate of TCE in the N
Py

R S,

exhaled breath in chamber air increased with time and then leveled off ::ﬁ:}

at slightly above 1431 ug/hr. Thereafter the amounts of TCE in exhaled NN

8
breath continued to increase at a slow rate for the entire duration PR

PR W e
f 5:. '.\ ~

(six hours) of the monitoring period on that day. On resumption of EQf:{

T

monitoring on the next morning the amount of TCE in exhaled breath '5“;?

decreased gradually. Since the ECD standard curve was not linear ﬁ:::k

.'t'J‘:’-‘

} beyond 1 PPM TCE, the values obtained could not be considered absolute. {{:;ﬁ
‘ ':-\J":'
} Hence further trials were conducted using FID and the standards were “‘:'
prepared over a larger range (0.0l to 10 PPM) of TCE. During the first :i:%:;
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FID trial, a sustained delivery rate was not reached during the first

- w7
CFQ
LAty

day of monitoring. On resumption of monitoring after 22 hours, the

l{‘t\
*, “"l“
I

:'{
]
LR

delivery rate of TCE had started to decline. In the final exhaled

e

e

breath trial the delivery rate of TCE exhaled by the rat was monitored

continuously for 18 hours. The data obtained showed that the release
rate of TCE in the exhaled breath increased for eight hours after
which a sustained release for two hours was observed. Thereafter the
amount of TCE in the exhaled breath decreased progressively for the

remainder of the monitoring period (Figure 4).

The in vivo exhaled breath trials did not give the sustained

concentration levels that had been observed in the in vitro and blood
studies. Since the inner cavity accomodating the glass tube was
enlarged by reaming the ceramic with a file, several factors may have
been responsible for the discrepancy in the results. The ALCAP ceramic
may have cracked or it may have not had the same density, porosity, or
thickness as the previous ones. It is also possible that the diameter

of the openings of the hand made glass tubes were not the same. These

factors should be further examined to determine if they are
significant. If the latter were responsible for the above variations,

elimination of these variables should give reproducibie results.

V. CONCLUSION:

Ny

A major goal of this summer's work at WPAFB was to develop a delivery ~
PN

system that was capable of delivering volatile hydrocarbons in a $§
A

sustained manner for a period of four to eight hours. The delivery Eii

device was to be of an easily implantable nature. Even though there
was not enough time to repeat the experiments for obtaining a

statistically analyzable data the basic goal of fabricating such a

@
s
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device was accomplished. The final in vitro modified ALCAP ceramic

model (Figure 1) shows that a sustained delivery rate of 3595 ug/hr
TCE can be achieved in the glass chamber. With the latter system a
blood concntration of over 1 ug/ml was achieved on implantation in rats

and an in vivo gas outflow of 1344 ug/hr.

The small size of the ALCAP ceramic delivery system is advantageous,
since it can be implanted easily in an animal, either intraperitoneally
or subcutaneously. The present model containing 45 mg TCE s
sufficient for short term exposures of up to 18 hours. The reservoir
modification which was only one cm longer, was capable of holding 259
mg of TCE, and delivering TCE in a sustained manner at the rate of 624
ug/hr for 11 days in vitro. Further modifications of the reservoir
system resulted in the development of a refillable device capable of
holding 2 g and 2.7 g of TCE. The latter modification provides a
mechanism for delivering volatile chemicals in a sustained manner and
the opportunity for studying the toxicity and behavior of the animal

for much longer periods of time.

VI. RECOMMENDATIONS:

Although the basic ideas and principles of fabricating a usable device
for delivering volatile hydrocarbons were established, several factors
have to be examined and the device modified accordingly. With the aid
of mathematical modelling, the exact size of the opening of the one cm
long glass tube has to be established as well as the exact dimensions,

and density of the ALCAP ceramics have to be established.

Modifications of the ceramic delivery system consisting of small and

large refillable glass reservoirs may fulfill the need for 1long term
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FREQUENCY ESTIMATION IN THE ANALYSIS OF RADAR SIGNALS

by

Vernon L. Bakke

ABSTRACT

A numerical algorithm for the estimation of frequencies in
radar gignals is presented.. The algorithm is based on the auto-
regressive method and the Yule-Walker equations. The problem of
determining the correct frequency modulus, which is associated
with longer delay times is encountered, and an algorithm to
regolve this ambiguity is presented. When multiple frequencies
are present, the above problem complicates the algorithm and a

gcheme ig developed to correctly pair the frequencies with their

associated modulus.
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I. INTRODUCTION:

The problem of frequency estimation in signal analysis is a
very important aspect of the detection of radar signals and
sources. Once the gignal has been digitized, there are a number
of numerical schemes which can be used to derive certain para-
meters from the collected data. The most widely used methods are
related to the Fourier transform, and in fact the Fast Fourier
Transform has been rather popular. Autoregressive methods are
also related to the Fourier transform, but the actual transform
of the data is not performed, rather a difference equation is
constructed, the solution of which contains the signal fre-
quencies. The system of equations generated to find the coef-
ficients of the linear difference equation is called the Yule-
Walker equations (see [6]). An equivalent scheme in which a
polynomial is constructed directly from the sampled data and
whose zeros correspond to the associated frequencies is called
the Prony method (see [11).

The problems encountered in the Electronics Support
Measurement Group include that of accurately estimating the freq-
uencies present in radar signals, where the frequencies are very
high. The accuracy of the collected data will affect the
calculated values in the sense that a rather small perturbation
in the initial data, possibly due to noise or to quantization,
can cause a significant magnification in the error of the

calculated frequencies. It is therefore necessary to develop an

8-4
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analysis of the associated error, and possibly to construct an
appropriate algorithm for these calculations.

My research interests include the study of integral
equations, differential equations, optimal control theory, and
numerical analysis. Thus, my work in these areas could possibly
lead to a development of some helpful analysis, and a scheme for

the improvement of accuracy.

IT. OBJECTIVES:

The preliminary goals associated with this project included
the study of various numerical schemes for estimation of
parameters related to radar gignalg. The suitability of certain
methods will be determined by the method of acquiring the data,
and the asgssgociated errors. During the course of this research,
the goal came to thaﬁ of forming a basis for the analysis of the
error due to quantization or noise, and the possible
implementation of algorithms which would be effective within the

bounds of that error.

ITI. ANALYTICAL DISCUSSION:

A fundamental approach to frequency estimation for a given
gignal is the Prony method. For this method, suppose we have a

gignal given by
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S(t) = Z
n=1
where t ¢ [TO'TIJ' the w
Y the phase angles and Pa

interval T,

assuming we have no error,

P
S(tj) = 2
n=1
P
= Z
) n=1}
_f P
b} =2
i n=1
)
j=0,1,...,r.
n=1,2, ..p, then we
, S(tj) =
n
Now, if we put pu, =

method (see [11,(21])

such that the polynomial

P(z) =

haa roots Myr Moo Thus,

D“p‘

’ \ gt n . O A ! . PR L
4‘..0" t““ ., I‘.‘l...l’-‘!‘.‘l'-.l'-.l.-.l.u (L “u |‘\ C';ll'o Wl .o . l.n W I.- ..0 e

nh are the angular frequencies, ©
are the amplitudes.
samples of this signal may be obtained,

then we have,

ig to find coefficients a

2P 4 a.lzp-1 + ...+ a

> a ey . - g % 0 vJ J . M
[ Sl ) - - - - - - -- d..».

Pnexp[i(wnt+6n)],

n are

For a fixed sample
and
for t

J’ = To+j’rv

Pnexp[i(wntj+9n)]
Pnexp(i(wn(To+j¢)+9n)]
Poexpli(w, (Ty+0, ) Jexp (iw i)

If we redefine the complex coefficients as
9, = pnexp[i(wnTo+en)].

have the following system of equations

qnexp(iwnjw)

1

exp(wwn). the fundamental idea of Prony's

i i=1,2,...,p

assuming we have such coeffic-
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apS(tk) a § qnexp(iwnk7)
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P
ap-IS(tk+1) = ap Zlqnexp(i(k+l)wn7)
n=
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P
aIS(tk+p—1) = a; Zlqnexp(i(k+p-l)wn1)
n:
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hence we have the relation
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S(tk+p) + aIS(tk+p_1) +& ... apS(tk) = 0
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k=0,1,2,... . The right hand side iz zero since the exp(irw,)

v
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are zeros of the polynomial P(z). The values for the a, can
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be determined from the system
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P
Z anS(tepn) = “S(typ) (2)

n

for k=r,r+l,...,r+p-1, as long as the coefficient matrix

M= (S(tk+p-n))' r <k s r+p-1, 1 < n < p

T
- A ' ",
. “
,
Lt .
'l.l a ..‘.'.
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is nonsingular. If we look at the matrix M, we have the general
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(pj,k)' 1 < 3,k s p,
=z exp[i(j-l)wwk]
qjexp[i(r+p-k)7wk].

Note also that the right hand side of (2) can be given as

-ET, where (using superscript t to denote transpose)
- ] ] 1 t
T = (qlexp[l(r+p)7wl].qzexp[l(r+p)7w2],...,qpexp[l(r+p)wwp]) .

Now, one observes that if the matrix E 1is nonsingular, then we

can rewrite the system (2) as
PA = - T

and from (4) and the definition of P we see that the solution

A 1ig independent of the values q9):92+- - +dp- Hence we only

-

need to look at the sgystem
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anexp[i(r+p—n)7w1] = exp[i(r+p)7w1]
n=1
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1anexp[i(r+p-n)'rw2] expli(r+p)vwy]
n

P
z

anexp[i(r+p-n)7wp] exp[i(r+p)7wp]

n=1

S hal gsimplified to
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nglanexp(-in1wm) = 1
m=1,2,...,p. Note that the coefficient matrix in this case

is the Vandermonde matrix, and it is well-known that if the
exp(-iwwn) are all distinct, then the system (5) has a unique
solution. Note also that E 1is of this form, and as a result,
will alsgo be nonsingular.

The essential point concerning the above analysis is that we
can obtain the unique values for a; provided the rank of the
gystem (2) igs p. Thisgs will be true if all the frequencies are
distinct and ~r is sufficiently small.

The principal method used in connection with instantaneous
frequency measurement (IFM) receivers is based on the autoregres-
give spectral estimator. The main idea of this method 18 that

the signal satigsfies a pth order linear difference equation of

the form

S(n) = - g akS(n-k) * Mn
k=1
where M, Trepresents the error due to noise and the a, are
coefficients to be determined. The S'n) represen®. the 3.gna.
S at a time th and since . hasg zero mean. 'he au.tocoor
relation coeff{icirents Rxxrn) are ~Tompu.ted from “he re.a‘*. n
R,._(n) =2 E(S(k*n)S(k!)), where E .3 *he axpe -"a". = Sromo*r .3

xx

the Yule-Walker equatinong are der:ved
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Rxx(n) = -
k

n Mo

lakax(n-k) y -

n=1,2,... from which the coefficients a, are calculated. As

indicated in (2], this method is equivalent to the Prony method. &

A
In problems related to signal analysis where the setting is :¢;ﬁ?=
i:,:-z‘:{:f '
that of interpretation of radar signals, it may be assumed that p {{?:i
o .-—_i
-
frequencies are present, while in fact fewer than p frequencies ®
RS
Qe
are present. In this case, the system has rank r, where r < p, yV%&
.
"Q 1
and a solution may be obtained by selecting a certain p-r of :::';::::5:
Nﬁhf
the coefficients and solving the remaining system. In this case, ™
ACPCT:
the polynomial P(z) will have r roots on the unit circle. Some Qﬁi?
) ") o]
ATt
variation of this idea is presented in [3]. fﬁ}f’;
ALy
2% )% Y
Once the coefficients a, are obtained the zeros of the
N,
polynomial P(z) are then calculated, and the results are of the }}{
;fhw'
form Ny
HLY
NTPLN
oxp(xwwl),oxp(wiz)....,exp(11wp) RGO
il
h féqg
ence we can then find the frequencies YW, . as long as ',)I.
Tw, < r. In the analysi1s of radar signals, the frequenciles ‘
RGN
may be quite large, so that unlesgs v 18 chogen %o be very “}ﬁ
RAON
A
small. w_ will only be known modulo 2n ?:;\
A
o e N
As expressed in 4], the method »f f{ormuiiaticn 2>f{ %he autoc-

)

orrelation matrix ~"onta.rs errnrg ! a madn;:*.1e 3',-h tha*t {or
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of 1 which are too large for the w. to be completely deter-

mined.

IVv. THE PROBLEM OF AMBIGUITY.

In (4] this problem of ambiguous frequencies was encoun-
tered, and a reasonable approach to the solution was presented.
The sgengitivity to inherent error is high, and in this section we
gtudy the basic problem. As a basis for this study, the ideal
case is congidered first.

Thus, suppose we have a signal with p distinct frequen-

cies w, ¢ [A,B], n=1,2,...,p. In this case we can write w, = A
+ z,, where 2z € [0,B-A]. 1If we put this in equation (1), then
we have

S(tj) =
n

n MO

P
1qnexp(ij'r(A+zn) = Zlqnexp(iij)exp(ij1zn)
n:

and if we put

sa(k) = ).

n Mo

qrexp(ikrz
1

r

the system (2) then has the form

P
Z expl(i(k+p-n)TAlJa_s(k+p-n) = -exp(1(k+p)TA)s(k+p)
n=1

or

.
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P
b exp[—inTA]ans(k+p-n) = -gs(k+p)
=]

n

so if we solve the system

bns(k+p-n) = -g(k+p)
1

n MO

n

for the bn and then define a, = exp(inTA)bn, we have an
equivalent solution.

In view of the above discussion, we may assume that
w, € [0,B-A]. If «~ is such that +/(B-A) 2 2rn, then the values
of w satisfy the relation

n

27t(6n + Nn) = TW,,

for gsome integers Nn' n=1,2,...,p. The values of 8, can be
obtained via the Prony method, where
exp(2ni6 ) = exp(irw,).

Note that in general, the values of N  are not known. Suppose,
however that we apply Prony's method twice, using v, = anl/(B—A)
and 7,5 = 2nk,/(B-A). In this case, we have the two sets of
relations

&, *+ N, = k,w,/(B-4), ¢, * M, = kow,/(B-A),
n=1,2,...,p, where k; and k,; are given integers. We assume

the system (2) has rank p, so that the 6, are all distinct and

the Qn are all distinct.
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If en and én represent the same frequency W then we

must have k2(9n + Nn) = kl(én + Mn) from which we see that

ko€p - k&, = kM, - kN,

We have the following useful lemma.

Lemma 1. If en and @n represent the same frequency wh and
the system (2) is nonsingular for 7, and 7, where the inte-
gers k; and k2 are relatively prime, then there exists a
unique pair of integers Mn and Nn satisfying (6).

Proof: Firgt note that gince en , Qn are properly paired, then

kzen - k1%, = I, some integer. Now, we have the Diophantine equation

kan - k2Nn = I 7)

LA

where, g8ince 0 ( en,Qn < 1, then 0 < Nn < kl and 0 < Mn < k2.

5

- % a
L
LS

We also have that -kl LI S ¢ k2. Equation (7) can be restated 1in

¥
<
{'.'.

modular form as

e

<
o

kan s I (mod k2)

B2

By a corollary to Fermat's theorem (see,e.g. [(5]), the solution

of (8) is given by

= R-1_ .

PR

e T

where R = ﬂ(kz) is Euler's @ - function. Thus, for gsome )}, we

-~

can find an Mn which gsatisfies O < Mn < k2. and by a similar

+

argument, there is an Nn satisfying O s Nn < k1 and equation

{6). From expression (9) there is only one such value if k)

8-13
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and k2 are relatively prime. The above lemma is useful in

the event we are able to show that ®, and ¢  are associated
with the same frequency Wp . In thig case, we say that €, and
’n are properly paired. Now if we note that it is necessary

that the value I ig an integer, we can see that this is also a

sufficient condition for pairing.

Lemma 2. If the system (2) is nonsingular for v, .let © and
® be two values obtained via the above algorithm. If ko6 - k@
= I, an integer, then © and & are associated with the same
frequency.

Proof. Suppose they are not associated with the gsame frequency.
Then we have that 6 + N = k;w/(B-A), and & + M = k,yw#/(B-A),
where w and w¢ are distinct. Let P be such that [ + k,N =
k;P. Then ky(8 + N) = ko8 + koN = k@ + I + koN = k(& + P),
hence (6 + N)/k; = (& + P)/k,. from which it follows that ¢

also represents w, which is a contradiction.

The above two lemmas provide the theoretical solution to the
ambiguity problem. Unfortunately, the introduction of error 1into
the system can perturb the values of © and ¢ to the point
that it will not be possible to make a reliable decision rega-

rding the pairing based on lemma 2.

V. ALGORITHM FOR PAIRING.

In the pregence of any perturbation, the decision that two

SR ted A Shal bob* DA N

Ty
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valueg © and ¢ are properly paired breaks down when the calc- ; rals,
.nf

ulations don’'t produce integers. Thus we consider the following i _
) l‘y.t'f

scheme, again assuming that (2) is nonsingular. : o::f
Ly '

In this case, we have three values of T

£IL
Pr 2
.—.-_:_‘f?’

x4
-
-

vy, = 2rxk/(B-A), 7, = 2n(2k+1)/(B-A), 7, = 2n(3k+1)/(B-A). e
1 2 3 ) .:_»
Using these delay times, with the application of Prony's method, ‘..:n::'q:
) 'Q
we have the relations :1:?':’.5
h't,
@, + Ny = kw /(B-A), & + M, = (2k+1)w,/(B-4) *.{'::;:;.‘:?:
oettelet,
@, + P, = (3k+l)w_/(B-A), ~"':f-§::-"_
i
n=1,2,...,p. We first observe that if © and ¢ are properly - }
~Inngs
o y
paired, then & + M - 2(0 + N) = w/(B-A), hence the inequality ‘.::::'
"-"1 \]
A
0 C® - 20+ M- 2N (1. Since -2 (& - 20 < 1, then we have Pt
u.v:i,;
the following conditions relating M and N: s
'.\'.'5"-
LI Mg )
f‘.':)‘\"
if 0 s & - 208 ¢ 1, then M = 2N; AOAAN
RS SLS
Sy
-1 < @& - 20 ¢ O, then M = 2N+1; (10) SN
2 ¢ ¢ 20 < -1 th M 2N+2 ALY
- - -1, en = +2.
N
Y
o
It is also necessary that if © and ¢ are properly paired, AT
tam v W
then (2k+1)6 - k® = kM - (2k+1)N. Similarly, if © and @ are AN
*fh'
AN

properly paired, then we get that £ + P -3(6 + N) w/ (B-4), and

%

as above, we have the conditions relating P and N:

‘.}’.a e
A

A
. ’\ g
it 0 <@ - 30 ¢ 1, then P = 3N; -_.‘,,.z_,
':":""e
-1 £ @ - 39 <0, then P = 3N+1; ‘4-:_'.*:4-'
(11) RENCYy
Mot ]
-2 <@ - 36 ¢ ~1, then P = 3N+2; .
oy
-3 (@ - 38 < -2, then P = 3N+3, ;:;J“-r

e

8-15 e
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ag well as the condition (3k+1)6 - k@& = kP - (3k+1)N. é
h .
A
Define the intervals U; = [-I,-I+1), I = 0,1,2,3 and the A,
Ittt
functions ",'és:;s
!"
f(x,y) = kx - (2k+1)y + kI, f - po
Wy) = kx y , or x-2y € UI ~,“a
"'
A n“
g8(x,y) = kx - (3k+l)y + kJ, for x-3y ¢ UJ. &"
AOBGR
Lemma 3. The values ©, ¢, and ¢ are associated with the same SR
frequency w if and only if £(&,8) = g(@,0). f'%
|
Proof. We prove the lemma for the cagse p = 2 (i.e., assuming RR
ettt
.'.' ...
there are two frequencies present). Necessity is clear, hence ‘:::::::::"
Sl
N I'.l‘
suppose that they are not properly paired. If this is so, we .:;'.::s:::
have with © = o,, "g
]
b '.“
cage 1: & = ¢&,, 0 = 2 &,,
1 2 o A
oy
case 2: & = ¢,, & = @, B!
case 3: ¢ = &,, 0 = 2,
Cases ! and 2 are similar, so we will examine case 1. In this “"5'
,.
event, f(%,,6,) = g(#,,0,), so we have that Y
i B
f(bl,el) - 8(8,,8;) = g(zl,el) - 8(8,,9)) :,,:'_\..:
L
= k(al - ¢2) + k(Jl - J2) \*\f
-
which is non-zero. 1In case 3, we have, using a similar argument Ry
as above, ';',}:,.
._p'-‘n
_ el
1(#,.6,) - 8(8,,6,) = k(645 - 6,) + kI :i'::;
l~ .‘
which is also non-zero. -\':‘m
@
AN
A
The algorithm for p = 2 can be described as follows: \\-'
.":.:‘
firgt calculate the three pairs F ]
N

Then for the pairing, calculate the four values

..I

T
8-16 - .
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N, = le - (2k+1)61 + kil

k&, - (2k+1)e,

1
kI,

=
]
n
+

(12)

Ny = k@, - (3k+1)8, + kd,
where, if from (10) we have that M = 2N + I, then k&, - (2k+1)6,
= kM - (2k+1)N = k(2N + I,) - (2k+1)N = kI, - N, so that we
denote N; as in (12). A similar calculation is done for NJ
uging (11). Then find the pair of values (NI'NS)' (NI,N4),

(N, ,N3) and (N,,N,) for which the magnitude of the difference is

a minimum. The value of the Ni in this case corresponds to the

integer aasociated with 91 and we can write 91 + N =

L]
Aty
Ay r
r‘n )

Ryt %y 'y f
-
L p

kwl/(B-A).

-

o7 s
. "5%531

3,

For this algorithm to work in practice, it ig necessary that

AP

the accepted value for N , say N° satisfies (N - NC[ < .5.

o

Thueg, let &(x) represent the error in calculation. Then, since

e = 61 + 6(61) and ¢ = 01 + 6(§1). it follows that
NC = N + k&(&8) - (2k+1)8(3;).

It |é(x)| < &, we must require that (3k+1)8 < .5, or that

& ¢ 1/(6k+2). 1If this condition ig satisfied and if vy denotes
the calculated val