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PREFACE
Reports in this volume are numbered consecutively beginning with number 1. Each report is
paginated with the report number followed by consecutive page numbers, e.g., 1-1, 1-2, 1-3; 2-1, 2-2,
2-3.

This document is one of a set of 16 volumes describing the 1994 AFOSR Summer Research
Program. The following volumes comprise the set:

VOLUME TITLE

1 Program Management Report

Summer Faculty Research Program (SFRP) Reports

2A & 2B Armstrong Laboratory

3A& 3B Phillips Laboratory

4 Rome Laboratory

SA & 5B Wright Laboratory

6 Arnold Engineering Development Center, Frank J. Seiler Research

Laboratory, and Wilford Hall Medical Center
Graduate Student Research Program (GSRP) Reports

7 Armstrong Laboratory

8 Phillips Laboratory

9 Rome Laboratory

10 Wright Laboratory

11 Arnold Engineering Development Center, Frank J. Seiler Research

Laboratory, and Wilford Hall Medical Center
High School Apprenticeship Program (HSAP) Reports

12A & 12B Armstrong Laboratory
13 Phillips Laboratory

14 - Rome Laboratory
15A&15B Wright Laboratory

16 Amold Engineering Development Center
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INTRODUCTION

The Summer Research Program (SRP), sponsored by the Air Force Office of Scientific Research
(AFOSR), offers paid opportunities for university faculty, graduate students, and high school students
to conduct research in U.S. Air Force research laboratories nationwide during the summer.

Introduced by AFOSR in 1978, this innovative program is based on the concept of teaming academic
researchers with Air Force scientists in the same disciplines using laboratory facilities and equipment
not often available at associates' institutions.

AFOSR also offers its research associates an opportunity, under the Summer Research Extension
Program (SREP), to continue their AFOSR-sponsored research at their home institutions through the
award of research grants. In 1994 the maximum amount of each grant was increased from $20,000 to
$25,000, and the number of AFOSR-sponsored grants decreased from 75 to 60. A separate annual
report is compiled on the SREP.

The Summer Faculty Research Program (SFRP) is open annually to approximately 150 faculty
members with at least two years of teaching and/or research experience in accredited U.S. colleges,
universities, or technical institutions. SFRP associates must be either U.S. citizens or permanent
residents.

The Graduate Student Research Program (GSRP) is open annually to approximately 100 graduate
students holding a bachelor’s or a master's degree; GSRP associates must be U.S. citizens enrolled full
time at an accredited institution.

The High School Apprentice Program (HSAP) annually selects about 125 high school students located
within a twenty mile commuting distance of participating Air Force laboratories.

The numbers of projected summer research participants in each of the three categories are usually
increased through direct sponsorship by participating laboratories.

AFOSR's SRP has well served its objectives of building critical links between Air Force research
laboratories and the academic community, opening avenues of communications and forging new
research relationships between Air Force and academic technical experts in areas of national interest;
and strengthening the nation's efforts to sustain careers in science and engineering. The success of the
SRP can be gauged from its growth from inception (see Table 1) and from the favorable responses the
1994 participants expressed in end-of-tour SRP evaluations (Appendix B).

AFOSR contracts for administration of the SRP by civilian contractors. The contract was first
awarded to Research & Development Laboratories (RDL) in September 1990. After completion of
the 1990 contract, RDL won the recompetition for the basic year and four 1-year options.




2. PARTICIPATION IN THE SUMMER RESEARCH PROGRAM

The SRP began with faculty associates in 1979; graduate students were added in 1982 and high school
students in 1986. The following table shows the number of associates in the program each year.

Table 1: SRP Participation, by Year

YEAR Number of Participants TOTAL
SFRP GSRP HSAP
1979 70 70
1980 87 87
1981 87 87
1982 91 17 108
1983 101 53 154
1984 152 84 236
1985 154 92 246
1986 158 100 42 300
1987 159 101 73 333
1988 153 107 101 361
1989 168 102 103 373
1990 165 121 132 418
1991 170 142 132 444
1992 185 121 159 464
1993 187 : 117 136 440
1994 192 117 133 442

Beginning in 1993, due to budget cuts, some of the laboratories weren’t able to afford to fund as many
associates as in previous years; in one case a laboratory did not fund any additional associates.
However, the table shows that, overall, the number of participating associates increased this year
because two laboratories funded more associates than they had in previous years.




3. RECRUITING AND SELECTION

The SRP is conducted on a nationally advertised and competitive-selection basis. The advertising for
faculty and graduate students consisted primarily of the mailing of 8,000 44-page SRP brochures to
chairpersons of departments relevant to AFOSR research and to administrators of grants in accredited
universities, colleges, and technical institutions. Historically Black Colleges and Universities (HBCUs)
and Minority Institutions (MIs) were included. Brochures also went to all participating USAF
laboratories, the previous year's participants, and numerous (over 600 annually) individual requesters.

Due to a delay in awarding the new contract, RDL was not able to place advertisements in any of the
following publications in which the SRP is normally advertised: Black Issues in Higher Education,
Chemical & Engineering News, IEEE Spectrum and Physics Today.

High school applicants can participate only in laboratories located no more than 20 miles from their
residence. Tailored brochures on the HSAP were sent to the head counselors of 180 high schools in
the vicinity of participating laboratories, with instructions for publicizing the program in their schools.
High school students selected to serve at Wright Laboratory's Armament Directorate (Eglin Air Force
Base, Florida) serve eleven weeks as opposed to the eight weeks normally worked by high school
students at all other participating laboratories.

Each SFRP or GSRP applicant is given a first, second, and third choice of laboratory. High school
students who have more than one laboratory or directorate near their homes are also given first,
second, and third choices.

Laboratories make their selections and prioritize their nominees. AFOSR then determines the number
to be funded at each laboratory and approves laboratories' selections.

Subsequently, laboratories use their own funds to sponsor additional candidates. Some selectees do
not accept the appointment, so alternate candidates are chosen. This multi-step selection procedure
results in some candidates being notified of their acceptance after scheduled deadlines. The total
applicants and participants for 1994 are shown in this table.

Table 2: 1994 Applicants and Participants

PARTICIPANT TOTAL SELECTEES DECLINING

CATEGORY APPLICANTS SELECTEES
SFRP 600 192 30
EBCU/MI) (90) (16) )
GSRP 322 117 11
HBCUMI) (1) ©) ©)
HSAP 562 | 133 14
TOTAL 1484 442 55

4. SITE VISITS




During June and July of 1994, representatives of both AFOSR/NI and RDL visited each participating
laboratory to provide briefings, answer questions, and resolve problems for both laboratory personnel
and participants. The objective was to ensure that the SRP would be as constructive as possible for all
participants. Both SRP participants and RDL representatives found these visits beneficial. At many of
the laboratories, this was the only opportunity for all participants to meet at one time to share their
experiences and exchange ideas.

5. HISTORICALLY BLACK COLLEGES AND UNIVERSITIES AND MINORITY
INSTITUTIONS (HBCU/MIs)

In previous years, an RDL program representative visited from seven to ten different HBCU/MIs to
promote interest in the SRP among the faculty and graduate students. Due to the late contract award
date (January 1994) no time was available to visit HBCU/MIs this past year.

In addition to RDL's special recruiting efforts, AFOSR attempts each year to obtain additional funding
or use leftover funding from cancellations the past year to fund HBCU/MI associates. This year, seven

HBCU/MI SFRPs declined after they were selected. The following table records HBCU/MI
participation in this program.

Table 3: SRP HBCU/MI Participation, by Year

YEAR SFRP GSRP
Applicants Participants Applicants Participants

1985 76 23 15 11
1986 70 18 20 10
1987 82 32 32 10
1988 53 17 23 14
1989 39 15 13 4
1990 43 14 17 3
1991 42 13 8 5

- 1992 70 13 9 5
1993 60 13 6 2
1994 90 16 11 6




6. SRP FUNDING SOURCES

Funding sources for the 1994 SRP were the AFOSR-provided slots for the basic contract and
laboratory funds. Funding sources by category for the 1994 SRP selected participants are shown here.

Table 4: 1994 SRP Associate Funding

FUNDING CATEGORY SFRP GSRP HSAP
AFOSR Basic Allocation Funds 150 98"t 1217
USAF Laboratory Funds 37 19 12
HBCU/MI By AFOSR 5 0 0
(Using Procured Addn’l Funds)
TOTAL 192 117 133
*1 - 100 were selected, but two canceled too late to be replaced.
*2 - 125 were selected, but four canceled too late to be replaced.
7. COMPENSATION FOR PARTICIPANTS
Compensation for SRP participants, per five-day work week, is shown in this table.
Table 5: 1994 SRP Associate Compensation
PARTICIPANT CATEGORY 1991 1992 1993 1994
Faculty Members $690 $718 $740 $740
Graduate Student $425 $442 $455 $455
(Master's Degree)
Graduate Student $365 $380 $391 $391
(Bachelor's Degree)
High School Student $200 $200 $200 $200
(First Year)
High School Student $240 $240 $240 $240
(Subsequent Years)




The program also offered associates whose homes were more than 50 miles from the laboratory an
expense allowance (seven days per week) of $50/day for faculty and $37/day for graduate students.
Transportation to the laboratory at the beginning of their tour and back to their home destinations at
the end was also reimbursed for these participants. Of the combined SFRP and GSRP associates, 58%
(178 out of 309) claimed travel reimbursements at an average round-trip cost of $860.

Faculty members were encouraged to visit their laboratories before their summer tour began. All costs
of these orientation visits were reimbursed. Forty-one percent (78 out of 192) of faculty associates
took orientation trips at an average cost of $498. Many faculty associates noted on their evaluation
forms that due to the late notice of acceptance into the 1994 SRP (caused by the late award in January
1994 of the contract) there wasn’t enough time to attend an orientation visit prior to their tour start
date. In 1993, 58 % of SFRP associates took orientation visits at an average cost of $685.

Program participants submitted biweekly vouchers countersigned by their laboratory research focal
point, and RDL issued paychecks so as to arrive in associates' hands two weeks later.

HSAP program participants were considered actual RDL employees, and their respective state and
federal income tax and Social Security were withheld from their paychecks. By the nature of their
independent research, SFRP and GSRP program participants were considered to be consultants or
independent contractors. As such, SFRP and GSRP associates were responsible for their own income
taxes, Social Security, and insurance.

8. CONTENTS OF THE 1994 REPORT

The complete set of reports for the 1994 SRP includes this program management report augmented by
fifteen volumes of final research reports by the 1994 associates as indicated below

Table 6. 1994 SRP Final Report Volume Assignments

VOLUME
LABORATORY SFRP GSRP  HSAP

Armstrong 2 7 12

Phillips 3 8 13

Rome -4 9 14

Wright 5A, SB 10 15

AEDC, FISRL, WHMC 6 11 16
AEDC = Armnold Engineering Development Center
FJSRL = Frank J. Seiler Research Laboratory
WHMC = Wilford Hall Medical Center




APPENDIX A - PROGRAM STATISTICAL SUMMARY

A. Colleges/Universities Represented

Selected SFRP and GSRP associates represent 158 different colleges, universities, and
institutions.
B. States Represented

SFRP -Applicants came from 46 states plus Washington D.C. and Puerto Rico. Selectees
represent 40 states.

GSRP - Applicants came from 46 states and Puerto Rico. Selectees represent 34 states.

HSAP - Applicants came from fifteen states. Selectees represent ten states.

C. Academic Disciplines Represented

The academic disciplines of the combined 192 SFRP associates are as follows:

Electrical Engineering 22.4%
Mechanical Engineering 14.0%
Physics: General, Nuclear & Plasma 12.2%
Chemistry & Chemical Engineering 11.2%
Mathematics & Statistics ' 8.1%
Psychology 7.0%
Computer Science 6.4%
Aerospace & Aeronautical Engineering 4.8%
Engineering Science 27%
Biology & Inorganic Chemistry 22%
Physics: Electro-Optics & Photonics 2.2%
Communication 1.6%
Industrial & Civil Engineering 1.6%
Physiology 1.1%
Polymer Science 1.1%
Education 0.5%
Pharmaceutics 0.5%
Veterinary Medicine : 0.5%
TOTAL - 100%




Table A-1. Total Participants

Number of Participants
SFRP 192
GSRP 117
HSAP 133
TOTAL 442

Table A-2. Degrees Represented

Degrees Represented
SFRP GSRP TOTAL
Doctoral 189 0 189
Master's 3 47 50
Bachelor's 0 70 70
TOTAL 192 117 309

Table A-3. SFRP Academic Titles

Academic Titles

Assistant Professor 74
Associate Professor 63
Professor 44
Instructor 5
Chairman 1
Visiting Professor 1
Visiting Assoc. Prof, 1
Research Associate 3
TOTAL 192
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Table A-4. Source of Leamning About SRP

SOURCE SFRP GSRP
Applicants | Selectees | Applicants | Selectees

Applied/participated in prior years 26% 37% 10% 13%
Colleague familiar with SRP 19% 17% 12% 12%
Brochure mailed to institution 32% 18% 19% 12%
Contact with Air Force laboratory 15% 24% 9% 12%
Faculty Advisor (GSRPs Only) -- - 39% 43%
Other source 8% 4% 11% 8%

TOTAL 100% 100% 100% 100%

Table A-5. Ethnic Background of Applicants and Selectees

SFRP GSRP HSAP
Applicants | Selectees | Applicants | Selectees | Applicants | Selectees

American Indian or 0.2% 0% 1% 0% 0.4% 0%
Native Alaskan :
Asian/Pacific Islander 30% 20% 6% 8% 7% 10%
Black 4% 1.5% 3% 3% 7% 2%
Hispanic 3% 1.9% 4% 4.5% 11% 8%
Caucasian 51% 63% 7% 77% 70% 75%
Preferred not to answer 12% 14% 9% 7% 4% 5%

TOTAL 100% 100% 100% 100% 99% 100%

Table A-6. Percentages of Selectees receiving their 1st, 2nd, or 3rd Choices of Directorate

1st 2nd 3rd Other Than

Choice Choice Choice Their Choice
SFRP 70% 7% 3% 20%
GSRP 76% 2% 2% 20%
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APPENDIX B -- SRP EVALUATION RESPONSES
1. OVERVIEW
Evaluations were completed and returned to RDL by four groups at the completion of the SRP. The

number of respondents in each group is shown below.

Table B-1. Total SRP Evaluations Received

Evaluation Group Responses
SFRP & GSRPs 275
HSAPs 116
USAF Laboratory Focal Points 109
USAF Laboratory HSAP Mentors 54

All groups indicate near-unanimous enthusiasm for the SRP experience.

Typical comments from 1994 SRP associates are:

"[The SRP was an] excellent opportunity to work in state-of-the-art facility with top-notch
people."

"[The SRP experience] enabled exposure to interesting scientific application problems;
enhancement of knowledge and insight into 'real-world' problems."

"[The SRP] was a great opportunity for resourceful and independent faculty [members] from
small colleges to obtain research credentials."

"The laboratory personnel I worked with are tremendous, both personally and scientifically. I
cannot emphasize how wonderful they are."

"The one-on-one relationship with my mentor and the hands on research experience improved

[my] understanding of physics in addition to improving my library research skills. Very
valuable for [both] college and career!"
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Typical comments from laboratory focal points and mentors are:

"This program [AFOSR - SFRP] has been a ‘God Send’ for us. Ties established with summer
faculty have proven invaluable.”

"Program was excellent from our perspective. So much was accomplished that new options
became viable "

"This program managed to get around most of the red tape and ‘BS’ associated with most Air
Force programs. Good Job!"

“Great program for high school students to be introduced to the research environment. Highly
educational for others [at laboratory].”

“This is an excellent program to introduce students to technology and give them a feel for
[science/engineering] career fields. I view any return benefit to the government to be ‘icing on
the cake’ and have usually benefitted.”

The summarized recommendations for program improvement from both associates and laboratory
personnel are listed below (Note: basically the same as in previous years.) »

A

Better preparation on the labs’ part prior to associates' arrival (i.e., office space,
computer assets, clearly defined scope of work).

Laboratory sponsor seminar presentations of work conducted by associates, and/or
organized social functions for associates to collectively meet and share SRP
experiences.

Laboratory focal points collectively suggest more AFOSR allocated associate
positions, so that more people may share in the experience.

Associates collectively suggest higher stipends for SRP associates.

Both HSAP Air Force laboratory mentors and associates would like the summer tour
extended from the current 8 weeks to either 10 or 11 weeks; the groups state it takes
4-6 weeks just to get high school students up-to-speed on what’s going on at
laboratory. (Note: this same arguement was used to raise the faculty and graduate
student participation time a few years ago.)




2. 1994 USAF LABORATORY FOCAL POINT (LFP) EVALUATION RESPONSES

The summarized results listed below are from the 109 LFP evaluations received.

1. LFP evaluations received and associate preferences:

Table B-2. Air Force LFP Evaluation Responses (By Type)

How Many Associates Would You Prefer To Get ? (% Response)

SFRP GSRP (w/Univ Professor) GSRP (w/o Univ Professor)

Lab Evals 0 1 2 3+ 0 1 2 3+ 0 1 2 3+
Recv’d

AEDC 10 30 50 0 20 50 40 0 10 40 60 0 0
AL 44 34 50 6 9 54 34 12 0 56 31 12 0
FJSRL 3 ] 33 33 33 0 67 33 0 0 33 67 0 0
PL 14 28 43 28 0 57 21 21 0 71 28 0 0
RL 3 33 67 0 0 67 0 33 0 100 0 0 0
WHMC 1 0 0 100 0 0 100 0 0 0 100 0 0
WL 46 15 61 24 0 56 30 13 0 76 17 6 0
Total 121 125% 43% 27% 4% [ 50% 37% 11% 1% | 54% 43% 3% 0%

LFP Evaluation Summary. The summarized repsonses, by laboratory, are listed on the following
page. LFPs were asked to rate the following questions on a scale from 1 (below average) to 5 (above

average).

2. LFPs involved in SRP associate application evaluation process:
a. Time available for evaluation of applications:
b. Adequacy of applications for selection process:
. Value of orientation trips:
. Length of research tour:
Benefits of associate's work to laboratory:
Benefits of associate's work to Air Force:
Enhancement of research qualifications for LFP and staff:
Enhancement of research qualifications for SFRP associate:
Enhancement of research qualifications for GSRP associate:
Enhancement of knowledge for LFP and staff:
Enhancement of knowledge for SFRP associate:
¢. Enhancement of knowledge for GSRP associate:
8. Value of Air Force and university links:
9. Potential for future collaboration:
10.  a. Your working relationship with SFRP:
b. Your working relationship with GSRP:
11. Expenditure of your time worthwhile:

(Continued on next page)
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12. Quality of program literature for associate:
13.  a Quality of RDL's communications with you:

b. Quality of RDL's communications with associates:
14. Overall assessment of SRP:

Laboratory Focal Point Reponses to above questions

AEDC AL FJSRL PL RL WHMC WL
# Evals Recv'd 10 32 3 14 3 1 46
Question #
2 90% 62% 100% 64% 100% 100% 83%
2a 3.5 3.5 4.7 44 40 4.0 3.7
2b 40 38 40 43 43 4.0 39
3 42 36 43 3.8 47 4.0 40
4 3.8 39 4.0 42 43 NOENTRY 40
Sa 4.1 44 4.7 49 43 3.0 46
5b 4.0 42 47 47 43 3.0 45
6a 3.6 4.1 3.7 45 43 3.0 4.1
6b 3.6 40 40 44 47 3.0 42
6¢ 33 42 40 45 45 3.0 42
7a 39 43 4.0 4.6 40 3.0 42
7b 4.1 43 43 4.6 47 3.0 43
Tc 33 4.1 45 45 45 5.0 43
8 42 43 50 49 43 5.0 4.7
9 38 4.1 47 5.0 47 5.0 4.6
10a 46 45 5.0 49 4.7 5.0 47
10b 43 42 5.0 43 5.0 50 45
11 41 45 43 49 47 40 44
12 4.1 39 40 44 4.7 3.0 41
13a 3.8 2.9 40 4.0 47 3.0 3.6
13b 3.8 2.9 4.0 43 47 3.0 3.8
14 4.5 4.4 5.0 49 4.7 4.0 4.5
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3.

1994 SFRP & GSRP EVALUATION RESPONSES

The summarized results listed below are from the 275 SFRP/GSRP evaluations received.

9.

Associates were asked to rate the following questions on a scale from

1 (below average) to 5 (above average)

. The match between the laboratories research and your field:

Your working relationship with your LFP:

. Enhancement of your academic qualifications:

. Enhancement of your research qualifications:

. Lab readiness for you: LFP, task, plan:

. Lab readiness for you: equipment, supplies, facilities:
. Lab resources:

. Lab research and administrative support:

Adequacy of brochure and associate handbook:

10. RDL communications with you:

11. Overall payment procedures:

12. Overall assessment of the SRP:

13, a. Would you apply again? Yes:
b. Will you continue this or related research? Yes:
14. Was length of your tour satisfactory? Yes:

15. Percentage of associates who engaged in:

a. Seminar presentation:
b. Technical meetings:
¢. Social functions:

d. Other
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4.8
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45

43

4.1

43

4.5

43

43

3.8

4.7

85%
95%

86%

52%
32%
03%
01%




16. Percentage of associates who experienced difficulties in:

a. Finding housing:
b. Check Cashing:

17. Where did you stay during your SRP tour?
a. At Home:
b. With Friend:
¢. On Local Economy:
d. Base Quarters:
THIS SECTION FACULTY ONLY:
18. Were graduate students working with you?
19. Would you bring graduate students next year?
20. Value of orientation visit:
Essential:
Convenient:
Not Worth Cost:
Not Used:
THIS SECTION GRADUATE STUDENTS ONLY:
21. Who did you work with:

University Professor:
Laboratory Scientist:
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Yes:

12%
03%

20%
06%
47%
10%

23%

56%

29%
20%
01%
34%

18%
54%




4. 1994 USAF LABORATORY HSAP MENTOR EVALUATION RESPONSES

The summarized results listed below are from the 54 mentor evaluations received.

1. Mentor apprentice preferences:

Table B-3. Air Force Mentor Responses

How Many Apprentices Would
You Prefer To Get ?

HSAP Apprentices Preferred

Laboratory # Evals 0 1 2 3+
Recv’d

AEDC 6 0 100 0 0
AL 17 29 47 6 18
PL 9 22 78 0 0
RL 4 25 75 0 0
WL 18 22 55 17 6
Total 54 20% 1% 5% 5%

Mentors were asked to rate the following questions on a scale from
1 (below average) to 5 (above average)

2. Mentors involved in SRP apprentice application evaluation process:
a. Time available for evaluation of applications:
b. Adequacy of applications for selection process:
Laboratory's preparation for apprentice:
Mentor's preparation for apprentice:
Length of research tour:
Benefits of apprentice's work to U.S. Air force:
Enhancement of academic qualifications for apprentice:
Enhancement of research skills for apprentice:
9. Value of U.S. Air Force/high school links:
10. Mentor's working relationship with apprentice:
11. Expenditure of mentor's time worthwhile:
12. Quality of program literature for apprentice:
13. a. Quality of RDL's communications with mentors:
b. Quality of RDL's communication with apprentices:
14. Overall assessment of SRP:
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AEDC AL PL RL WL
# Evals Recv’d 6 17 9 4 18
Question #

2 100% 76% 56% 75% 61 %

2a 42 4.0 3.1 3.7 3.5

2b 4.0 45 4.0 4.0 38

3 43 3.8 3.9 3.8 3.8

4 4.5 3.7 34 42 3.9

5 3.5 4.1 3.1 3.7 3.6

6 43 39 40 4.0 42

7 4.0 44 43 42 3.9

8 4.7 4.4 44 42 40

9 4.7 42 3.7 45 4.0

10 47 45 44 45 42

11 48 43 4.0 45 4.1

12 42 4.1 4.1 438 34

13a 3.5 3.9 3.7 40 3.1

13b 4.0 4.1 34 40 35

14 43 45 38 4.5 41
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S. 1994 HSAP EVALUATION RESPONSES

The summarized results listed below are from the 116 HSAP evaluations received.

HSAP apprentices were asked to rate the following questions on a scale from
1 (below average) to 5 (above average)

1. Match of lab research to you interest: 39
2. Apprentices working relationship with their mentor and other lab scieritists: 4.6
3. Enhancement of your academic qualifications: ‘ 4.4
4. Enhancement of your research qualifications: 41
5. Lab readiness for you: mentor, task, work plan 3.7
6. Lab readiness for you: equipment supplies facilities 43
7. Lab resources: availability 43
8. Lab research and administrative support: 44
9. Adequacy of RDL’s apprentice handbook and administrative materials: 40
10. Responsiveness of RDL’s communications: 3.5
11. Overall payment procedures: 3.3
12. Overall assessment of SRP value to you: 45
13. Would you apply again next year? Yes: 88%
14. Was length of SRP tour satisfactory? Yes: 78%

15. Percentages of apprentices who engaged in:

a. Seminar presentation: 48%
b. Technical meetings: 23%
c¢. Social functions: 18%
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Effect of Dissolved Gases on the Discharge Coefficient in a Single-Orifice Injector

William W. Brocklehurst
Graduate Student
Department of Aerospace Engineering and Engineering Mechanics
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Abstract

The effect of dissolved gases on the discharge coefficient in a single-orifice injector was studied.
The high pressure cold flow chamber at USAF Phillips Laboratory was used to accumulate the
experimental data. Discharge coefficients were measured for injector AP’s of 0 to 100 psi and a variety of
system configurations. Experimental results show that the orifice discharge coefficient has a dependence
on the dissolved gas concentration in the working fluid (demineralized water in this case). As the
dissolved gas concentration increases, the orifice discharge coefficient also increases. The effect is greater
at lower orifice flow rates and seems to have no effect when the flow is cavitating at the higher AP’s. The
orifice discharge coefficient was found to be very dependent on the dissolved gas concentration in the
working fluid.




Effect of Dissolved Gases on the Discharge Coefficient in a Single-Orifice Injector

William W. Brocklehurst

Ingroduction

The cold flow facility at the USAF Phillips Laboratory was developed to directly study the effect
of injector design and flow conditions on spray field characteristics. This data can be used to help predict
stability, mixing, chamber wall compatibility, combustion efficiency, injector pressure drop, and drop
sizes. The 21” diameter chamber is rated to 2000 psi and is equip with sapphire optical access windows, a
variable height injector housing assembly, and a 27 tube (1/4” dia.) mechanical patternizer rake. The
facility operates at pressures up to 2000 psig which are comparable to actual booster-sized, high pressure
combustion chambers and is the highest reported pressure capability for such a test facility.

The results of recent orifice flow testing at Phillips Laboratory have shown a ‘divergence’ in the
discharge coefficient data. The discharge coefficient was increasing as the orifice AP was lowered. The
error can be as high as 10% in the lower AP range. This effect was also noticed as the manifold cross
flow rate increased.

It was believed that gases dissolved in the working fluid (water) were a factor contributing to this
divergence as they came out of solution. The effect of dissolved gases was to be measured and
documented to assure accurate and comparable flow data in the future.

Apparatus

The orifice plate used has a diameter of 0.0784 inches and an L/D of approximately 5. The water
supply system is capable of delivering up to 15 GPM with a tank pressure of around 2200 psi. Figure 1
shows a schematic of the manifold design.

The manifold is a cross flow channel type. When the orifice plate is installed in the manifold, a
channel 0.26” by 0.24” is formed. Water is then passed through the channel, and consequently some
water passes down through the orifice. By recording the flow rate at the entrance and exit of the cross
flow channel, simple subtraction gives the flow rate down through the orifice. A static pressure tap, P, is
located directly over the orifice along the top of the cross flow channel. A differential pressure transducer
connected to P, and a chamber pressure tap, P, directly measures the AP across the orifice. A flow
regulator downstream of the cross flow channel is used to hold the desired P,. When testing over a range




of AP’s, the procedure is to hold P; constant and increase P, to produce different AP’s. Figure 2 shows the
location of the P, pressure tap in relation to the orifice.

The manifold is used to produce three very different flow conditions: cross flow, zero cross flow,
and dead-head. In the cross flow configuration, flow enters the channel (Q,,) and exits through the orifice
(Qor) and channel exit (Qow). The flow rate through the orifice is then given by: Quet = Qi - Qou. In the
zero cross flow configuration, the channel exit is blocked and flow entering the channel exits only through
the orifice giving: Qur = Qu. In the dead-head configuration, flow enters through both ends of the
channel and leaves only through the orifice giving: Qur=Qyu + Q.. Figure 1 also shows the three
manifold configurations.

Methodology

In order to qualitatively and quantitatively measure the effect of dissolved gases on the orifice
discharge coefficient, the dissolved gas concentration in the fluid supply tank is controlled and measured.
Four tank treatments are used: degassed, bascline, saturated at atmosphere, and saturated at 100 psi.

A 1/2 HP Kinney Vacuum Pump is attached to the supply tank to prepare for the degassed run.
The empty water tank is evacuated to 4 psia and then filled halfway through a generic Delvan spray
nozzle while holding the vacuum. The half-full tank then remains under vacuum for 2 hours before being
brought up to pressure and run. The tank is only filled halfway to produce the largest possible surface
area for the vacuum to work on. The spray nozzle also increases the surface area while filling to greatly
increase the outgassing rate of the water. By flowing immediately after pressurizing the tank, the GN;
used to pressurize is not given sufficient time to diffuse into the supply water and hence invalidate the run.
To safeguard the flow system and transducers, the supply tank is never run dry while flowing through the
system thereby ensuring that the water directly in contact with the GN; never passes through the orifice.
Dissolved gas measurements before, after, and during runs show no significant change in dissolved gas
concentration. Dissolved oxygen concentration in the degassed tank runs are usually around 2 PPM.

To prepare the tank for a baseline run, the tank is completely filled as usual. The demineralized
water is supplied by a 6000 gal. tank-truck outside of the facility. Due to extreme temperature variations
outside at Edwards AFB, the dissolved oxygen content in the tank-truck can vary from 5 PPM to 8 PPM
during the day. The tests are run shortly after filling the tank to avoid natural outgassing. It was found
that if a full tank is allowed to set over a period little more than one day, the tank (inside of the flow
facility) will naturally outgass to about 1.5 PPM. Again, dissolved gas measurements are recorded before,
after, and during each run.
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A saturated condition is prepared by bubbling compressed air through the supply tank overnight
to ensure saturation at atmospheric pressure. A filter is placed on the air line to prevent tank water
contamination. Again, the tests are run soon after pressurizing and the dissolved oxygen measurements
are around 8.5 PPM.

To fully evaluate the effect of dissolved gases, a ‘worst-case’ scenario is run. Compressed air is
bubbled through the tank much like the saturated case but the water supply tank is kept at 100 psig.
Dissolved oxygen measurements from 11 PPM to 13 PPM are common. The milky appearance of the
supply water is also a good indication that there is a sufficient gas concentration in the tank.

Dissolved Gas Measurements

Evacuating and bubbling air through the supply tank significantly changes the dissolved gas
concentration in the tank water. Though no direct measurement of the gas concentration is needed for a
qualitative analysis, a concentration measurement is helpful both in a quantitative analysis and in
ensuring that sufficient change in gas concentration is achieved.

Since the flow system is pressurized with GN,, it was originally desired to saturate the tank with
the same. However, a commercial dissolved N, meter is not readily available and partial pressure
measurements are somewhat tedious. A commercial dissolved O, meter is readily available and very easy
10 operate. By measuring the dissolved O, content in the supply water, a quantitative comparison between
tank treatments can readily be achieved. The total dissolved gas (air) concentration can also be calculated
accurately from the O, content.

A Cole-Parmer Model 5946-55 Oxygen Meter is used to measure the dissolved oxygen
concentration in the aqueous solution. The oxygen meter provides a digital readout of sample temperature
(0° to 50°C) and dissolved oxygen content (0 to 19.99 mg/L. £0.1 mg/L). The oxygen meter probe
consists of two electrodes separated by an electrolyte solution. An oxygen permeable membrane separates
the electrodes and solution from the sample. When a voltage is passed through the electrodes, thereby
reducing the amount of oxygen that has passed through the membrane, the resulting current is linearly
proportional to the dissolved oxygen content.

The meter is calibrated to display milligrams of dissolved oxygen per liter of water. To convert
from mig/L to PPM, one simply needs to divide by the specific gravity of the sample. However, for 0°to
30°C temperature ranges, the difference between PPM and mg/L is less than 0.5% in fresh water and less
than 5% in most sea water.’ Therefore, the reading on the meter (mg O,/L H;0) is taken to be the
dissolved oxygen content in PPM.




The oxygen meter has proven to be a good indicator of tank treatment accuracy. For the
degassed cases, dissolved oxygen concentrations of 2.0 to 3.7 PPM were obtained. The baseline cases ran
from 5.2 t0 7.5 PPM. Saturating at atmospheric pressure (13.2 psia @ Edwards AFB) gave 8.5 PPM of
dissolved oxygen and 11 PPM at 100 psig saturation.

Water samples are taken from a drain line at the bottom of the supply tank next to the exit water
line. Dissolved gas measurements are made quickly to avoid natural outgassing effects. By using the
separate drain line, samples can be taken from the tank even while it was under pressure.

Discharge Coefficient Calculations

Before evaluating the effect of dissolved gases on the orifice discharge coefficient is it useful to
discuss the discharge coefficient calculations. If an orifice is supplied by an infinite reservoir or situated
directly in a moving flow, the discharge coefficient, C, is defined as the ratio between the actual mass flow
rate and the theoretical mass flow rate. The theoretical mass flow rate is calculated from the orifice AP
using Bernoulli’s equation.

Ca = (PQu)/(PAVy) where: p = fluid density
= function of temperature
Qact = actual measured volumetric flow rate

= Qo

A =orifice area
=3.1145 mm?

Vy = theoretical (Bemoulli) velocity
= sqrt(2AP/p)

When introducing relatively large amounts of dissolved gas into the fluid, changes in Q. and p
must be examined. In the worst-case scenario (13 PPM Q,) the change in fluid density is less than 0.01%
and can safely be ignored. Effects of temperature on the water density are taken into account by the
system’s software both in the actual and theoretical mass flow rate calculations. The fluid density can
therefore be canceled out in the Cq calculation.

The effect of dissolved gases on the flow meter readings, specifically in the flowmeter turbines,
was also addressed. It was thought that the dissolved gases were coming out of solution in the flowmeter
turbinés (inductance pick-up type) and producing an error in the measured flow rate. Three series of test
were done to verify the flow meter readings over their operating range. Flow rates from 0.5 to 6.0 GPM
were physically collected, measured, and compared to the flow meter readings for dissolved O, tank
concentrations of 1.5, 4.6, and 13.0 PPM. No bias with dissolved gas concentration was found and all of
the flow meter readings were within 3% of the collected flow. A 3% difference is very acceptable when
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considering operator error in measuring the sample time and mass. All in all, a 1% accuracy is easily
achieved for flow rates under 6 GPM. It was therefore determined that the flow meter readings were
accurate and that density change due to the dissolved gases was negligible. These tests were also helpful
in validating the flow meter calibrations.

The AP measurement across the orifice was also investigated. The flow control program for the
cold flow chamber directly reads the orifice AP from a differential pressure transducer connected to
pressure taps above the orifice in the cross flow channel, P, and in the pressure chamber, P.. P is also
directly measured through another transducer tapped into the pressure chamber. P, is then calculated by
the system control software from P, and AP so that a downstream regulator can be used to adjust the
orifice AP. It should be noted that P, is a static pressure measurement above the orifice and not the total
pressure in the cross flow channel. The project engineers working on the cold flow chamber felt that Cy
should be calculated from the pressure that the orifice actually sees. When flow is passing over the
orifice, the orifice will only see the static pressure present in the channel. When angled orifice plates are
used it is planned to use a geometric correction factor to place P; somewhere between the cross flow
channel total and static pressure. It is also worthwhile to mention that at an inlet flow rate of 3.0 GPM,
the dynamic pressure of the flow in the cross flow channel is only about 1.5% of the static pressure. The
repeatability of runs and consistent procedure also allow one to say that the observed dissolved gas effects

are real and not simply an error in the calculation procedure.

Several tests were run to evaluate the effect of dissolved gases on the orifice discharge coefficient.
In presenting the data, the orifice C, is plotted versus Pay. Py is a parameter used at Phillips Laboratory
in the analysis of orifice hydraulics. Pey is simply (Pi-Pue)/(P1-Pc), where Py, is the vapor pressure of the
fluid as a function of temperature. At 25°C, the vapor pressure of water is only 0.46 psia. Due to the
relatively low value of Py, Pcav is essentially the ratio Py/AP. Therefore, on the following figures, an
increasing value of P, represents a lowering of the orifice AP and consequently a lower orifice flow rate,

Another important point to note is the gradual decrease in mass flow rate through the system as
P.,, increases. This is a problem in the fluid supply system. As the water tank is emptied, more GN; is
required to keep the same flow rate going into the cross flow channel. Though most of the system is
automated, the supply tank pressure and flow rate is still controlled by manual regulators. If the supply
pressure or fluid throttling valve are adjusted during the run, large spikes in the C, curve will occur. It
was decided that a slight reduction in flow rate over the runs was preferable to invalid data. A computer
controlled flow regulator is already in-house and will be installed on the water supply line in the near




future. This will allow for much more accurate system flow rate control. The mass flow rate reduction
with increasing Pey in the zero cross flow and dead-head configurations is to be expected however. In
these configurations, all of the flow entering the manifold is exiting through the orifice and will therefore
decrease as the orifice AP is lowered. On all of the following figures the entrance manifold velocity, V. is
documented for the beginning and end of the run. The flow rate usually decreases to about 90% by the
end of the runs around a Py of 10 for the cross flow configuration. This effect is most noticeable at the
lower cross flow rates.

The gradual decrease in flow rate during a cross flow run also results in an increase in P;. It was
originally thought (after excluding density and flow meter errors) that dissolved gases may have been
coming out of solution by the P, pressure tap and affecting its reading thereby producing an error in the
Cy calculations. Unfortunately, since P, is already changing throughout the run no conclusion can be
made about dissolved gas effects on the P, reading. Installing the computer controlled flow regulator
should stabilize the incoming flow rate and P, thereby enabling an evaluation of dissolved gases on the P,
reading.

Figure 3 shows the orifice discharge coefficient variation due only to the difference in dissolved
gas concentration. The five runs were performed at the same cross flow velocity. Seeing as how all five
of the runs are identical except for dissolved gas concentration, one can conclude that at higher dissolved
gas concentrations, the orifice discharge coefficient is higher.

Figure 4 shows the C, variation at the zero cross flow configuration. The same trend is observed
as in Figure 3. Figure 5 shows C; variation at the dead-head configuration. Once again the dissolved gas
effect is the same as in previous figures. It is interesting to note that at the lower dissolved gas
concentrations, the C4 curve becomes fairly constant (as is expected) in the non-cavitated region. This is
yet another indication that dissolved gases are affecting the orifice C4. Table 1 shows the percent
difference in C4 caused by dissolved gases for the three configurations.

Configuration Pewy Concentration range % difference in C4
(dissolved oxygen)
3 GPM cross flow 20 20-11.0 PPM 1.97
4.0 4.01
8.0 6.18
Zero cross flow (Qus=

1.1 GPM) 2.0 2.0-11.0 PPM 1.85
- 4.0 3.19
8.0 5.55

Dead-head
Q= 1.1 GPM) 2.0 3.7-6.5 PPM 0.50
4.0 1.25
8.0 2.93

Table 1: Effect of dissolved gases on orifice discharge coefficient
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Surprisingly, dissolved gases seem to have no effect on the orifice discharge coefficient in the
cavitated region below a Pey Of 2.0. In the cavitated region, no effect of dissolved gas or cross flow
velocity is observed. However, manifold configuration does have a significant effect.

Figure 5 shows an extreme change in C, for the dead-head configuration around Pey = 1.9. This
phenomena is known as ‘hydrautic flip’. In the cavitated region, the flow is not attached to the orifice
wall until a Py, of 1.9 when it reattaches, or hydraulically flips. This is accompanied by an immediate
increase in discharge coefficient. Data points were taken at 2 psi increments for all of the Figures. There
are no data points between the cavitated and non-cavitated regions in the dead-head runs méaning that the
hydraulic flip occurs at a distinct orifice AP = 63 psi. This phenomena has been observed consistently in
the past at Phillips Laboratory while flowing with the dead-head configuration.

Figures 3 and 4 show a more gradual transition to the non-cavitated region for the cross flow and
zero cross flow configurations. Though the zero cross flow configuration has a somewhat sharper
transition, both are relatively smooth compared to the dead-head configuration. The flow enters the non-
cavitated regime at a Py of 1.9 as in the dead-head case.

Figures 6, 7, and 8 illustrate the differences caused by changing the manifold cross flow rate.
Figure 6 is simply a superposition of Figures 7 and 8. Figure 7 shows the variation of C, with cross flow
velocity at degassed conditions and is an excellent indicator of cross flow rate dependency. This
dependency on cross flow rate has been observed in the past at Phillips Laboratory. The divergence of the
orifice C; is therefore dependent on dissolved gas concentration and cross flow velocity. The Cq
divergence in the zero cross flow and dead-head cases seems to be due only to dissolved gas concentration.

Figures 6, 7, and 8 also show data fluctuations at the higher cross flow rates making a percent
difference calculation rather unhelpful. This problem did not occur in past runs at Phillips Laboratory.
Significant plumbing changes have been made to the system since the last time C, curves were measured.
These changes include the addition of a number of 90° and 180° turns in the flow system piping. Perhaps
the computer controlled flow regulator will solve this problem of erratic readings at high cross flow rates.

However, calculating the divergence in Figure 7 between the cross flows of 9.4 m/sec and 4.7
m/sec gives differences comparable in magnitude to those caused by dissolved gases. AtPq,’s of 2.0,4.0,
and 8.0 the differences in C, are 1.04 %, 2.16 %, and 5.95 % respectively. Apparently the orifice Cq is
equally dependent upon dissolved gas concentration and cross flow velocity.




Conclysions and Remarks

A definite correlation between C, divergence and dissolved gas concentration was found. It
thought that dissolved gases coming out in the orifice account for this dependency. It is recommended
that the dissolved gas concentration in the reservoir be measured before flowing the system for an
experiment. Dissolved oxygen concentrations between 5.5 and 7.5 PPM are recommended to ensure data
accuracy. This should pose no significant problem since most baseline conditions fall in this range. By
keeping the gas concentration fairly constant the dissolved gas effect on the experimental data can be
eliminated.

A C4 dependence on cross flow velocity was observed. This further reinforces the data taken
previously at Phillips Laboratory. Though dissolved gas differences tend to augment the effect, they are
not the cause. This is an ongoing investigation in the cold flow chamber facility. Additional pressure
taps to better measure the orifice AP, better flow rate control, and more in-depth data analysis will allow a
more complete investigation of cross flow effects.

It is now believed that dissolved gas effects can be accounted for and no further investigation is
needed. The data analysis can now be concentrated on the effects of cross flow velocity and manifold
geometry. This project has been successful in eliminating the dissolved gas concentration parameter from
the data analysis and presentation.
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Abstract
The low frequency, preliminary analysis of a simplified model of a space craft sensor has been accomplished using
CARLOS-3D™ (Code for Analysis of Radiators on Lossy Surfaces), a general purpose computer code using the
Method of Moments (MoM.) Resonances of a cavity region have been identified by determining the cavity quality
factor (Q) as a function of frequency. The Q is proportional to the total energy stored in the cavity and inversely
proportional to the power lost from the cavity due to lossy materials and apertures. Even though this measure does
not give an exact value for power density at a specific point in the system, it does give an indication of the
representative power levels one will find in a similar system. An analysis approach for the high frequency range
includes using GEMACS (General Electromagnetic Model for the Analysis of Complex Systems) which incorporates
the geometrical theory of diffraction, MoM, and the finite difference method for multiple region problems. A

comparison of the two methods (CARLOS-3D™ and GEMACS) at an intermediate frequency ("3 GHz) is proposed.
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ANALYSIS TO DETERMINE THE QUALITY

FACTOR OF A COMPLEX CAVITY

Ronald R. DeLyser and Peyman Ensaf

Introduction

Determining the effects of high power microwaves (HPM) to satellite systems and subsystems is one of the missions
of the Phillips Laboratory Satellite Assessment Center (SAC). HPM tests can not always be performed on these
systems so that analytical techniques are necessary. One such analytical technique has been proposed [1] for the
analysis of large complex cavities.' However, when the systems are not large, numerical techniques have to be
used. When analyzing a single system or subsystem, it can be considered large at high frequencies and not large
at the lower frequencies. One therefore has to use different analytical procedures depending on the frequency of

interest.

We were tasked with analyzing a simplified model of a typical sensor over a frequency range of several hundred
MHz to tens of GHz. Figure 1 shows a skeleton drawing of the model generated by GAUGE (Graphical Aids for
Users of GEMACS) [2] which is discussed below. The model of the sensor consists of a lower mirror assembly,

and an upper cavity region.

The ultimate goal of any analysis would be to find the power density incident on a particular part in the cavity.
However, due to non-uniformity in the manufacturing process or changes in the internal configuration which
accompanies field modifications or maintenance, all such sensors will not be alike. Therefore, any analysis of a
specific sy;tem would be futile. So what should our calculated quantity be? We decided on the quality factor (Q)

of the upper cavity region. As discussed in detail below, Q is proportional to the total energy stored in the cavity

! "Large" is to be taken in the sense that the dimensions of the cavity or object is large when compared to
the wavelength of the radiation.
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Figure 1. The symplifed model of the sensor.

and inversely proportional to the power lost from the cavity due to lossy materials and apertures. Even though this
measure does not give an exact value for power density at a specific point in the system, it does give an indication

of the representative power levels one will find in a similar system.

The Software

The programs available at the SAC which are appropriate for this project are CARLOS-3D™ (Code for Analysis
of Radiators on Lossy Surfaces) [3], a general purpose computer code using the Method of Moments (MoM) and
GEMACS (éeneral Electromagnetic Model for the Analysis of Complex Systems) [4], which solves electromagnetic

radiation and scatfering problems using MoM and Geometrical Theory of Diffraction (GTD) for exterior analysis,

and a Finite Difference (FD) formulation for solution of interior problems.




CARLOS-3D™

The CARLOS-3D™ software utilized in this project implements the method of moments (MoM) solution for fully
arbitrary three-dimensional complex scatterers. These solutions are obtained for perfectly electrically conducting
(PEC) bodies as well as fully or partially penetrable ones. The electromagnetic scattering formulation used in this
software (hence in this project) is based on surface integral equations (SIE) spanning the entire external surface of
the body and the internal boundaries between penetrable and PEC regions. The analysis and software are extended
to boundaries (or surfaces) which may be characterized by resistive or magnetic sheets as well as impedance

boundary conditions.

CARLOS-3D™ operates on a triangularly-faceted body that may be composed of the following types of surfaces:
(1) Conducting (PEC)
(2) Conducting/Penetrable
(3) Multi-Region Penetrable
(4) Resistive Boundary Condition (RBC)
(5) Magnetically Conducting Boundary Condition (MBC)
(6) Impedance Boundary Condition (IBO)

(7) Global or Local RBC and IBC

CARLOS-3D™ implements the MoM solutions for a variety of SIE formulations associated with the classes of 3-D
geometries described above. A combined-field formulation is available to overcoﬁle the ill—conditioniﬁg with the
electric and magnetic field integral equations (EFIE and MFIE) for closed conducting bodies at internal resonances.
The following options are available in this code:

(1-) EFIE/PMCHW (after Poggio, Miller, Chu, Harrington, and Wu) formulation for coated conductors
(symmetric system matrix)

(2) EFIE, MFIE and CFIE (Combined Field Integral Equation) on closed conductors

(3) PMCHW on dielectric boundaries
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(4) CFIE for combination of open/closed geometries

The analysis and the implementing software permits the following specific options to be considered for the foregoing

classes of 3-D problems:
(1) Mono- and bistatic scattering,
(2) far field calculation,
(3) body symmetry option to minimize storage and execution time,
(4) automatic modeling of junctions where two or more surfaces intersect,
(5) infinitesimally thin conducting, resistive, and magnetic surfaces,
(6) surface current computation,
(7) infinite ground plane, adjacent to or intersecting the body,
(8) analytical green's function evaluation using singularity extraction,
(9) near field calculations,

(10) radar cross-section,

Specifics of the use of CARLOS-3D™ for this project
For penetrable bodies the boundary conditions are generally complicated and depend on geometry and material
composition. Integral formulations of Maxwell's equations provide an attractive formulation for these problems,

since the necessary boundary conditions are easily incorporated. The resulting equations can then be solved by the

Method of Moments technique.

The EFIE and MFIE exhibit an internal resonance phenomenon that is due to the non-uniqueness of the solution in
these integ;al equations at and near the resonance frequencies of the mterior problem [5]. These non-unique
solutions arise from the fact that the resonant frequency can be achieved in the absence of an excitation source.
Therefore, at these particular frequencies, the EFIE and MFIE formulations can lead to non-physical, spurious

results. The CFIE remedies this non-uniqueness in results by adding a supplementary integral to eliminate spurious
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solutions. In this method it is recognized that at interior resonance frequencies an electric current on the surface
that produces no tangential electric field on the surface can exist. This is overcome by placing both an electric
current J, and a magnetic current M, on the surface S. In this case the combined field integral equation can be

written as {5],

Ax [Ei+E5{J,,M,)] =0 (1)
where E*(J,,M,) denotes the electric field E* radiated by the sources J, and M, and n is the unit vector. The CFIE
formulation results in a well-posed problem and provides robust solutions at resonances. Therefore in accordance
with this approach, a set of calculations will be conducted using the EFIE technique in parallel with a set conducted
using the CFIE at these particular internal resonances. Hence, the results obtained from both approaches will be

compared and any discrepancies will be acknowledged.

Application of Mathematica to the problem.
CARLOS-3D™ requires an input file in which one or more geometrical data files are incorporated. The input file
along with the geometrical data files need to be prepared in accordance with the CARLOS-3D™ code. This consists
of a descriptive title line followed by the frequency of operation, number of dielectric regions (if any) and then the
name of each data file under study along with indications of whether a particular data file represents a perfect
electric conductor or a dielectric and also whether it's a closed or an open structure. CARLOS-3D™ recognizes
a few different data files such as

(1) ACAD-facet

(2) AGM

(3) IGES
Of many different interfaces compatible with CARLOS-3D™, the one available at the Satellite Assessment Center
was Mathematica [6]. Mathematica is not necessarily the best user interface software (this will be discussed below),
however, it has some features that made it unique. Mathematica enables the user to write a'program generating
input data files that incorporate triangular surfaces along with nodal values that describe each triangular surface and

also identifies the X,Y,Z coordinates accordingly, providing compatibility with the CARLOS-3D™ code. In order
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to generate these structures, Mathematica uses functions such as Surface Of Revolution and Parametric Plot3D. A
particularly useful feature in Mathematica is its ability to create a complicated structure by generating sub-structures
and ultimately joining each of those together, forming the desired composite structure. In generating the structure
of the sensor, it was necessary to keep in mind that the body of each structure must be segmented into a2 number
of cells in which each cell side is taken to be at most one-tenth of the operating wavelength. Therefore, using
Mathematica the appropriate number of segmentations was calculated and implemented for each operating frequency

range (wavelength).

Calculation Of The Quality Factor (Q)

Once the geometry of the sensor was fully generated using the above techniques, the appropriate data files were
formed into a compatible input file. At lower frequencies below internal resonances, namely 0.6 GHz-1.6 GHz,
the input files dictated the EFIE technique. The next step was to create a grid of points in the interior of the upper

cavity of the sensor for the calculation of the near fields. A rectangular grid was chosen.

In general the fields inside the chamber are nonuniform. However, in this analysis, uniformity was assumed for
individual cubic cells of 1.5 cm (<0.1A) in each dimension. These grid points (a total of 963) were prescribed in
the input file to CARLOS-3D™ for near-field calculations. Ultimately, CARLOS-3D™ calculated the near fields
and the Z-directed power at each declared grid point. The power calculations of interest were those into and out
of the inlet to the upper chamber of the model. CARLOS-3D™ provides the X,Y,Z components of the fields at

each grid point. Knowing these field values, the electric and magnetic energy at each point are calculated using [2]

=< [[[elElPdxdydz (2)

m=-i—fffp|H|2dXdydz (3)
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The integrals in equations (2) and (3) are quite trivial to solve. Since it is assumed that the fields within each cell
are constant, the E and the H terms along with the corresponding material properties can be brought out of the
integrals leaving only a volume integral with respect to the dimensions of the cell. Keeping in mind that the

dimensions of each cell are 1.5 cm on each side, equations (2) and (3) become

e=%e|E|2(.015m)3 (4)

=%p|H|2(.015m)3 (5)

Equations (4) and (5) correspond to the electric and magnetic energy for one cell. Now, the same calculations
for each cell corresponding to each grid point must be done and then sum the total for both electric and magnetic
energies and the sum of their total would be the total energy for each of the & and ¢ polarizations. The chosen
incidence angles were 8 and ¢ at 90° and 0° respectively (figure 1). Once the fields are calculated, the power [2]

going out from the chamber can also be calculated, using the Poynting theorem. Hence, power is calculated using
B=[[(Exd") .ds (6)

Since the outgoing power is in the negative Z- direction, we can calculate the power using

B=-[[ [(&,E,+8,E,+4,E,) x (&H,+a,H, 4 H,) ] . dxdy.a, )

B=-[[18,(EH,) -8, (EH,) | dxdy (8)

We are only concerned with the power out of the chamber so power calculations at a height of 0.075 m, which is
at the inlet of the chamber, were accomplished. Once again, since the fields within each designated cell are

constant, equation (8) can be modified to

P=-(EH,~EH,) (0.015)%.4, (9)

Once the energy and power are calculated, Q is given by
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0 Z (10)
Q=04

where U and P are the total energy stored and power exiting the cavity calculated separately for 6 and ¢

polarizations.

Summary Of Results

Recall that the extent of these calculaﬁons is to a high frequency of 1.6 GHz. Calculations at higher frequencies
will be conducted at a later time. Figures 2, 3 and 4 are plots of Q, energy, and power versus frequency for both
polarizations. At aperture 1 of figure 1a, the 8 polarized electric field will be more easily maintained because the

field lines will terminate on the top and bottom edges of the aperture. However, the ¢ polarized electric fields (in
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Figure 2. Q of the upper cavity region.
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the low frequency domain) create ¢ directed currents on the surfaces and hence the aperture fields are not as
pronounced. Therefore, as observed in Figure 3, the energy values due to the 6 polarized fields are much higher
than those for the ¢ polarized fields. In Figure 3, one can also observe that at some higher frequencies increases
in energy due to the ¢ polarized fields occur. Table II provides resonant frequencies for a frequency sweep over
the range of 0.5 GHz - 1.6 GHz. Table II also compares the measured resonant frequencies with those analytical

calculations assuming a cylindrical cavity of 8.6 cm supporting TM modes.

The TE,, and TM,_,, modes provided in Table I are given respectively by,

2 =
TE" 1 xlmn nz m:0,1,2,3, (11)
Lonp = +@p—) n=1,2,3,..
2n¢pe\ a h p=1,2,3,
2 =
™?2 1 xmn nz m:0,1,2,3,-.- (12)
£R- +(p_) n=1,2,3,...
2u¢pe\ a h p=0,1,2,3,
Table II. Resonant frequencies.
)

Resonant Quality Quality Analytical for the
Frequency (GHz) 0 polarization ¢ polarization upper Cavity Region
1.06 4392.108
1.126 TEM(Q.)
1.275 872.1293
1.30 1337.026
1.33 TMa0
1.38 2433.935
1.42 - 1659.651
1.496 1566.211
2.127 T™,10
2.639 TEoy
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Where x'_,, represents the nth zero of the derivative of the mth order Bessel function. According to equations (11)
and (12), the lowest mode is the TMy proceeding with TM,o which are well below the first TE mode (TEgy,). The
subscript p in equation (12) will remain zero for the lowest TM modes, therefore, guarantee the TM modes to be
independent of the height of the cavity. Therefore, the analytical values in Table I are for the TM,,, modes. Also
due to the presence of the coaxial like structure below the chamber, there may exist TEM modes, and hence these
are also presented in Table II. The remaining data provided in Table II correspond to CARLOS-3D™ calculations.

Differences with the numerical results are due to the fact that we have a much more complex cavity.

Radar cross-section (RCS) for the model was also calculated and is shown in figure 5 as a function of frequency.
It was hoped that there would be a correlation between resonances and this quantity. Other than a small indication

in the region of the 1.3 GHz resonance, there is no correlation. Evidently this is due to the fact that a much greater
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Figure 5. Radar cross-section for the sensor.
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amount of energy is scattered than is stored in the cavity. Any dip in the RCS versus frequency graph would have

to be due to a much greater amount of energy stored in the cavity relative to that which is scattered.

Problems using CARLOS-3D™ and Mathematica
A list of some problems encountered with Mathematica and CARLOS-3D™ follows:

a) Generating complicated structures using Mathematica, requires many tedious operations which could most
likely be avoided with a well designed interface.

b) As the measurements escalate to higher frequencies, the cell sizes become much smaller. For problems
of circular symmetry, the cells near the center of circles become exceedingly small. Mathematica only allows a
symmetn'c‘griding like that shown in Figure 6a. Since in this geometry, at a radius of half the outer radius the cells

have sides half as large, a simple transition such as that shown in Figure 6b can be used to maintain reasonable cell

Figure 6. Alternate gridding scheme for circular geometry.
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sizes. This is not now possible with the software available at the Phillips SAC.

(c) The largest input files used for calculations were for a frequency of 1.6 GHz. At this frequency, there
exists a total of 3990 unknowns. This corresponds to approximately 16 million complex numbers in the impedance
matrix. Each complex number requires 8 bytes, which means that at a frequency of 1.6 GHz, the user requires
approximately 128 Mbytes of random access memory (RAM). The work station that we were using has this much
RAM, but a larger problem will require that the work station do disk swapping. It has been our experience that
this slows down the process significantly. Without disk swapping, this large problem has an approximate running
time of 1 hour on an IBM RS6000 570 Powerstation. As a test at 3 GHz and approximately 8000 unknowns, CPU
time was reduced to 25% of the total process time and it was anticipated that a time of 16 hours to run CARLOS-
3D™ at one frequency would be necessary.

(d) Calculation of near fields using CARLOS-3D™ is possible, even though the user's manual [3] does not
state this. However, this option is only available with the bistatic scattering selected. The bistatic scattering option
does not allow an incidence angle sweep. This feature (incidence angle sweep with near fields calculations) would
allow more efficient generation of data since the excitation vector in the numerical formulation is the only change
that needs to be made from one incidence angle to the next. The impedance matrix (which takes most of the cpu
time) does not have to be changed. Because of this deficiency in CARLOS-3D™ investigation of the effect of
varying incidence angle would have been too time consuming for this study and thus was not accomplished.

(e) In an effort to extend our analysis of this model to 3 GHz, we decided to use the plane of symmetry
option. This all_ows input of data for only half of the problem and CARLOS-3D™ reduces the matrix size to two
matrices of 1/4 the size of the full mamx These are then solved in sequence. Our model, which was segmented
assuming a frequency of 3 GHz, produced matrices of 4982 and 5024 elements and a cpu time of a little more than
four hours with no disk swapping. The only problem with using this feature is that the calculated fields at 1.5 GHz
in the up;;er cavity region differed significantly from the same fields calculated with the model used without the
plane of symmetry option. This problem needs to be corrected in order to-extent this type of analysis to higher
frequencies.

(f) New features that should be incorporated into CARLOS-3D™ include:
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(1) magnitude and phase of far and near fields,

(2) dynamic memory allocation to relieve some of the memory problems presented above,

(3) a figure of merit for the triangulation such as calculations of accumulated charge on patches,
(4) multi-wire junctions should be handled automatically,

(5) optional output of the unit vectors in the direction of each current,

(6) storage and retrieval of filled and/or solved matrices,

(7) and, capability to read wire geometry from a file.

GEMACS

The GEMACS program (version 5) supports the solution of electromagnetic radiation and scattering from complex
perfectly conducting objects using MoM solution of the EFIE, MFIE, and CFIE formulation. It also uses GTD for
large perfectly conducting and impedance surfaces and combines GTD and MoM (called MoM/GTD hybrid) for
problems where small radiators near large scatterers are modeled. A FD solution is used for closed cavities which
when combined with the MoM, GTD or MoM/GTD hybrid can be used for multiple region problems. This code,
because of the efficient use of memory in the FD formulation and the availability of the GTD formulation for the

high frequency solution of the exterior problem, is the code of choice for this type of study at frequencies where

use of CARLOS-3D™ is prohibitive.

Unfortunately, versions of GEMACS for a workstation or one which could access memory above the DOS limit for
the PC were not available at the SAC for this study. However, an ongoing effort to make one of these versions
available before the end of this study prompted us to use GAUGE [2] to generate input files for our problem.
Hopefully, we will use these input files with GEMACS for the higher frequencies in a follow on study.

The analysis of the simplified model of a sensor uéing GEMACS begins by dividing the problem into three regions
(see Figure 1a): (1) an exterior region that includes the excitation source (a plane wave) and the outer shell of the

entire sensor plus aperture 1, (2) an intermediate region containing the lower mirror assembly with apertures 1 and
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2. and (3) the interior region of the upper cavity. At the higher frequencies of interest (> 3 GHz) the outer region
is a GTD problem where energy is coupled into the intermediate region through aperture 1. The intermediate region
is an FD problem with energy coupling into the interior region through aperture 2. Finally, the interior region is
an FD problem where we want to calculate the fields. Cnce the fields are known in the interior region and in

aperture 2, we can calculate Q in the same manner as we did using CARLOS-3D™.

Summary of Work to be Done
The following is a list of work to be done in a follow-on stutiy:

(1) The use of GEMACS to extend the range of frequencies in this investigation should be the primary
focus of a follow-on study.

(2) Variations in incidence angle and the resulting effect on Q, energy stored in and power exiting the
cavity should be studied.

(3) Even though we think that the grid size inside the cavity to determine the accurate value of Q is
adequate, it should be investigated because of the shapes involved. Preliminary study of the variations of the fields
indicate fairly smooth changes with the grid used for this study.

(4) In the transition region of approximately 3 GHz (assuming the problems with the symmetry plane
option addressed above are corrected), results from CARLOS-3D™ and GEMACS should be compared.

(5) Segmentation size for both codes should also be studied. The rule of thumb is to have cell sides
smaller than 0.1 A. Since computer memory is at a premium for high frequency excitation, this rule of thumb is
well worth investigation.

(6) Incorporation into CARLOS-3D™ of the new features mentioned above should be accomplished and
validated.

(7)_7 Development or search for a more friendly graphical user interface for CARLOS-3D™ should be
accomplished.

(8) Finally, comparison of numerical results with experimental results is necessary.
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Abstract

In order to better understand the operational characteristics of a 26 kW class
ammonia arcjet similar to the one which will be used for the United States Air
Force's Electric Propulsion Space Experiment, a study of the plasma inside
the arcjet's nozzle was performed using emission spectroscopy.
Photomultiplier tube scans and charged coupling device readings were taken
through optical access ports located axially along the nozzle/anode. Species
found in less than trace amounts were: atomic hydrogen (H), singly ionized
atomic nitrogen (NII), molecular nitrogen (N3), and the NH ion. The Boltzmann
plot method was used to determine the excitation temperatures for H and NII.
As the plasma expanded within the nozzle, both the H and NII temperatures
decreased. At the exit plane, however, the hydrogen temperature increased; a
phenomena that may be due to the presence of a barrel shock. In performing
these plots, many of the lower energy states were found to be underpopulated
and thus not in local thermodynamic equilibrium. Additionally, NII was found
to be at a much higher temperature than H, indicating a non-uniform plasma
with NII concentrated at the arcjet core while H was distributed throughout
the nozzle. Electron number density was determined using a method developed
by Griem. The results show a decrease in density in the downstream direction
resulting from nozzle expansion and electron-ion recombination. These results
agree with number density data from earlier studies carried out on low power
arcjets, indicating that the increased physical size of a high power arcjet
balances with the increased specific power to keep the number density constant

for a given area ratio.
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INTERIOR SPECTROSCOPIC INVESTIGATION OF
PLASMA COMPOSITION AND SPECIES PROFILES
FOR A 26 kW CLASS RADIATIVELY
COOLED AMMONIA ARCJET NOZZLE

Frank S. Gulczinski IIT

Introduction

With the use of a 1.8 kW hydrazine arcjet on the Telstar IV communications
satellite, arcjets have entered operation for satellite stationkeeping.
However, even though they are an operational technology, there is still not
enough known about the loss mechanisms that occur within the nozzle of the
arcjet. These losses result in an electric power-to—usable thrust conversion
rate of approximately 30% for the high power 26 kW class radiatively cooled
ammonia arcjet that will be flight tested as an orbit transfer device as part
of the United States Air Force's Electric Propulsion Space Experiment (ESEX)
to be launched in January 1996. Tt is hoped that by using emission
spectroscopy to non-obtrusively investigate the interior of the arcjet nozzle,
a better picture of the operating state can be obtained so that 1loss

mechanisms can be quantified and hopefully reduced.

Previously, interior measurements have been performed by Tahara, et al, using
quartz optical access ports on water cooled arcjets {1,2}; Storm and Cappelli,
using emission spectroscopy for axial measurements {3}; Rutyen, et al, using
spectroscopic measurements angled into the arcjet {4}; and Zube and Myers {5}
and Zube and BAuweter—Kurtz {6} using optical access ports. All of these
works, however, have been performed on low and medium power arcjets (Pg 2 10
kW) . A more recent work by Hargus, et al, at the Phillips Electric Propulsion
Laboratory examined the interior conditions of a high power arcjet {7}. The
work discussed in this report was conducted in conjunction with Mr. Hargus to
confirm and refine earlier findings and include photomultiplier tube (PMT)

scans of the entire spectrum of interest.




Experimental Apparatus and Setup
Experimental Facility:

These experiments were carried out in Vacuum Chamber #2 of the USAF Electric
Propulsion Laboratory located at the Phillips Laboratory, Edwards Air Force
Base, California. This cylindrical chamber with an 8 foot diameter and a 12
foot axial test length is connected to a vacuum pump system capable of pumping
at 23,400 cubic feet per minute. This permitted experimental operation with a
pressure of 80 mTorr for a propellant mass flow rate of 200 mg/sec. The
pressure was measured using a MKS Baratron® Type 122B Absolute Pressure
Transducer. Mass flow was regulated by a MKS 1542 mass flow controller

calibrated for ammonia.

Power was supplied to the arcjet by a Linde L-TEC PHC-601 plasma welding power
supply capable of producing 60 kW of power at currents as high as 600 A. 1In

this experiment, the arcjet was operated at 150 V and 120 A (18 kW).

Arcjet positioning was accomplished through the use of a Daedal 12 X 12 inch
translation table for horizontal positioning and a 6 inch rail table for
vertical positioning. Both of these tables were capable of 0.001 inch
repeatability and straight line accuracies of 0.0005 inch/inch. These
accuracies were necessary for proper alignment of the optical collection

system.
Arcijet:

The arcjet used in this research project was the USAF 26 kW class laboratory

thruster {8} shown in Figure 1 (Page 5):




Constrictor Exit Plane

Figure 1: USAF 26 kW Class Laboratory Thruster

The exit plane to constrictor area ratio is 100:1. The constrictor length and
diameter are both 0.1 inches. The nozzle length is 1.307 inches with a half

angle of 19°.

Optical access to the interior of the nozzle was provided by holes drilled at

3 axial locations, each with a 0.020 inch diameter, created through electron

deposition machining. The first is located 0.101 inch downstream of the
constrictor. The remaining 2 holes are located equidistant from the first
hole and the exit plane (0.402 inch separation). Based on the work of Zube

and Myers in reference 5 it is believed that the optical access ports did not
affect the performance of the arcjet. Their performance readings showed no
measurable deviation with holes both opened and plugged for an arcjet with an
access hole area to local nozzle expansion area comparable to that of the

arcjet used here.

Spectroscopy System:

An optical train is used to focus the emission signal from the arcjet plasma
onto the entrance slit of a Czerny-Turner 0.5 meter Acton Research SpectraPro-
500 spectrometer. Three gratings were contained on an internal turret: 2400,
1200, and 600 grooves/mm. At 435.8 nm, the 1200 groove/mm grating provides
the system with a resolution of 0.05 nm for first order 1lines. The

spectrometer was fitted with both a Princeton Instruments thermo-electrically
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cooled CCD detector for fine spectral resolution and an Acton Research Model
438 Photomultiplier Tube (PMT) for wide spectral scans. The entire system was
calibrated using a 6.5 A quartz halogen tungsten lamp with a calibration

traceable to the National Institute of Standards and Technology.
Data Acquisition Equipment:

Spectra from the CCD were captured and stored on a Unisys pw2 Advantage 3256DX
personal computer using Princeton Instruments' CCD Spectrometric Multichannel
Analysis (CSMA) software. Spectral scans from the PMT were captured and
stored on a Tektronix Pep 301 personal computer using Galactic Industries

Corporation's Spectra Calc software.
Theoretical Background and Spectroscopic Techniques

Emission spectroscopy is a diagnostic technique that uses the radiation
emitted when an electron in a plasma falls from a higher quantum energy state
to a lower quantum energy state to determine characteristics of the plasma.
By making specific assumptions, it is possible to determine the composition of
the plasma as well as determining plasma characteristics including: excited
state temperatures, electron number density, and vibrational and rotational
temperatures. In this report, excited state temperatures for prevalent

species and electron number density are presented.

Two of the most important assumptions made are that the plasma is optically
thin and that it is in partial local thermodynamic equilibrium. An optically
thin plasma is one in which very few of the photons emitted are reabsorbed
before they exit the plasma. Partial local thermodynamic equilibrium is a
subset of the concept of local thermodynamic equilibrium (LTE). In LTE, it is
assumed that when local populations of atomic or molecular energy states are
examined—they are found to be in thermodynamic equilibrium but that it is not
necessary that all parts of the plasma share the same equilibrium state. This
is applicable when excitation and de-excitation are primarily the result of

collisional as opposed to radiative processes. It is often found, however,

that LTE will only hold for energy levels above a cutoff point. Energy levels

4-6




that meet this criterion are said to be in partial local thermodynamic
equilibrium (PLTE) {9}. States that are not in PLTE tend to appear as

underpopulated when compared to those that are.

In order to determine which species are present in a plasma, a PMT scan is
made. The observed transitions are then compared with tabulated results to
determine which species exist. Most species of interest for arcjet plasma
diagnostics have transitions that fall within or near the wavelengths of

visible light -- between 300 and 700 nm -- so this is the area scanned in most

investigations.

To determine atomic excitation temperatures, a technique known as a Boltzmann
plot is used. Quantum theory tells us that for those energy levels which obey

LTE, the following equation holds:

I.A E
in|—14_ | = - 2 ¢ ln(lEL) (1)
CA 9, kT 212

Where:
Iy Intensity of the transition from level i to level j
Xij: Wavelength of the transition from level i to level j
c: Speed of light in vacuum
Agy: Atomic transition probability from level i to level j
g;: Degeneracy of the upper level
E;: Energy of the upper level
k: Boltzmann's constant
T: Temperature
h: Planck's constant
n: Species density
Z: Electron partition function

The intéhsity of the transition obtained from the spectrographic measurements
is used to compute the term on the left hand side of the equation. This is
then plotted versus the energy of the transition, which is a known function.
For those energy levels in PLTE, the plot will be a straight line from which

the temperature (in electron volts) can be determined by taking the negative
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inverse of its slope (See Figures 3-6, Pages 10-12 as examples).
Additionally, it is important to note that since only the slope of the line is
of interest, the absolute intensities of the transitions are not necessary --

only the relative intensities of several transitions.

Electron number density can be determined by using a method developed by Griem
{9} for use with hydrogen and hydrogen-like lines. What Griem shows is that
for systems in which only the first ionization is important =-- which is the
case in arcjet plasmas -~ the Stark (collisional) broadening of the line is
proportional to the two-thirds power of the ion density (which is equal to the

electron density). Therefore we can state that:

e

n, = ¢(n,, T,)AM% (2)

Where:
n,: Electron number density
C(n.,Te): Function of number density and temperature
AA,: Full Stark width

Thus, by measuring the full width at half maximum (FWHM) of a well known line
-— the hydrogen Balmer beta line in this case —-- where C(ne,T,) is known, it

is possible to determine the electron number density through an iterative

process. Since this method depends on an accurate determination of electron
temperature -- which for arcjet plasmas is approximately equal to the hydrogen
temperature -- and Debye-shielding effects are not accounted for in the

analysis it is believed that there is an experimental uncertainty of

approximately 20%.

Results

Data was taken for the arcjet operating at 18 kW with a mass flow rate of 200
mg/s. These operating conditions were chosen on the low end of the high power
regime for two reasons. First, operating at lower power and mass flow rate
minimizes erosion of the nozzle and damage to the optical access ports.
Second, operating at these conditions offers a better opportunity to compare

findings to those of Zube and Myers {5} for low power arcjets. Readings were
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taken at the three optical access ports (referred to hereafter, in order
downstream from the constrictor, as Hole 1, Hole 2, and Hole 3) as well as at

the arcjet's exit plane.

Species composition for the plasma was determined from the PMT scan. Though
measurements at the holes varied greatly in line intensity, they did not do so
in composition. The following species were identified at all locations:
atomic hydrogen (H), singly ionized atomic nitrogen (NII), molecular nitrogen

(Np), and the NH ion. Given the fact that the propellant is ammonia (NH3)

these compounds were expected. However, the lack of non-ionized atomic
nitrogen (NI) seems to indicate that the NH found in the plasma results from
dissociation of ammonia rather than a combination of hydrogen and nitrogen
(NI). The most prevalent lines for these compounds are shown in the sample

spectra from Hole 1 in Figure 2, below:
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Figure 2: Photomultiplier Tube Scan for Hole 1

We see the presence of N as a wide band below 420 nm, through which other

lines protrude. In addition to these compounds derived from ammonia, trace




amounts of CH and CN (cyanide) were detected, indicating that a carbon

impurity was being introduced somewhere in the system.

For hydrogen excitation temperatures, the very bright and easily obtained
lines of the hydrogen Balmer series were used. In many instances, the lower
energy lines were found not to be in equilibrium. The temperatures were
determined using the Boltzmann plot method from the plots shown in Figures 3-6

(Pages 10-12):
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Figure 3: Hydrogen Temperature at Hole 1
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Figure 5: Hydrogen Temperature at Hole 3
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Figure 6: Hydrogen Temperature at Exit Plane

The hydrogen temperatures are calculated by taking the negative inverse of the
curve-fit line's slope (the f(x) quantity shown on the plots). Those points
that are significantly below the curve fit 1line at lower energy levels
correspond to underpopulated states that do not meet the criteria for LTE and
are therefore not included in the temperature calculations. We note that as
we proceed downstream, underpopulated states occur at progressively higher
energy levels. We also note that as we proceed downstream from the
constrictor, it 1is possible to resolve higher order (higher energy)
transitions due to a lessening of Stark broadening. Both of these facts seem
to indicate a decrease in electron density as the plasma flows downstreamn,
since LTE requires a collisionally dominated plasma —-— a condition more likely
to exist at higher density -- and Stark broadening is proportional to the
density raised to the two-thirds power. These suspicions are confirmed by the

electron_density measurements that follow.

The overall trend in temperature is seen in Figure 7, Page 13 along with
previous results obtained by Hargus {7} and Zube and Myers {5} (NOTE: area

ratio increases as one proceeds downstream from the constrictor).
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Figure 7: Nozzle Hydrogen Temperature Distribution

So, as we proceed downstream we observe a decrease in hydrogen temperature
until the exit plane is reached, at which point there is a jump in
temperature. The drop along the nozzle is expected since the atoms will lose
the kinetic energy that they gained from the constrictor arc through expansion
and collisions. The temperature jump at the exit plane, however, was
unexpected and is not fully understood at this time. One hypothesis is that
it may be the result of a barrel shock generated when the plasma exits the
nozzle. In comparing this data to previous results, we see that it compares
well with Hargus' previous results for this arcjet for Hole 3 and for the Exit
Plane, but that it is significantly lower for Holes 1 and 2. This is believed
to result from a refinement of data gathering techniques and thus reflects a
more accurate temperature profile. Comparing this data with that of Zube and
Myers, we see temperature differences of approximately 10,000 K. It 1is
believed, however, that this data is more accurate since Zube and Myers used
only thé hydrogen Balmer alpha and beta transitions which are the lowest

energy and thus frequently fail to meet LTE requirements.

NII excitation temperatures were determined using the same method. Based on

the work of Tahara, a line at 444.7 nm and two groups of lines -- one near 462
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nm the other near 567 nm -- were chosen ({2}.

However, it was only possible to

determine the temperature at Holes 1 and 2 before the intensity diminished to

the point where readings were not possible.

The plots are shown in Figures 8

and 9:
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The NII temperatures measured are much higher than the hydrogen temperatures
at the same location along the nozzle. This is believed to be a result of
non-equilibrated non-uniform flow within the arcjet. Whereas the lighter
hydrogen atoms tend to expand away from the radial center of the arcjet, the
heavier nitrogen ions tend to remain in the core of the arcjet, where they
continue to be heated more readily by the electric arc. Thus, the NII
represents the center of the arcjet while the hydrogen represents an overall

temperature distribution.

The electron number densities were determined using Griem's method. The
overall results for the arcjet are shown in Figure 10. As before, they are

compared to the results obtained by Hargus {7} and Zube and Myers {5}.
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Figure 10: Nozzle Electron Density Distribution

We see that our earlier suspicions of decreasing electron density based on LTE
concerns and Stark broadening have been confirmed. The decreasing electron
density results from two factors: nozzle expansion and electron-ion
recombination. This recombination is made possible by the drop in kinetic

energy (which is reflected in a drop of species temperatures) through particle
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collisions. We find good agreement when comparing these results and those of
Hargus to those found by Zube and Myers for a 1 kW arcjet. This seems to
indicate that the increase in specific power between these two arcjets (from
25 MJ/kg for Zube and Myers to 90 MJ/kg here) is balanced by the increased
nozzle volume of the high power arcjet such that the electron density becomes

a function of area ratio only.

Conclusions

By studying the spectra of the arcjet plasma, it was determined that the
ammonia propellant (NH3) tends to break down into hydrogen (H), singly ionized
atomic nitrogen (NII), molecular Nitrogen (Ny), and NH. The lack of non-
ionized nitrogen (NI) shows that NH is not formed by the combination of NI and

H.

Studies of hydrogen temperature show a decrease as the plasma expands through
the nozzle, with an increase at the exit plane that may be caused by a barrel
shock. These measurements also indicate that many of the lower energy states
are non-equilibrated so that the assumption of partial local thermodynamic

equilibrium must be used.

In examining the NII temperatures, we see a drop in temperature through the
first two holes similar qualitatively to that seen for hydrogen, but occurring
at much higher temperatures. This indicates that the species within the
plasma are not equilibrated with each other and that the plasma itself is

spatially non-uniform.

Electron number density decreases in the downstream direction as a result of
nozzle expansion and electron-ion recombination. The density measurements
agree well with earlier results taken for low power arcjets. This indicates
that the mechanisms of increasing specific power and increasing nozzle volume
associated with an increase in arcjet power balance to keep electron density

constant.
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DROP SIZING OF A LIKE-IMPINGING ELEMENT INJECTOR
IN A HIGH PRESSURE ENVIRONMENT
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Abstract

The effect of gas density and liquid momentum flux on the average drop size of a like-impinging
element injector was studied. These effects were studied over a wide range gas densities and liquid
momentum flux. Gas density was varied up to 159 kg/m®, corresponding to a test chamber pressure of
2000 psig. Average drop sizes were measured by a Malvern Instruments Particle Sizer. The Malvern
instrument is a laser based optical probe utilizing the Fraunhofer diffraction theory of light to measure
particle sizes. Sauter mean diameter, mass median diameter, as well as size distribution are calculated by
the Malvern instrument. Correlations for the mean diameters were derived in this study and compared
with those available in the open literature. These studies indicate that the average drop size in the spray
of a like-impinging element injector decreases with increasing gas density and increasing liquid

momentum flux.




DROP SIZING OF A LIKE-IMPINGING ELEMENT INJECTOR
IN A HIGH PRESSURE ENVIRONMENT

Derik C. Herpfer

Introduction

An injector commonly used in liquid rocket engine combustors is the impinging element injector.
In an impinging element injector, two or more liquid jets impact at a single point. Mixing and
atomization occur at this point due to the dissipative exchange of momentum between the jets. This
injector type can be composed of either unlike or like impinging elements. An unlike element has at least
one fuel and one oxidizer jet which may have different flowrates and orifice diameters. A like element
injector has two or more jets of the same liquid, orifice diameter, and flowrate. The spray formed by a two
element impinging element injector is called a doublet.

Since only atomization occurs at the impingement point of a like-impinging element injector, a
rocket motor designed with this type of injector mixes fuel and oxidizer by overlapping individual fuel and
oxidizer sprays. Therefore, to analyze the mixing that occurs between the sprays, it is necessary to know
the distribution and average size of the droplets within the spray of each individual injector. This paper
investigates the drop size characteristics of a like-on-like doublet as a function of the ambient gas density
that the doublet is formed in, and the momentum flux of the liquid jets that create the doublet. A
comprehensive review of rocket injector elements and their design characteristics is provided in Reference
1.

Experimental Se!

A Malvern Instruments series 2600¢ Particle Sizer was used to measure the drop size of a like-
on-like doublet. The Malvern instrument was fitted with an extended range lens, f=600mm, which
allowed droplets to be measured within the size range 11.6-1128um. The like-on-like doublet was formed
by an impinging element injector using demineralized water to simulate liquid fuel. The injector consists
of two similar straight edge orifices with an included angle between them of 60°. Each orifice has a L/d of
27.76 and a diameter of 0.7925mm. The impingement point of the two jets is 3.43mm downstream of the
plate in which the two orifices are drilled.

The injector was mounted vertically downward in a pressure chamber rated to 13,790kPa. The
chamber is pressurized with nitrogen. Optical access to the chamber is provided by three 50mm diameter
and one 100mm diameter sapphire windows. A detailed description of this high pressure facility can be
found in Reference 2. The Malvern instrument was mounted with the receiving optics on the large
diameter window. The laser beam was oriented perpendicular to the centerline of the spray fan of the




doublet 41mm downstream of the impingement point of the injector. A CCD camera and a halogen light
were mounted on the other two windows. For an overview of this high pressure chamber, see Figure 1.

Tests were conducted on this injector configuration at various chamber pressures and orifice
pressure drops. The chamber pressure was increased in 1,379kPa increments from atmospheric
conditions to 13,790kPa. The pressure drop across the orifice was varied between 69-2068kPa at each
chamber pressure. Malvern drop size measurements of the doublet were made at the one downstream
location at each chamber pressure and orifice pressure drop. The CCD camera was used to record the
bulk spray characteristics such as fan angle and as a comparison to the Malvern data.

The chamber was pressurized slowly and allowed to settle before testing in order to eliminate
density gradients within the chamber. Variations in gas density within the chamber made it difficult to
maintain alignment of the laser and receiving optics.

Malvern Background

The Malvern Particle Sizer is based on the principle of laser diffraction. It uses the Fraunhofer
diffraction theory to determine a particle size distribution from the light collected by its receiving optics.
Light diffracted by droplets in the spray is focused by a Fourier transform lens onto a multi-element
photodetector. The incident laser light diffracted by a droplet depends on the diameter of the droplet, a
large droplet will diffract light into a small angle, while a small droplet will diffract light into a large
angle. An illustration of this can be seen in Figure 2. It should be noted that this instrument measures the
drop size along the entire length of the laser beam, it does not discriminate between those droplets within
the spray and those outside the flowfield. Also, it does not measure individual droplet sizes, it deduces the
volume size distribution that corresponds to the diffraction pattern collected by the receiving optics.
Therefore, it can only calculate average drop sizes such as the Sauter mean diameter, and the mass
median diameter.

In this study, the volume size distribution calculated by the Malvern instrument was constrained
with the additional criteria that it had to fit the Rosin-Rammler size distribution function. The Rosin-
Rammler size distribution function relates the fraction of droplets R, whose sizes are less than the a given
diameter D, as follows.

R = e~ PIX)"

where: X - drop size corresponding to the peak of the volume frequency distribution.
N - distribution width parameter.

The choice of the Rosin-Rammler function over other distribution models was dictated by the large
amount of multiple scattering encountered during the tests. The Malvern instrument assumes that light
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diffracted by each droplet is collected independently from other droplets by the receiving optics. In the
very dense sprays encountered in this study, some of the light diffracted by each droplet will be scattered
by other droplets within the spray. The net result is that the apparent size distribution is broader and
smaller in average size than the actual distribution. A significant amount of this secondary scattering
occurs at laser obscurations above 50%, where obscuration is the amount of attenuation of the incident
laser beam.

The Malvern Particle Sizer compensates for this by applying an empirical correction to the

Rosin-Rammler size distribution function. It is of the form.

Cy =1+[0.036+0.49(0b)* N (1.9 - 3.4400)
Cy =1+[0.035 + 011N (0b)*** }0.35 + 1.450b)

where: Ob - obscuration
Cx - corrected X / X
Cx - corrected N/ N

The Rosin-Rammler distribution has been extensively used in the past to model liquid droplets in a spray
as discussed below. For more information on the theory behind the Malvern Particle Sizer, see Reference
3.

Malvern Drop Size Results

Malvern drop size measurements of a like-on-like doublet were made at various gas densities and
liquid momentum flux. It was observed that at high gas densities, > 48.6 kg/m®, the spray became so
dense with liquid momentum flux > 414,000 kg/m-s> that Malvern data could not be collected. From the
test conditions where drop size data could be recorded, correlations for Sauter mean diameter and mass
median diameter where made by multiple regression of the data using the Marquardt-Levenberg
algorithm. The result was the following correlations.

SMD =3.69x10*(p v?)"* p
5 = 1.35x104 (p ‘vlz )—034 p -0.13

H

where:  SMD - Sauter mean diameter, pm, the diameter of the droplet whose volume to surface area ratio
s the average of all droplets in the spray.
D - mass median diameter,um, the droplet size such that half of the mass of the spray is
contained in droplets having a larger diameter.
P - gas density, kg/m’
pr - liquid density, kg/m?




v; - liquid velocity, m/s

Which can be rewritten in the form,

SMD =1.77 x10%y;**p %'
D =1.29x10%y;%%p=013

4

Figure 3 plots the measured SMD data in comparison to those calculated by the derived correlation. As
can be seen, the correlation produces large errors at the lower SMDs, on the order of 40%. Analysis of the
collected data showed that the gas density term did not correlate well at high gas densities, values greater
than 127 kg/m®. At these high densities, the correlation overpredicted drop size as compared to the
experimental values. However, the correlation may still be correct. At the high gas densities, Malvern
drop size measurements were made with obscurations > 97%, as compared with an average or 80% for the
lower gas densities. At these extreme obscurations, the empirical correction factor used by the Malvern
instrument to compensate for the effects of multiple scattering may not have been enough. The drop sizes
measured by the Malvern instrument were probably less than the actual sizes in the spray.

The correlations developed by this study are in agreement with those developed for like-on-like
doublets by other researchers. Hautman* and Lourme’® both investigated doublets generated by like-
impinging element injectors with a Malvern Particle Sizer. Hautman used a Rosin-Rammler size
distribution to fit Malvern data over a range of liquid properties, liquid momentum fluxes, gas densities,
and injector sizes. He developed the following correlations.

SMD = 1.3x107(p’v12 )—0.70_ ?.sp -0.09

8

D =534x10°(p,v?) " Fo 0*p 0

8

where: SMD - Sauter mean diameter, pm
D - mass median diameter,um

P, - gas density, kg/m’

p: - liquid density, kg/m®

v; - liquid velocity, m/s

o, - liquid surface tension, kg/s®

Lourme over a smaller range of variation of flow properties developed the correlation.

D =240v'd%c%p

56




where: D - mass median diameter,um
P, - 8as density, kg/m®
v - liquid velocity, m/s
o, - liquid surface tension, kg/s®
d - orifice diameter, mm

Tests done in the 60’s and early 70’s on like-on-like doublets, using either photographic
techniques or the hot wax technique, also agreed with the resuits of this study. The hot wax technique
consists of injecting hot wax into a test chamber. The hot wax forms droplets which cool and solidify into
solid particles which are then collected and sorted into size groups. In this way, a particle size
distribution is calculated which corresponds to the liquid drop sizes within the spray. Dickerson et. al.®
and Zajac’ used this technique at atmospheric conditions for turbulent jet doublets formed by a like-
impinging element injector with an included angle of 60°. Dickerson et. al. developed the correlation.

D =4.51x10°d*"v;*®

The correlation of Zajac was similar.
D =7.67x10°a"™;'(p,/P,) "

where for both:
D - mass median diameter,jum
v; - liquid velocity, m/s
d - orifice diameter, mm
P/P; - centerline to mean dynamic pressure ratio of the liquid jet

Drombrowski and Hooper® used a photographic technique with water at atmospheric conditions to derive

the correlation.

-1.16

SMD = 0.105v;*" (sinc./2)

where: SMD - Sauter mean diameter,jim
v - liquid velocity, m/s
o - included angle between orifices

A comparison between the mass median diameter correlated in this study and those referenced above can
be made in terms of two variables, liquid velocity and gas density. The effect of gas density on drop size
is comparable in all three correlations were it is a variable. However, the correlation derived in this study
indicates that drop size is not as dependent on gas density as reported previously. This is the result of the
larger data base available in this study. In the previous works, gas density was limited to less than 29




kg/m®, while for this correlation, it was varied to 159 kg/m®. As noted by others*, a change in gas density
has a greater effect on drop size at low gas densities than at high gas densities.

The comparison of the effect of liquid velocity on the correlations shows a greater difference.
The correlation derived in this study was far less dependent on liquid velocity than the others, even
though the velocity range sampled was comparable. The only difference in test conditions between the
correlations that could affect this term is that the correlation developed in this paper is for one orifice
diameter, while the others are based on a wide range of orifice diameters.

Yideo Results

The like-on-like doublets were videotaped at all flow conditions were Malvern data was recorded.
The trends observed with both instruments were similar. For a given gas density, drop size decreased
with increasing liquid momentum flux. For a fixed liquid momentum flux, drop size decreased with
increasing gas density. The video data was also analyzed to correlate spray fan angle to liquid momentum
flux and gas density. After multiple regression of the video data, the fan angle, the angle measured from
the centerline to one edge of the spray, was reduced to the following relationship.

~0.048 o044

0 =8895(p,v})"  p;

where: 0 - fan angle, degrees
Py - gas density, kg/m®
1 - liquid density, kg/m®
v, - liquid velocity, m/s

As can be seen, the fan angle has only a weak dependence on these properties. That is, high gas density
does not significantly change the shape of the doublet. Although droplets generated by an injector
operating at a given pressure drop will be smaller at a high gas density than a low one, they will form a
spray of approximately the same dimensions,

Conclusion

The correlations developed in this study will prove useful for the design and integration of
impinging element injectors in liquid rocket engine combustors. They also provide a useful insight on the
effect of high gas density on liquid atomization. However, thé correlations are limited. They do not take
into account variations in orifice diameter, liquid properties, and impingement angle, which are of great
importance in a rocket injector design. They also are not based on realistic rocket injector pressure drops.
Although the gas densities used in this paper were high enough to simulate a rocket combustor, the
Malvern instrument could not measure drop size in the sprays produced by large injector pressure drops at
high gas density. The rule of thumb for a like-impinging element injector to suppress chug instability in
the combustion chamber is that the pressure drop across the injector be approximately 15 to 25 percent of
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the chamber pressure. The correlations in this paper are based on a pressure drop of less than 2 percent at
the highest gas densities.
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Abstract

The Thermionic Heat Pipe Module (THPM) is a thennionic‘converter. The design of the
THPM utilizes a lithium filled annular heat pipe whose interior annular ring serves as the emitter
surface. The annular emitter heat pipe surrounds a lithium filled cylindrical heat pipe whose outer
surface is the collector. The emitter heat pipe is radiatively coupled to an exterior heat source. This

configuration allows for efficient heat transport from the heat source to the heat rejection system.

This paper characterizes the performance of the emitter heat pipe when a non-uniform heat
source is applied. A temperature profile of the emitter surface was recorded through a temperature range
of 300K to 2100K. This profile can be used as a baseline for future THPM tests and can be used to

verify the accuracy of various models of the emitter heat pipe.




EFFECTIVENESS OF THERMIONIC HEAT PIPE MODULE

Phillip N. Hutton

Introduction

The purpose of this experiment is to characterize the steady state thermal profile of the emitter surface as
a function of input temperature, and determine whether the annular heat pipe can effectively
isothermalize the emitter surface under non-circumferential heating. The Thermionic Heat Pipe Module
is a high efficiency, high temperature converter. These characteristics make it suitable for use in space
nuclear power systems. The original design of the THPM required the emitter heat pipe to be
surrounded by a uniform heat source. This would ensure an isothermal emitter surface which would
maximize the efficiency of the THPM. Subsequent design options are investigating the possibility of
surrounding the heat source with a series of THPM's. This configuration would allow for a greatly
reduced size in the heat source and its accompanying control components. The disadvantage to this type
of configuration is that the emitter heat pipe is only partially exposed to the heat source. The thermal
profile of the emitter surface must be investigated under these conditions to determine if the emitter heat
pipe can effectively stabilize the temperature along the emitter surface so that the efficiency of the

THPM is not adversely affected.

Experimental Setup

This experiment is designed to characterize the temperature profile of the emitter surface when the
emitter heat pipe is subjected to partial circumferential heating. For the test the collector heat pipe is
removed and replaced by a water calorimeter. K type thermocouples are run down along the side of the
calorimeter and bent out to make contact with the emitter surface. The water calorimeter serves the dual
purpose of heat removal and keeping the thermocouples relatively cool. The emitter heat pipe is then
placed inside an evacuated chamber next to a ten inch long, one inch wide tungsten filament. This
whole apparatus is surrounded by six layers of heat shields and a water cooled copper jacket to protect
the surrounding environment and equipment. A pyrometer is used to measure the temperature of the
filament, and a blackbody probe is used to measure the exterior surface temperature of the emitter heat
pipe. All temperature readings are fed into a computerized data acquisition system and recorded at one

second intervals.




Vacuum System

The vacuum chamber is a 16 X 30 inch bell jar resting on a standard 8 port feedthrough. This
feedthrough is supported by a modified MDC BP-18 baseplate. The BP~-18 has 12 feedthrough ports to
allow the introduction of electrical power and cooling water. This system is serviced by a 6 inch

diffusion pump which allows vacuums into the micro-torr region.

Heater construction

The heating apparatus is designed to provide either a relatively uniform heat source or a non-uniform
heat source to the emitter heat pipe, depending on the number of tungsten filaments used. Figure 1-a
and 1-b provide a detailed top and side view of the heating apparatus. In this experiment only one
tungsten filament was used to provide non-uniform circumferential heating around the emitter heat pipe.
The emitter heat pipe was placed next to the tungsten filament. Six layers of heat shields completely
enclose the filament and heat pipe. These, in turn, are surrounded by a hollow copper jacket. Water ié
circulated through the copper jacket to a heat removal system. This setup thermally isolates the interior
of the furnace from the surrounding environment. The copper jacket and heat shields have small

instrument ports positioned every 60 degrees to allow passage of temperature sensors to the heat pipe

and filament.

HEATER CONSTRUCTION
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HEATER CONSTRUCTION
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Instrumentation

Ten K-type thermocouples were run down along the calorimeter and bent out to make contact with the
interior of the annular heat pipe. The thermocouples were arranged to provide axial and circumferential
temperature profiles along the interior of the annular heat pipe (emitter surface). Figures 2—a and 2-b
depict the arrangement of the temperature sensors. The redundancy of these sets of data points was used
to provide the maximum number of data points possible in case some of the thermocouples should fail
during the test. Physical space limitations between the emitter heat pipe and the calorimeter

(approximately 0.05 inches) prohibited any more data points.




THERMOCOUPLE GEOMETRY
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FIGURE 2-a AND 2-b

The thermocouples were given titles denoting their axial and circumferencial positions. As an example,
the thermocouple labeled 000TOP denotes the thermocouple located directly in front of the heat, near
the top of the emitter heat pipe. The thermocouple labeled 060MID is the thermocouple located 60

degrees circumferentailly away from the heater and near the middie of the emitter heat pipe.

A blackbody probe was positioned along the exterior of the emitter heat pipe opposite the 060TOP
thermocouple (see figure 2—a). This position was chosen because it could be correlated with data from
previous tests performed on the emitter heat pipe. A pyrometer was used to measure the temperature of

the tungsten filament (see figure 2-b).

ANALYSIS

The temperature of the filament was taken through the operating range of the emitter heat pipe in a series
of runs to spot inconsistencies in individual thermocouple readings that may have been due to problems
such as bad contact points or partially open ends. The data on two runs is shown on figures 3-a through
5. Thermocouple 060MID is not included in these graphs because it gave erratic readings throughout the
test. Thermocouple 060TOP is not included oﬁ figure 3-b, 3-d, and 3-f because the connector visibly

burned out after the first run.
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FIGURE 3-¢ and 3-f

Figures 3-a through 3—f separates the data into the circumferential and axial sets of readings. Figures 4-
a and 4-b have been included to give a compact graphical view of the range, mean, standard deviation,
and percent difference in error of the thermocouple readings in each test run. Figure 5 depicts the

difference in temperature between the outer surface of the annular heat pipe and the inner surface.
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FIGURE 4-a and 4-b

In both runs, heat pipe action became apparent between 1100 and 1200 degrees celsius. Within this
region figures 3,4 and 5 show the temperature difference between the inner and outer surface of the heat
pipe decrease dramatically as the mean temperature of the emitter surface takes a disproportional jump
with an increase in filament temperature. After heat pipe action occurred, it was expected that the range
in temperature measurements would decrease. A small decrease in the range of temperature readings
was observed in the last run, but the overall range never decreased below 150 degrees Celsius. The plot
of the standard deviation of the data points follows the general pattern of the range, while the percent
difference between the maximum and the minimum data points illustrate a marked decrease and levelling

off after heat pipe action occurred.

INNER/OUTER SURFACE TEMPERATURES
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FIGURE 5
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CONCILUSION

Under partial circumferential heating the annular heat pipe was only partially effective in equalizing the
temperature along the emitter surface. Temperature differences between maximum and minimum
thermocouple readings varied between 150 and 350 degrees celsius, well above that required for

efficient operation of a THPM.
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Abstract

Ablation is an important physical mechanism in re-entry vehicle engineering, material
processing, and the operation of pulsed (or steady state) plasma devices. The non-ideal MHD code
MACH2 has the capability to model ablation of materials, but has areas on which improvements may
be made. The three most critical areas are the inclusion of condensation physics leading to zero net
mass flux at equilibrium, localized heat fluxes into the wall based upon Fourier’s Law, and tracking of
the interface between the ablated vapor and the surrounding gas so that the work done by the vapor
on the gas can be accounted for. The new ablation algorithm is based upon an equilibrium vapor state.
A simple bench-test of the new model was performed for a single material at a single temperature.
A one-dimensional, ideal gas, singly ionized copper plasma at 0.50 eV, 1.0x10°2 kg/m3 was pre-filled
ina0.20m x 0.10m x 1.00m closed box free of fields and currents. All walis except one (0.10m) was
defined as thermally insulative. The solid copper (thermally conductive) wall, initially at 0.026 eV
{300K), served as an ablation surface. Qualitative preliminary results indicate that heat flows into the
wall with the proper magnitude and direction. Also, condensation of the warm éopper plasma was

observed during early times. Interface tracking was not used due to time constraints.

A}
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A SINGLE TEMPERATURE/MATERIAL ABLATION ALGORITHM

FOR USE WITH THE NON-IDEAL MHD CODE, MACH2

Robert John Leiweke

INTRODUCTION

Re-entry vehicles, electrodes of pulsed and steady state plasma devices, high energy density
gas stagnation at walls (incIAuding large radiation flux impingments), and many material processing
environments are examples where ablation may require consideration for an engineering design. In
general, magnetohydrodynamics (MHD) problems with complex geometries and chemical processes
do not lend exact (or even approximate) analytic solutions. Ablation physics for two-dimensional, non-
ideal MHD problems can be simulated using MACH2 v.9402, a code developed by the USAF Phillips
Laboratory, Kirtland AFB, New Mexico. The existing MACH2 ablation model may be improved in

several ways.

DESCRIPTION OF MACH2

MACH?2 is a 2 %-dimensional arbitrary geometry, Lagrangian-Eulerian (ALE) code for use on
Cray™ supercomputers (XMP, YMP, C90, and Cray2), Sun™ SparcStations™ (2, 10, and 20), and IBM™
RISC workstations.! It is written in FORTRAN 77, and uses the Cray™-type pointer and namelist
extensions.?2 The code runs under the Unix and Unicos operating systems.2

In either rectilinear of cylindrical coordinates, MACH2 allows a user specified computational
domain buitt out of "blocks". Cells within the computational domain are labeled as‘ "real"”. Each block
contains "icells” mesh increments in the x {or r) direction and "jcells” mesh increments in the y (or z)

direction.! Physical quantities such as mass, momentum, forces, and thermal flux are defined at a cell

vertices, whereas pressure, temperature, density, magnetic field, specific internal energy, diffusivities,
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and thérmal conductivities are located at cell centers. ! Boundary conditions are implemented upoyﬁ a
single layer of "ghost” cglls surrounding each block. A "zero-volume” ghost cell is one that has a very
small volume, €, and the cell center falls exactly upon the locus of two "real” cell vertices at a block
boundary.1'3 The code allows multi-materials and three temperatures. The version used for this study
is v.9402 (no manual exists for this version, yet). A new feature called "interface tracking” makes
possible the definition of a sub-grid material interface for two or more materials with a minimal amount

of numerical diffusion. Physics for mass diffusion is not included in MACH2.

PROBLEM DISCUSSION

The MACH2 wall ablation algorithm is based upon constant heat flux across the surface
boundary of a semi-infinite solid.4 Heat flux from the plasma is assumed to be that of a blackbody at

an adjacent real cell electron temperature. At time t, this heat soaks into the (virtual) wall a

(1
8(t) = I_ﬂ )
Pw Cp,w

where p,,., ., Cpr and t represent the solid wall material density (kg), thermal conductivity (W/m-K),

characteristic distance®

specific heat (J/kg), and time (s). The exact solution for the temperature distribution within a semi-
infinite solid goes like a Gaussian Error Function. This depth is proportional to a volume, &V, of wall

material. The amount of energy per unit area required to vaporize the mass contained within this 8V
is®

q” .p = OH (2)

vap

where Hvaﬁ is the heat of vaporization of the wall material. Using the problem timestep, At, an

approximate expression for the heat flux required to ablate the mass within this volume2-4

1

1 - BYE 3
¢ vap = FE (3)
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where B is the "ablation threshold".2:4

The algorithm itself is rather simple; at each timestep, we compare the heat storage ability of

the mass within &V to the heat (flux) of the incoming blackbody radiation. Specifically, the comparison

. . > .
qllvap - g”store <? q”BB (4)

is made.24 If the blackbody flux is less than the left side of equation (4), then ablation does not
occur, and the "bit" of blackbody energy is accumulated within a scalar variable, absenrg, representing
the heat stored within §V. If the blackbody flux is greater than the left side of {4), then ablation

occurs, and the heat liberated by the evaporation process is

Y v/ I
qjab - q/BB - (qj vap qlstoze) ’ (5)
the mass flux ablated is
vy
R
m/ab = H 2 ’ (6)
vap
with a characteristic speed2'4
il
vy = 22, (7)
P vap

Here, Pyap is the equilibrium vapor density of the ablated wall rﬁaterial. This inflow mass velocity is
set along the entire block boundary. The ghost cells along this boundary are set to the equilibrium
vapor pressure and density for the wall material at its melting point.

The accuracy of the ablation model is restricted in seven ways.

1) condensation physics at the boundary is non-existent.5

2) t—he existing model cannot capture the physics of high frequency energy bursts on short

characteristic timescales commonly associated with pulsed power applications because

6

the "ablation threshold™ criteria creates non-physical delays in phase transition.

3) low density "slip” flows for which the fluid continuum assumption does not hold. Velocity
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and temperature gradients at a solid boundary cannot be accurately accounted for,
leading to improper computation of heat fluxes and ultimately, ablated mass {which in
turn gives the wrong heat fluxes).®
4} heat flux into an ablation wall was not based upon Fourier’'s Law, but rather as the electron
blackbody radiation flux at an adjacent real cell.’4-6
B) the ablation model was based solely upon a single temperature plasma.
6) the interface position between newly ablated mass and that of the previous time step is not
tracked.®
7) ablation state variables and mass properties are specified for an entire boundary so that local
heat fluxes into a wall cannot lead to local ablation of wall material. In fact, the walil
temperature must be held at a user specified, fixed value for all time. 124
Improvements of the utmost concern are to first allow for}the possibility of net mass flux at
the surface goes to vanish as the system approaches equilibrium. Second, use a local temperature
gradient and plasma thermal conductivity at the surface to compute the proper /ocal heat flux. Third,
to keep track of the interface between newly ablated material vapor and "mixed" gas. This last
requirement is important because the ablated mass, acting as a piston, does work on the surrounding
gas as it expands outward. The pistons’ ability to do work is related to enthalpy, and so one must

have a means of accurately estimating the volume swept out each timestep.6

THE NEW MODEL

if a liquid is placed into a closed container, the amount at first decreases but eventually
becomes constant because the rate of condensation equals the rate of evaporation.7 The net mass
transfer between states vanishes, and the system is in equilibrium.8 However, at the phase transition
region on a molecular level, the system is highly dynamic, with molecules constantly escaping from

8

and entering the liquid at a high rate.® In reality, the escaping molecules do not have a Maxwellian

velocity distribution, so a surface temperature cannot be defined. However, the molecules must
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eventually reach an equilibrium state at a new temperature. Then, heat transfer back to the wall must
raise or lower it's specific internal energy to that associated with the equilibrium state. This model will
assume that a surface temperature, T, may be defined based upon the solid wall’s specific internal

energy.
Let each variable be a /ocally defined quantity applied to each real vertex or ghost cell along

the wall boundary. During the transition to equilibrium, the fluxes of vapor molecules moving away

from the wall and that of the incoming gas are®7

Il C n c
- vap - vap - gas - gas
yoff - 4 ’ ygas - 4 (8)

where k is the Boltzmann constant (J/K), n is the number density (1/m?) and

— 8kT, _ 8kT (9)

(o4
vap ’ gas
mgw Mg, ™

are the mean molecular speeds for the vapor and incoming gas molecules.®7 For simplicity, this model

assumes a single material (plasma and wali), so that Mg=Mgas =M. The net mass flux is

2/ -
m/net: = m('goff - ygas) . (10)
The net mass ablated becomes
t
m(e) = [H(5) popdt . (11)
0
But, T and Nygp are unknowns at t + At, so we require more information about how heat is distributed

within the wall and how its specific energy changes with time.
Observe that the average specific kinetic energy of particles coming off the wall is (found by

integrating the Maxwellian distribution function over 2r steradians, ignoring work done by the vapor

on the surrounding gas):6
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2KT

B ep = 2kT, Fopp = ( — S il e (12)

If one considers the work done by this vapor, then the factor of "2" must be replaced with "6/2", in

equation (12).6 The total heat carried away from the surface is

. 2KT,
& oer = m//off(Hvap A ) - (13)

In (13), the expression in parenthesis represents both kinetic and potential energies. Heat flux into the
wall is described by Fourier's Law, but with a modified thermal conductivity to account

for radiation transport:1

= -V, (14)
where
3
o =%+ 4o0cT, . (15)
3px

and o is the Stephan-Boltzmann constant, c, the speed of light in vacuum, Te. the plasma electron
temperature, p, the total plasma density, and x, the opacity.1 The net heat flux (or power density) at

the wall is

qj/net = q'”in - qj,off . (16)

Now, the condition of constant heat flux across the wall requires that the net heat flux balance

the time rate-of-change of energy within the solid material. Mathematically,

. . dH
qj/net: = Ti—t ! (17)

where H (J/m?) is the heat fluence into the wall.® Recall that the spacial temperature profile for a semi-
infinite wall with constant heat flux has the form of a Gaussian Error Function. As a simplification, use

of equation (1} treats the profile as a constant value up to the depth &(t). So, the specific energy

stored within this diffusion volume &V(t) = Area +4(t), is
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_  H(t)
e(t) = _pwb(t) + e(0) . (18)

where e{0) is the initial specific internal energy. Using a solid density, the average specific energy
(18), and an appropriate equation-of-state, one may obtain a characteristic. Figure 1 shows an
equation-of-state for‘copper.9 At solid density (8933 kg/m?), notice that the temperature is almost
a linear function of the base-10 log of specific internal energy.9 So in this particular case, an

approximation of the temperature (K) is

T_(e(t)) = 300 + 5.5x10%( logy, [ el(OtG)] +0.93742) . (19)

MACH2 moves mass within the computational domain based upon pressure gradients within
the plasma""3 So, at the ablation boundary, all ghost cells must have updated information about the
local equilibrium vapor pressure, Peq: For non-alkaline metals which adhering to a hard-sphere collison

model {such as copper), the equilibrium vapor pressure in atmospheres is

-H,
wEr * € 20
peq(Ts) - e NokT, , ( )

where N, is Avogadro’s number, and C is related to the entropy of vaporization (for copper,
C=12.9).1911 To determine the equilibrium vapor density, Nygp: WE may again use a tabular data or,

for the case of most vaporized metals, the perfect gas law!?

_ pvap
nvap = -—H;s— . (21)
Solid material properties such as thermal conductivity, specific heat, and dencity are generally a

function of temperature, however here they are set equal to their respective valucs at 300K (0.026

eV).

MODELING PARAMETERS

Al

A one-dimensional "bench test” of the new ablation algorithm was chosen as a rectilinear "box”

with wall boundaries, 0.20 m wide and 0.10 m long (for rectilinear geometries, MACH2 defines the
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transvérse depth to be unity). The box is initially pre-filled with a uniform 0.50 eV copper plasma with
a density of 1.0x1072 kg/m“. The equation-of-state is ideal gas, y=5/3. Both ionization state and
thermal conductivity were chosen to be spacially uniform, time-independant quantities; singly ionized
and x=1.0x10"8 W/m-eV, respectively. A Spitzer resistivity model was selected, and radiation
diffusion was turned "off". There were no externally applied circuits or initial magnetic fields. Both
0.20 m walls and one of the 0.10 m walls were defined as perfect thermal insulators. The other 0.10
m wall allowed thermal conduction according to the new ablation algorithm. The wall has material
properties of solid copper at 300 K (0.026 eV). Figure 4 displays the single block mesh. This mesh
has a quadratic spacing of 32 icells in the "x" direction, with the fine increments near the ablation wall
where large thermal gradients are anticipated. The finest x-increment was adjusted to be 8.0x10% m
based upon a characteristic thermal diffusion length scale at 1us. The initial conditions and geometry
suggest that the flow will have no physical variations in the y-direction, so only four jcells were
defined. Initially, the heat flux at the wall computed by MACH2 was 2.375x10'" W/m?, which

correlated well with the expected value of 2.370x10'! W/m? (0.2%).

RESULTS

Using a Sun™ SparcStation™ 2, this case ran to normal termination at 30us with a total of
30,007 cycles. Figure 3 shows a typical plot of the heat flux vectors. Note that the direction of the
vectors is towards the ablation wall as expected. A plot of this heat flux vs. time is shown in Figure
4. With increasing time, the heat flux decreases in an exponential-like manner (the trend is not quite
Ae™ ). As the wall temperature increases and the plasma temperature decreases, the difference AT,
will decrease in smaller increments as the two temperatures approach each other. Figures 5, 6, 7, 8,
and 9 show slice plots of plasma temperature (eV), density (kg/m?), pressure (J/m”.), and x-component
of velocity (m/s) at 0.2us, 3us, 10us, 20us, and 30us, respectively. At 0.2us (Figure 5), a nice
thermal diffusion profile has developed. Some wall material appears to have ablated, since the density

there has increased slightly to 1.0012 kg/m3. The pressure profile follows the tempercture profile
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becausé the density is still constant throughout most of the domain. At 3us (Figure 6), the
temperature profile has become less full. Notice that the temperature at the left insulative wall has
dropped to about 0.47 eV, some more copper has ablated, and the x-velocity is zero at the left and
right walls. The x-component of velocity is still only about 4% of the local sound speed, a~ 850 m/s.
At 20us (Figure 7), the left wall temperature has decreased to 0.27 eV and the pressure within the
ablated material has increased due to the density increase. Notice that the x-component of velocity
increases linearly from zero at the left wall to 80 m/s, then drops suddenly within the region occupied
by the cold ablated copper. Also, notice that the density within the domain unoccupied by the cold
ablated material is lower than its initial value of 1.0x1072 kg/m?. This is consistent with the
observation that the temperature has decreased uniformly in time due to the heat loss. Because
ablated material is acting as a piston, one might expect a more well defined shock front. However,
in this case, each successive compression wavelet in front of the piston moves into a region of higher
temperature gas, with a higher sound speed. Because wavelets do not bunch up as quickly, the x-
component of velocity shows a more diffuse shock front. At 30us (Figure 8), the results are not
surprising. Time restrictions did not allow the recording of total ablated mass as a function of time.
A futile attempt was made to graphically integrate under the density curves and subract off the initial

plasma mass.

CONCLUSIONS

The rather simple one-dimensional ablation bench test of a copper plasma pre-fill and a copper
wall shows that the new MACH2 algorithm conducts thermal energy into a wall and vaporizes wall
material in a qualitatively correct manner. State variables and velocities behave as expected. The
model simolates the evaporation and condensation of plasma at an external boundary. The
implementation of the "zero-volume” ghost cell was successful for this simple problem. Modification
of the thermal flux at the ablation boundary t6 account for "slip flow" conditions is now "easy"”; one

only needs change the temperature gradients at the wall by a multiplicative factor. Due to time
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restrictions, we were unable to test the model’s ability to ablate mass due to foca/ heat concentrations
such as an arc discharge at an electrode surface. Future studies will incorporate multiple temperatures
and materials, set up MACH2 to call vapor-state tables, include solid-liquid phase transition physics,

and incorporate the "interface tracking" capability.
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ESTIMATION OF TILTS OF EXTENDED IMAGES IN THE PRESENCE OF ATMOSPHERIC
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Abstract

One of the components of the Air Borne Laser (ABL) system is an optical, infra-red wavelength Acquisi-
tion, Tracking and Pointing (ATP) system. This system is to 