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FOREWORD

This work was performed as an in-house effort by the author for the

Acrospace Power Division, Air Force Aero Propulsion Laboratory, Wright-

Patterson Air Force Base, Ohio. The work was accomplished under Task No.

314102, Project No, 3141, "El.bctric Propulsion Technology."

This effort was conducted between November 1967--October 196,5. The re-

port wa- submini#-d by the author in Januarl 1969.

The author wishes to express his appreciation to Mr. E. Francescone,

technician, from the Air Force Aero Propulsion Laboratory, for his assistance.

Publication of this report does not constitute Air Force approval of the re-

port's findings or conclusions. It is published only for the exchange and stimu-

lation of ideas.

PHILIP H'. STOV\Eli
Chief. Propulsion and Power Branch
Acr•ospace Power" Division
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ABSTRACT

Thrustors capable of high exhaust velocity (specific impulse) and efficiency

are desirable for space propulsion. During the past few years, research to

achieve these goals has been in progress on the formation and acceleration of

charged liquid droplets. To date this research has led to the development of
charged particle sources in. the 10 to 500 )u lb thrust range, with specific ima-
pulse values on the order of 600 to t .00 seconds, which appears to offer greater i
promise in space applica.-ions.

Since mission lifetimes of 30, 000 hours and higher are anticipated, it is

desirable to obta._ some indication of the lifetime that can be expected from

the metal capillary needles which generate ih' charged liquid droplets. Life

testis totalling 3687 hours were performed on a three-needle colloid source.

After these tests, the platinum capillary needles appeared to be in excellent

condition, which indicates that needle life should satisfy mission requirements.

(This abstract is subject to special export controls and each transmittal

to foreign governments or foreign nationals may be made only with the prior

approval of the Air Force Acro Propulsion Laboratory, APIE-1, Wright-

Patterson Air Force Base, Ohio.)
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SECTION I

INTRODUCTION

By establishing an intense electric field on the iurfacc of a conductiflg

fluid at the tip of i mectaillic capillary tube, the elertrical forcus on -.1c charge

carriers overcome the surface tension forces and cause the liquid surtface to

riuptird , which results in the formation of small chrged droplets (colloids),

'rhe dropletts, dependingj upon their charge and nias6. can acquire all appre-

ciable velocitv as they pass from the region of high electric. field intensity,

The spraying process can be contreolesd by var Lusg the capillary potential and

propellant feed pressure. The schematic oi a laboratory colloid source is

shown inl Figure 1.
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A three-needle colloid flight-qualified th-rustor system being developed

under ArF Contract 33(615)-1141 by Thompson Ramo Wooldrige Systems Inc.

is shown m Figure 2. This sy,'.em is designed to the followir parameters:

a. 4 micropounds thrust at 600 seconds specific impulse and 8

micropounds thrust at 900 seconds specific impulse.

A
b. Maximum power requirements of 5 watts.

c. System weight (dry) of 9 pounds.

d. Neutralization accomplished with a hot wire.

e. Maximum needle voltage of 8 KV.

f. Thrust levels sufficient to provide attitude control and

Eas,- u:tation kecping for a sateLlite in a synchronous

A three-needle colloid source developed under this contiact was deliverce

to AFAPL in August 1967 for !Af e testing; this source is showa in Figure 3.

These life tests were conducted to indicate whether or not the capillary needle

life is critical to the syste ,i uperation. Thi6 report presents the results of

these life tests.

2
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SECTION II

TEST SETUP

The three-needle colloid source was installed in a bell jar vacuum facility

for the life tests, as shown in Figure 4. P',mping was provided by two 6-inch

diffusion pumps with cold traps and the necessary forepumps. Chamber pres-
-6

sure was held on the 10 mm Hg scale during source operation. Two 50.-g[llon

liquid nitrogen dewars were used to operate the cold traps; they were filled ap-

proximately every 2-1/2 days. Positive needle voltage was supplied by a 60 KV

laboratory voltage source; the extractor was held at -200 volts bias with a 500

volt power supply.

If the pressure increased to 10 mm Hg during operation, due to a leak or

pumping failure, the pump gate valves would close and the voltage suppliet3 would

shut down so as to prevent arcing damage 'o the colloid source. No back-up

capability was available in case of a power failure.

The colloid source was mounted 15 inches above a time-of-flight (TOF)

collector, with the beam directed downward, as shown in Figure 5. The pro-

pellart reservoir was made of copper and mounted outside the vacuum chamber,

with a copper feed line to the source. Gas pressure was used to force the pro-

pellant (15 gm of sodium iodide in 100 ml glycerol) to the source. The TOF

collector was used for determining the propulkion parameters. After a few days

operation, however, the beam spread was so wide that most of the beam cur-

rent was missing the collector and TOF iformation could not be obtaiied.
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Figure S. Source Mount
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SECTION III

TEST RESULTS

The first life test lazted for 1293 hours. It was terminated when a power

failure permitted the propellant to form a droplet between the capillary needle

and the extractor and cause a short circuit. The excess propellant could not

be burned off by applying voltage, so the vacuum chamber had to be opened and

the source examined. The needles themselves looked very good and clean, but

the extractor appeared to have deposits from back-sputtering and areas with

evidence of beam interception, as shown in Figures 6, 7, 8, and 9. These

needles are platinum with a 6 mil ID and a 10 mil OD, The extractor and ground

plane are made of stainless steel.

From these tests, recorded values for needle current, needle voltage,

feed pressure, and temperature vs. time are plotted in Figures 10, 11, 12,

and 13. The current varied widely; part of this variation is due to temperature
variations, since the propellant viscosity is sensitive to changes in tempera-

ture. Other factors contributing to the current variation are probably back

sputtering of neutrals and the formation of secondary electrons from the ex-

tractor due to beam impingement.

Extractor current was not monitored on this test. A wire screen was

wrapped around the propellant feed line inside the vacuum chamber and held

at the same negative bias as the extractor to prevent electron current from

reaching the feed line. Thus, any beam impingement on the screen would have

shown as part of ine extractor current, but it should have been no more than

a small percentage. The extractor current, however, was monitored on the

Sbcouid life test.

It was thought that the excessive beam spread might be due partly to the

propellant feed pressure being too high. On the second life test, using the same

source, the feed pressure was lowered and the extractor current was monitored.

This test lasted 2393. 3 hours and was stopped when all the beam current was

reaching the extractor.

8



AFAPI,-TR-69-8

NEEDLEL 
3

NNEEDLE 2

Figure 6. Source !Jter 1293 Hours of Testing

Figure 7. Tip of Needle 1 After 1293 Hours
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Figure B. Tip of Needle 2 After 1293 Hours

Figure 9. Tip of Needle 3 After 1293 Hours

10
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Two power failures occurred during this 2400-hour run, but the source

was restarted after both of these failures. Operation was more erratic after .

these failures, however, probably because the propellant had worked its way

arolnd the tip of the needle while the power was off. A glycerol film formed on

the needles, which when bombarded by electrons from the extractor or other

source, turned into a tar-like deposit. As the tar deposit increased, the cur-

rent decreased and the spread in the beam became excessive. Thus, the test

had to be terminated. After the test, the needles were examined. One needle, ]
the one with the highest flow impedance of the three, had no tar deposit. The

higher flow impedance of this needle prevented the glycerol from working its

way around the needle tip as easily as in the other two; thus, no tar was built

up. The beam spread may have been enhanced also by neutral particles in the

chamber being deposited on the needle tips and wetting them, thus enabling the . --_-=

glycerol to work itself further around the tip of the needles.

Beam current, needle voltage, temperature, extractor current, and feed

pressure vs. time are plotted in Figures 14, 15, 16, 17, and 18. Source oper-

ation was obviously degraded after the power failures. A TOF trace shown in

Figure 19 was taken at the start of the test and the following parameters were

obtained:

Thrust - 17 micropounds, efficiency - 75%; and specific impu!se -

200 seconds.

Figures 4, 5, 20, 21, and 22 show the spray pattern of the beam, which

indicates a hollow conical beam. The clean arcas are where the beam was im-

pinging. The needles with and without tar deposits are shown in Figures 23,

24, and 25. Figure 26 shows the same needles after cleaning. The capillary

needle tips appeared to be in good condition after the test. The color of the

deposits on the source and vacuum chamber was a gold-brown, which indicates

that iodine probably came out -f solution when the beam hit a surface.

I 15



AFAPL-TR-69-8

*flIDA Uv5OJIIN pinbi-I > 4.

0

U)
Q)

umOAI4j AI 4u*P!ODV

0 0

16



AFAPL-TR-69-8

~~71

44 AOM 
-

4)

o; F-'~

_ _ -IA -1) 30V> 0 3I3I

171



"AAPL-TR-69-8

/1

-0-

* 0

II
0l.

(0) NIV3d3 I37 W



AFAPL -TR-69 -8

____ _ __ ___0

f a r - -- -

_____________ _____________ ____________ _____________ ___________0

Ij I _ _ _ _

-. 0

0 L

( jlV 8I VY I 3 a o 8i:)~

I 19



AFAPL-TR-69-8

_ ; AD A ld _-- C11

0.4

inn

____o ______I I

0 0 
0 0

20*



r AFAP•L-TR-69 -8--

tE ÷

°:L

0 50 Msaec I cm

Needle Voltage - 5.5KV

Extractor Voltage- 200Volts

Needle Current- 4 Microomps

Extractor Current - 0

Feed Pressure - 30 mm Hg

Figure 19. Time of Flight Trace at Start of 2400-Hour Teat
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Figure 20. Beam Spray Pattern
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Figure 21. Beam Spray Pattern, Opposite Side From Figure 20
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Figure 23. Tar Deposit on Tip of Needle I

I igurt 24. 1 ar Deposil ou lipcoiNc~edie 2
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F.6 ure 25. Tip of Needle 3
(No tar depo&it)

NEEDLE I NEEDLE 3 -'ii,

NEEDLE 2

Figure 26. Needle Tips Aft'r Cleaning
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SECTION IV

CONCLUSIONS

The long lifetime n'ecessary for space propulsion devices to provide satel-
lite attitude control and station-keeping prompted an investigation to determine
the lifetime of the metal capillary needles used in colloid thrustors. A three-
needle capillary source was subjected to two life testa tntalling 3687. 3 hours.
After these tests, the capillary needle tips were in excellent condition, which
indicates the needles will meet mission life requirements.

In these tests, failure occurred when the beam spread until most of the
beam current hit the extractor plate. This beam spreading was due to the pro-
peLlant working itself around the tip of the needle and spraying sideways. This
phenomenon could be caused by excessive feed pressure, powei failure, neutral
deposition on the needle tip by back sputtering, or a combination of these fac-
tors. Once the beam hit the extractor, secondary electrons bombarded the
needle tip and turned the glycerol into a tar-like substance; this tarry substance

further aggravated the beam spread.

It appears from these tests that the lifetime of a colloid source will be
substantial if glycerol is prevented from working itself around the needle tip,
the needles are shielded from electrons, and neutrals in the vacuum chamber
are prevented from depositing themselves on the needle tips. These findings
can be confirmed by flight test or possibly by testing in a large vacuum facility

where ncutral deposition car, be wiade negligible.

27



il ~AFAPL-TR-69-8•

BI13LIOGRAPHY

1. Carson, R. S. Electrical Sprayi~gof Macroscopic Liq.uid Particles

Under Pulsed Conditions Report No. CPRL-1-64. Engineering Ex-
periment Station, University of Illinois. 1964.

2. Cohen, E. Besearch on Charged Colloid Generation. APL TDR 64-75.
June 1964.

3. Cohen, E. Research on the Electrostatic Generation and Acceleration
of Submicron-Size Particles. ARL-63-88, OAR. 1963.

4. Cohen, E., Somol, C. J., and Gordon, D. A. A 100 Kv. 10-Watt
Heavy Particle Thrustor. AIAA Paper No. 65-377. 1965.

5. Gignoux, D., et al. Further Development of a Char a id Colloid
Source for Electrostatic Propulsion. NASA CR 54642. 1965.

6. Hendricks, C. D. and Pfeifer, R. J. Parametric Studies of Electro-
hydrodynriceSprjaing. AIAA Paper No. 66-252. 1966.

7. Hogan, J. J. Parwaetere influencing the Charge-to-Mass Ritio of
Elec AySpryed Liquid Particle. Report No. CPRL-2-63.
Engineering Experiment Station, University of Illinois. 1963.

8. Hogan, J. 3. , Car~oo, R. S.. and Schneider, J. M. Factors Influencing
Eltrlcally 1pra3 y iquid&. AIAA Paper 64-12, pp 3. 1964.

S. Hunter, R. E. ( L' _.ig Ole Fa•slbibiv of the Electrodeless Cogo4qj
Thrutoz.r (Appei _.i). PID Dissertation, the Ohio State University.
1965,

10. Hurter, R. E. and Wtieland, S. I!, "Charged Colloid Generation
Reeanrch. "•pag•_E•_crotic; Syixipoýrn. Vol. 6, AAS Science and
Tachloio4v4 Series, Eric Burgess, Ed. 1965.

11. Hu~ter, R., r. an.d Wietilad, S. H. "1xpioration of the Feasibility of
an Electrodcl&,-e Colloid Thrustor Concept." SLxth International Sym-
posium aonSpace Science and Technology. Tokyo, Japan. 1965.

12. Pfeifer, R,, J. Parametric Studies of Electrohydr..odKnamic Spraying.
Report Nt. CPRL,-A4-o5. Enginee.ring Experiment Station, University
of Illinois. 1965.

.13. Stark, I. W., and Allan. S., Research and Development in Needle
agud Slit CololidThrustors, GSFC X-734-68-460. November 1968.

14. Winelmid, S. H. and Burson, W. C. "Electrodeless Heavy Particle
Thrustor." RrD Brief. December 1966.

28



AFAPL-TR-69-8

BIBLIOGRAPHY (CONTD)

15. Wineland, 3. H., Burson, W. C., andlHunter, R. E. The Electro-
ýydrodyaamic Generation of Charged Droplet Beams, AFAPL-TR-
66-72. Air Force Aero Propulsion Laboratory, Wright -Patterson
Air Force Base, Ohio. August 1966.

16. Wineland, S. It. and Hunter, R. E. HNeatively Charged Colloid
Generation Research. AIAA Paper No. 66-25 1. 1966.

17. Burson, W. C. , Jr., Research on Electrohydrodynamic Charge& Dropiet
Bem AFAPL-TR-67-109, Air Fo-rce Aero -Propulsion Laboratory,
Wright- Patterson Air Force Base, Ohio, October 1967.

18. Huberman, M. N., P. W. Kidd, Charged Particle Electrostatic Thrusters,
AFAPL-TR-69-14, TRW Systems, R~edondo Beach, California, March 1969.

19. Perel, J., A. Y. Yahiku, and J. F. MahoneY, Research on Charged
- Particle Electrostatic Thrusters, AFAPL- '1 -- 69-25, Electro-O-ptical --

Systems, Pasadena, California, April 1969.

29



I

UNCLASSIFIED
Securty Classifircation

DOCUMENT CONTROL DATA R & D
(Security . -if"c.to- at 'itle., bo,,d ot abstait f Prfd *ndewinrj -010oratlo -81t be enfered whe, the over-6 report 11 cla..tfled.

I ORIGINATING ACTI's - YCopnre author) R.o REPORT SECU !rN CLASSiFIZ. A;O0N

Air Force Aero Propulsion Laboratory UNCLASSIFIED
b,. GROUPWright-Patterson Air Force Base, Ohio

3 REPORT T i E

LIFE TESTING OF A COLLOID THRUSTOR SOURCE

4 DESCRIPTI va NOTE (T'pe of report and inrdN.ae date.)

S_ AU TmORI$S (First name, middle irniial, lsat name)

W. C. Burson

6 REPORT DATE 78. TOTAL NO. OF PAGES 7 1. O, OF REFS

May 1969 39
Ga. CONTRACT OR P.AN' NO 3a. OR•GINATOR'S REORT NUMBIERI•S•i

AFAPL-TR-69-8
b. PROJECT NO. 3141

c. Task No. 314102 si. oT .R RT NOIS) (Any other •umber. that may be aeitgned

d

to o. r,•,oN S ...TAIC.E.TThis document is subject to special export controls and each transmittal
to foreign governments or foreign nationals may be made only with prior approval of the Air
Force Aero Propulsion Laboratory, ,Vright-Patterson Air Force Base, Ohio

I I SUPPLfMLNIARY NOTES 1.2 SPONSORiNG-I LITARI AC1IVIT,

Air Force Aero Propulsion Laboratory
Wright-Patterson Air Force Base, Ohio

Thrustors capable of high exhaust velocity (specific impulse) and efficiency are desiri)le for
space propulsion. During the past few years, research to achieve these goals has been in prog-
ress on the formation and acceleration of charged liquid droplets. To date this research has led
to the development of charged par-ticle sources in the 10 to 500)u lb thrust range, with specific
impulse values on the order of 600 to 1500 seconds, which appears to offer greater promise in
space applications.

Since mission lifetimes of 30, 000 hours and higher are anticipated, it is desirable to obtain
some indication of the lifetime that can be expected from the metal capillary needles which
generate the charged liquid droplets. Life tests totalling 3687 hours were performed on a three-
needle colloid source. After these tests, the platinum capillary needles appeared to be in ex-
cellent condition, which indicates that needle life should satisfy mission requirements.

(This abstract is subject to special export controls and each transmittal to foreign governments

or foreign nationals may be made only with the prior approval of the Air Force Aero Propulsion
Laboratory, ALPIE-I. Wright -Patterson Air Force Base, Ohio.)

DD , FOL?. 1473 UNCLASSIFIED
ScJrjrzty Ci;.b hi, 1130 t~



UNrLA5C-1FTiFn
Security Classaitcstion

14 LIN. A L1INK 8 LINK C
KE ORSNLE "T IROLE WT R1OL-1 WT

Electrostatic Propulsion

FColloids

Electrohydrodynarnic Spraying

UNCLASSIFIED
SeCUr ty Class ifcat~~ n


