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H
FOREWORD

This interim report was prepared by Phrasor Technology
under Air Force Contract F44620—75-C--0056 titled
“Mechanisms of Emitter Surface Damage During EI~~ Colloid
Particle Genera tion and Acceleration ”.

The research reported herein was supported by the Air
Force Office of Scientific Research. The program w~s
monitored by Dr. Bernard T. Wolfson .

Work on this contract began in February 1975. The results
of the studies and investigations performed during this
second—year period are reported herein.
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1. INTRODUCTION

This program is directed toward the under standing
of the basic colloid thru ster genera tion and acceler a-
tion proce ss to determine the caus e o f performance
degradation. Emitter surface changes due to erosion

has been correlated with the performance degradation .

Durin g this repor t period , models of thruster emitter
damage mechani sms were fur ther es tablished and shown
to be in agreement with the physical evidence suggest-

ing erosion by negative ion sputtering. The effects

of a dis tribution of droplet sizes upon the erosion was
extensively examined during this period.

2. RESEARCH OBJECTIVES

One of the research objectives of this program,

was to identify that emitter damage mechani sm whi ch
accounts for the physical damage experimentally measured.

Once the ero sion mechani sm was selec ted, an analytical
model that explains erosion was developed and was used

in predic ting the fundamen tal operational proce sses.
The conduction of experiments was required to verify the

underly ing theory. Finally, an objective of this research
is to utilize both the theoretical and experimental re—

suits to recommend new thruster design, opera tional im-
provements and direc tions for fur ther inves tigations .
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3. TECHNICAL PROGRESS SUMMARY

Charged liqu id droplets are genera ted by the inter-
action between the liquid meniscus at the emitter tip

of a colloid thrus ter and the intense elec tric field
produced by the applica tion of nomin ally high vol tages
to the high curvature geometry. A wide range of particle

sizes are genera ted by thi s pro cess extending from mole-
cular ions to large liquid droplets. Under the conditions

of normal coilloid thrus ter operation , approximately 10%

of the generated current is composed of ions. The mean

value of the charge—to-mass ratio of the droplets is low

compared to that of the ions. The mean droplet, repre—
0

senting the distribution, has a radius of about 50 A

which is large compared to the ions. Because of their

lower charge—to—mass ratio, the droplets travel with a

velocity well below that of the ions when accelerated

by the applied voltage. Thus the ions collide with the

drople ts and~at this velocity differential,deposit nearly
all of their energy into the droplets. This results in

drople t break up wi th a proba ble produc tion of nega tive
ions from the iodine present in the droplets. Calcula-

tion s show that abou t i08 collisions /sec occur , in the
accelera tion region jus t outside of the emitter,,between
ions and droplets. The negative ions are accelerated

back to the emitter and cause sputtering and emitter erosion.

With the assumed production of one negative ion for each

ion/droplet collision, it is sufficient to explain the

observed emitter erosion and the correlated degradation

of performance. Calculations had been made assuming all

the droplets to be at the same size of the mean charge—

to—mass ratio.
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To determine the effects of a distribution of

particles further calculations were made. To begin

wi th1the colloid char ged liquid drople ts acceler ated
from the so ur ce emitter consi sts pr imarily of charged
drople ts , and a small amount of molecular ions. The

mean charge—to—mass ratio is q/m = l0~ coulombs/kg,

while for the ions q/m = 4.62 x 10~ coulombs/kg. Since

bo th groups are accelera ted by the same elec tric
poten tial , the ions will have a velocity higher by a

factor of about seven than the droplets. The ions

under go collision s wi th the dropl ets at a rate which
is a func tion o f the dis tance traversed throu gh the
(relatively motionless) droplets.

The collision rate ~ for an ini tial ion curren t

of 10 
is given by:

I — 1(x)
P (x) = 

0 
e 

collisions/sec, (1)

where 1(x) is the current at position x and e is the

electronic charge. The reduction in ion current, dl,

af ter trav ersing a dis tance , dx , through the drople ts
is given by:

dl = —I J~ 
q( r ~

) n ( r j)] dx , (2)

where , ~ (r .) is the collision cross section (~Tr
2) of

the drople ts that have a radiu s , r1, and n(r~) is the
particle number density of these same droplets. The

quantity, ~ 
Ea (r~ )n(r~). represents the “absorption ”
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coefficient of the ions. The particle number density

is given by:

N
n(r) = 

_L_ (3)
AVr

where A is the total cross sec tional area of the ion
beam , V

r 
is the velocity of those droplets having a

radius r , and Nr is the flow rate (particles/sec) of
those droplets having a radius r. The velocity acquired

by the droplets depends upon the charge-to-mass ratio, q/m,

and the electrical potential differen ce, ~V accor4ing to

A”2 ‘~~~ (4)

The potential difference AV represents the potential

through which each of the charged particles are accelerated.

The potential function that best represents the geometry

of needle emitter s is nonlin ear and integra tion techniq ues
are required to finally calculate the total number of

collisions in the acceleration region.

According to Rayleigh ’s cri terion , the maxim um
charge—to—mass ratio of a droplet is related to its radius

by:

____  

½ -3/2a = (9~eo’~ r (5)m - \~~~2J

where, v is the sur face tension of drople t, o is the
density of droplet and e is the permittivity of free

space. Using the appropriate potential function along

with Eq. (5) the value of the velocity, Eq. (4), could
be obtained as a function of the droplet radius and the

droplet material properties.
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If the charge—to—mass ratio is distributed

norm ally the pro babili ty density function of ajrn
can be given by:

2

-½(’qlm - qjm

f(q/m) = 
1 e ) (6)

s(2 TT )

where , s and q/m are the standard deviation and mean
value respectively, of the distribution. since N denotes
the total flow rate of the droplets, then Nr the flow
rate for a g iven size droplet could be obtained from
the normal distribution Eq. (6) . Using this distribu-
tion with a change of variables to obtain Nr as a
function of r along with Eq.(5), then n(r) ,  Eq.(3),
can be g iven as a function of the droplet radiu s and the
potential function. The absorption coefficient is the

summation (or integral) of the product n ( r ) c ( r )  over the
entire range of droplet sizes as indicated in Eq. (2).

The current 1(x) is obtained by solving Eq. (2)
integrated over the entire volta ge range o f the accelera -
tin g field , and integrated over the range of droplet

particle sizes. The charge—to—mass distribution ex-

tended over three standard deviations and covers 99.73%

of all the values of charge—to—mass ratios. For the

case of a standard deviation of 3,000 coulombs/kg the
upper and lower limits of integration were 19,000 and

1,000 coulombs/kg.

A wider normal distribution having a standard

deviation of 3,300 coulombs/kg was also calculated. In
addition , a chi—squared distribution was used which is

skewed compared with a normal distribution.
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Figure 1 show s one of the normal distri bution and the
chi-~squared distribution. Table I shows a comparison
of the results for a normal distribution having a zero

standard deviation (a delta function), two of the

regular normal distributions and the chi—squared dis-

tribution. All of the se calcula tions were based upon
a total acceleration potential of 13kv, and each have

the same mean value. The collision rates increase with

increasing widths of the distributions. They range over

a fac tor of about four , but the range is sufficiently
narrow so as to explain the required collision rate
and explain the measured erosion.

TABLE I
SUMMARY OF RESULTS

Standard
Probability Density Mean q/m Deviation Ion Collision Rate
Function , f(q/m) (coulom bs/kg (coulombs/kg) (collisions/sec)

Normal (Gaussian) 10,000 0; constant 1.9 x 108

droplet
velocity

Normal (Gaussian) 10,000 3000 3.3 x io8
Normal (Gaussian) 10,000 3300 6.0 x iOR

Chi—squared 10,000 7071 7.9 x i08
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4. RECOMMENDATIONS AND CONCLUS IONS

The model developed to explain the degradation
of performance and correlated emitter erosion appears
to be self—consistent.  No unusual assumptions were
made and the rates used in the calcu lations are moderate
in value. Only the production of negative ions result-
ing from the collisions between positive ions and the
large sodium iodide doped glycerine droplets has not

been verified. The inclusion of several distributions

of droplet sizes in the calculations did not greatly

affect the results in terms of the collision rate. The

physics of droplet generation, stability, and break up
was studied and appears to be useful for application to

other problems involving small liquid droplets. The

most important aspect of the model that remains un-
certain is the production of negative ions which the

future laboratory task is designed to verify.

The information generated on this program from
the modeling of the emitter damage process leads to the

following recommendations to minimize emitter erosion:

a. Eliminate the production of positive ions

in the charged particle distribution.

b. Use a conductive dopant in the propellant

that does not contain iodine or an element

with high electron affinity.

c. Replace platinum/iridium with an emitter

material that sputters less.

ci. Operate thruster at lower voltages.
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5 • MEETINGS AND REPORTS

A paper was presented at the AIAA 12th Electric
Propulsion Conference in Key Biscayne, Florida, November
1976. The paper, based upon the present program, was

entitled “Particle Interactions in the Colloid Thruster
Exhaust Plume”, AThA Paper #76—1056.

A presentation on the status of the program was
made at the AFOSR Contractors Meeting on Electric

Propulsion, 7 March 1977 , in Lancaster, California.
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