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Abstract  

An a r c j e t  s t a r t i n g  r e l i a b i l i t y  t e s t  was per- 
formed t o  I n v e s t i g a t e  one f e a s i b i l i t y  issue i n  the 
use o f  a r c j e t s  on board a s a t e l l i t e  f o r  north-south 
s tat ionkeeping.  A 1 kW a r c j e t  was run  on hydrogen/ 
n i t r o g e n  gas mixtures s imu la t i ng  decomposed hydra- 
z ine.  A pu l se  w id th  modulated power supply w i t h  
an i n t e g r a l  h igh  vo l tage s t a r t i n g  pu lse r  was used 
f o r  arc  i g n i t i o n  and s teady -s ta te  operat ion.  The 
t e s t  was performed i n  fou r  phases i n  order t o  
determine i f  s t a r t i n g  c h a r a c t e r i s t i c s  changed as a 
r e s u l t  o f  long term t h r u s t e r  operat ion.  More than 
300 successfu l  s t a r t s  were accumulated over an 
opera t i ng  t ime  o f  18 h r .  Overa l l  r e s u l t s  i n d i c a t e  
t h a t  t he re  I s  a l i n k  between s t a r t i n g  cha rac te r l s -  
t i c s  and long term t h r u s t e r  operat ion;  however, the 
l a r g e  number o f  s t a r t s  had no e f f e c t  on steady- 
s t a t e  performance. 

~- I n t r o d u c t i o n  

Demands f o r  increased s p e c i f i c  impulse propul- 
s i o n  on modern communications s a t e l l i t e s  have led  
t o  reeva lua t i on  o f  t he  r o l e  o f  a r c j e t s .  The data 
base accumulated a t  t he  1 and 2 kW power l e v e l s  
through government-sponsored programs i n  the  l a t e  
1950's and e a r l y  1960's centered main ly  on opera- 
t i o n  w l t h  hydrogen.1 E f f o r t s  t o  operate a f i r s t -  
generat lon 1 kW a r c j e t  on p r o p e l l a n t s  other  than 
hydrogen met w i t h  l i t t l e  success.l 
research i n d i c a t e s  t h a t  s p e c i f i c  impulse l e v e l s  
w e l l  above 400 sec a r e  a t t a i n a b l e  w i t h  hydrazine.* 
This makes t h e  a r c j e t  a very a t t r a c t l v e  candldate 
t o  succeed r e s i s t o j e t  and low- th rus t  chemical pro- 
pu l s ion .  c u r r e n t l y  i n  use f o r  geosynchronous 
s ta t i onkeep ing  o f  comnunicatlons s a t e l l i t e s .  This 
succession. however, i s  dependent on t h e  r e s o l u t i o n  
of issues concerning the  p r a c t i c a l  a p p l i c a t i o n  o f  
t he  a r c j e t .  A t y p i c a l  miss ion w i l l  i n v o l v e  l i t e r -  
a l l y  hundreds o f  s t a r t i n g  cyc les.  Development o f  
a r e l i a b l e  s t a r t l n g  procedure i s  t he re fo re  c r i t i c a l  
t o  the a p p l i c a t l o n  o f  t h i s  t h r u s t e r .  

Current  

Many procedures have been used t o  i n i t e  arc- 
j e t  t h r u s t e r s .  
discharge was i n i t i a t e d  w i t h  a moderate open c l r -  
c u i t  vo l tage  i n  an e a s i l y  i on i zed  gas such as argon 
o r  neon. The p r o p e l l a n t  o f  choice was then blended 
I n  and the  s t a r t i n g  gas reduced, u n t i l  f u l l  t r a n -  
s l t l o n  t o  s teady-state operat ion w l t h  the des i red 
p r o p e l l a n t  was achieved. This approach decreases 
the  h igh  vo l tage  requ i red  f o r  breakdown and i s  a 
convenient l abo ra to ry  technique. The compl icat ion 
o f  managing an a d d i t i o n a l  p r o p e l l a n t  f o r  arc i g n i -  
t i o n ,  however, presents obvious problems f o r  sa te l -  
l i t e  a p p l i c a t l o n .  

I n  one common technique.! t he  

A drawn arc concept was used i n  the  1 kW arc- 
j e t  designed by the Plasmadyne Corp.4 I n  t h i s  
technlque t h e  c u r r e n t  was I n l t i a t e d  w i t h  the elec- 
trodes i n  contact ,  and then the  e lect rodes a re  
p n e u m a t i c a l l i  separated as p r o p e l l a n t  f l o w  i s  
es tab l i shed .  This method s i m p l i f i e s  e l e c t r i c a l  
requirements b u t  complicates t h e  mechanical design 
o f  t he  a r c j e t .  I n  add i t i on .  as cathode and anode 
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Thruster  

The a r c j e t  t h r u s t e r  u 
conven t iona l l y  c o n s t r i c t e d  
design (F ig .  1 ) .  A t h o r i a  
a c o n s t r i c t o r  0.64 mm i n  d 

1 

eros ion  w i l l  c e r t a i n l y  a f f e c t  e l e c t r o d e  con tac t ,  
t h e  r e l i a b i l i t y  o f  t h i s  method cannot be 
guaranteed. 

c u i t  vo l tage  was simply set  a t  a h i g h  enough l e v e l  
t o  cause Paschen breakdown o f  t h e  p r o p e l l a n t .  Th is  
technique was used t o  s t a r t  a 2 kW Plasmadyne 
t h r u s t e r  which was l i f e  tes ted  f o r  150 h r  i n  1963.5 
A t  f u l l  p r o p e l l a n t  f l o w  t h l s  method requ i res  a 
power supply capable o f  thousands o f  v o l t s  and 
increases the weight and complex i ty  o f  t h e  system. 

I n  a t h i r d ,  o f t e n  used, method t h e  open c i r -  

I n  a more recent  t e s t 6  o f  a mod i f i ed  ve rs ion  
o f  t h e  1 kW Plasmadyne t h r u s t e r  t he  h igh  vo l tage  
requirement was reduced by l ower ing  t h e  p r o p e l l a n t  
f l o w  r a t e ,  and consequently t h e  I n t e r - e l e c t r o d e  
pressure. I n  t h a t  t e s t ,  l a r g e  c u r r e n t  and vo l tage  
t r a n s i e n t s  accompanied s ta r tup ,  and t r a n s i t i o n  t o  
a s teady-state occurred s lowly ,  causing s i g n i f i c a n t  
damage t o  the  anode. 

Since t h a t  t e s t ,  t he  1 kW c lass  a r c j e t  and i t s  
associated power supply have undergone s i g n i f i c a n t  
development under NASA c o n t r a c t  and in-house 
e f f o r t s .  The power supply design i nc ludes  both a 
s t a r t i n g  c i r c u i t  t h a t  prov ides b r i e f  h i g h  vo l tage  
pulses t o  i n i t i a t e  the d ischarge and a main output  
c i r c u i t  f o r  r a p i d  c u r r e n t  r e g u l a t l o n  d u r i n g  steady- 
s t a t e  ~ p e r a t i o n . ~  The t h r u s t e r  i nco rpo ra tes  
s t rong  vor tex f l o w  s t a b i l i z a t i o n  t o  f o r c e  t h e  arc  
r a p i d l y  i n t o  a s teady-state c o n d i t i o n .  

The major o b j e c t i v e  o f  t h i s  experimental work 
i s  t o  demonstrate r e l i a b l e ,  repeatable s t a r t i n g  o f  
t h e  new vo r tex  s t a b i l i z e d  a r c j e t  us ing  a w e l l  regu- 
l a ted ,  pu lse w i d t h  modulated power supply. The 
t o t a l  number o f  s t a r t s  achieved was -300, which i s  
on t h e  same order as would be expected I n  normal 
s ta t i onkeep ing  app l i ca t i ons .  Since miss ion a p p l i -  
c a t i o n  o f  a r c j e t  t h r u s t e r s  would r e q u i r e  u t i l i z a -  
t i o n  o f  s t o r a b l e  p r o p e l l a n t s ,  t h i s  experlmental 
work was conducted w l t h  an a r c j e t  ope ra t i ng  on 
hydrogen-n i t rogen gas mixtures t o  s imu la te  f u l l y  
decomposed hydrazine. 

The f i r s t  p o r t i o n  o f  t h i s  paper g ives a 
d e s c r l p t l o n  o f  the experlmental apparatus and 
f a c i l l t i e s .  along w l t h  chronology o f  t h e  a r c j e t  
s t a r t l n g  r e l i a b i l i t y  t e s t .  The major p o r t i o n  o f  
t h i s  paper focuses on experlmental r e s u l t s  and 
observat ions regard ing s t a r t i n g  q u a l i t y  and t r a n -  
s i t i o n  t o  s teady-state operat ion.  
c h a r a c t e r i s t i c s  as a f u n c t i o n  o f  e lec t rode  condl -  
t i o n ,  p r o p e l l a n t  f l o w  r a t e ,  and l e n g t h  o f  ope ra t i on  
a re  discussed i n  d e t a i l .  Suggestions f o r  f u t u r e  
research a re  a l s o  proposed. 

A r c j e t  s t a r t i n g  

ADpa r a  tus  

ed i n  these t e s t s  was a 

ed tungsten i n s e r t  w i t h  
ameter and 0.25 mm I n  

v o r t e x - s t a b i l i z e d  



iengrn servea a dual  purpose a s  both anode  and 
expanslon nozzle.  
w i th  a n  area  ra t io  o f  -150. The  ca thode consisted 
of a 3.2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAmn d lameter  thorlated tungsten rod tapered 
t o  a 25" hal f  ang le  a t  the tlp. It was  anchored 
In  posl t ion by a modified Swage lok  f l t t lng  held 
In to  t h e  rear  insulator.  Vortex stabl l lzat ion was  
accompl ished by t w o  0.25 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAmn diameter holes sepa- 
rated by 180" in ject ing gas tangent ia l ly  In to  a 
6.4 mn d iameter  a rc  chamber. Wi th  th i s  design, al l  
propel lant  was  directed th rough these  tangent ia l  
holes In o rder  t o  maxlmlze vortex intenslty. 

The  anode. cathode, and in ject ion d isk  were  

I ts diverging ang le  was 20". 

contained ins ide  a stainless steel anode  housing. 
The wa l ls  o f  t h e  housing served a s  a radiant heat 
s lnk th rough wh ich  the  propellant and anode  cur ren t  
were  passed. A rear  insulator was  bolted t o  the  
anode housing t o  compress t h e  Internal  a r rangement  
In to  a gas  t igh t  assembly. 

The  arc  gap  was  set by wi thdrawing t h e  ca thode 
rod ou t  t he  back o f  the  thruster assembly t o  a pre- 
determlned distance. The rear Swage lok  f i t t ing  was  
then t ightened. secur ing the  ca thode In position. 

Vacuum Faci l i ty  

All tes ts  involv ing th rus t  measurement were  
performed in t h e  Tank  8 vacuum facl l i ty  a t  t h e  
Lewis Research Center.3 Th is  tank  I s  1.5 m in 
diameter,  5 m long, and serviced by four  
30 000 l i ter/min 0 1 1  diffusion pumps. Pumping 
speeds were  such tha t  during max imum propel lant  
f l o w  ( typ ica l l y  0.045 g/sec). t he  amblent vacuum 
cond i t ions  never  exceeded 4x10-4 torr. The  arc- 
j e t  t o  be tested was  located within a 0.9 m diame- 
te r  by 0.9 m long port extension at  one end of t he  
tank. Th is  gave t h e  thruster unobstructed access  
t o  t h e  main  tank  dur lng operat ion but a l so  al lowed 
fo r  port isolat ion w i th  a 0.9 m ga te  valve. 

Addi t ional  thruster operat ion was  carr ied ou t  
In a 0.46 m vert ical  bell j a r  faci l i ty  (Fig. 2). 
wi th the  exhaust  j e t  dlrected downward. Th is  
vessel was  serviced by a 20 000 liter/mln mechani-  
cal roughing pump wh ich  could maintain vacuum con-  
d i t ions  of -0.5 t o r r  under max imum propel lant  f l o w  
rates. Exper imental  data obtained in th is  faci l i ty  
were  ident ical  t o  those obtained in Tank 8, wi th  
the  except ion being a lack o f  thrust  measurement.  

Propel lant  Feed Sys tem 

Propel lant  supplied to  the  arc je t  thruster 
conslsted of hydrogen and ni t rogen gas  mix tu res  a t  
a ra t io  equal t o  tha t  o f  fu l ly  decomposed hydra- 
zine. The  t w o  gases  were stored separately and 
each regulated down  t o  1.0 MPa fo r  f inal  meter lng  
and mixing in a propellant f l o w  panel. 

At t he  Tank  8 facil i ty, propel lant  f l ow  meas- 
urements were  made  using thermal laminar f l ow  type 
transducers and w e r e  displayed on the  f l o w  panel 
wi th digi ta l  readouts.  Each transducer had a fu l l  
sca le  f low outpu t  of 5.00 standard l iters/mln 
(SLPM). Final gas  f low rates were  control led w i th  
precis ion need le  valves adjusted manual ly.  
lated decomposed hydrazine requlred a 2:l standard 
vo lume rat io of hydrogen to nitrogen. The t w o  
gases were  mixed and sent through the  th rus t  stand 
by a f lex ib le  feed tube. 

Simu- 

At t h e  bell j a r  facll l ty. p rope l lan t  f l o w  was  
measured and metered  by a n  automated MSS f l ow  con- 
t ro l ler .  The  desired f l o w  ra te  fo r  each  gas  was 
d ia led  In to  t h e  unlt. wh lch  main ta ined the  speci-  
f led ou tpu t  th rough a feedback  cont ro l  loop. 

An Impor tan t  part  of both p rope l lan t  f l ow  
sys tems w a s  a sonic o r l f l ce  In  t h e  gas  l lne Imnedl-  
a te ly  upstream of t h e  arc je t  (Flg. 1). Th is  orl- 
f l ce  prevented f l o w  rate t rans ien ts  d u e  t o  a rc  
Ign i t ion  f rom propagat ing ups t ream th rough the  f l ow  
system. Wi thout  th ls  t ype  of Isolat ion.  mass  f l ow  
th rough t h e  arc  wou ld  be temporar i l y  reduced wh i l e  
the  en t i re  f l ow  sys tem bul l t  up pressure.  
sonlc o r i f i ce  a l lowed fo r  a fas t  p ressure  response 
dur lng  start ing and permit ted rapid t rans i t ion  t o  
steady-state th rus ter  operat ion,  usual ly w i th in  a 
f rac t ion  o f  a second. 

Thrus t  Stand 

The  

Thrus t  measurements  were  performed using a 
cal lbrated d isp lacement  t ype  th rus t  stand (Fig. 3). 
The  arc je t  was  mounted on  a movab le  f l x tu re  and 
supported by a n  up-r ight  f lexure  arrangement.  O l s -  
placement was measured w i th  a l inear var iab le  di f -  
ferent ia l  t rans former  (LVDT)  over an  ac t ive  range 
of 5 mn. With  th is  design, f r i c t lon  fo rces  were  
very small and resul ted in n o  measurab le  hyster-  
esis. Th is  des i rab le  character lst ic,  however,  
resul ted In a requirement fo r  mot ion  damping. An 
ac t ive  damping  sys tem was used in wh lch  an  ana log  
t lme  der iva t ive  of t h e  d lsp lacement  s ignal  was  sent  
th rough a n  electr ic forc ing coil t o  res ls t  th rus t  
stand mot ion.  
dur lng  t rans ien t  cond i t ions  of s ta r tup  and te rmin-  
atlon. Al though fac i l i t y  v ibrat ions were  cont inu- 
al ly present,  the i r  ampl i tude was  two  orders of 
magn i tude less than ful l -scale th rus t  stand dis-  
p lacement,  and did not requ l re  f i l te r ing  of t he  
th rus t  ou tpu t  s ignal .  

Damping fo rces  w e r e  only needed 

In order t o  prevent thermal dr i f t ,  coo l ing  
water  was  channeled th rough vu lnerab le  parts of t he  
t rus t  stand assembly.  The  arc je t  mount ing  co lumn 
was  fabr icated f rom a coil of brazed tub ing  in 
wh ich  water  was  suppl ied th rough a f lex ib le  feed 
tube arrangement.  Thermal rad ia t ion  f rom t h e  
th rus ter  was  blocked by a water-cooled enc losure  
wh ich  surrounded t h e  en t i re  assembly.  As  a resul t  
of t hese  precaut ions,  thermal d r i f t  In th rus t  meas- 
urement was not detected dur ing t h e  test .  

Electr ical  power t o  the  arc je t  was  suppl ied 
by two  electr ical ly Insulated w i res  wh lch  hung down 
f rom Ins ide  the  vacuum vessel. Because the  restor-  
ing fo rce  of t h e  th rus t  stand resul ted f rom a com-  
bined ef fect  of suppor t  f lexures ,  p rope l lan t  tubes, 
water  c i rcu la t ion  tubes ,  and gravi tat ional  ef fects,  
it was  necessary t o  es tab l i sh  t h e  s lope and zero  o f  
t he  th rus t  s ignal  pr ior  t o  each tes t  run. The  
thrust  stand could be cal ibrated in p lace  and under 
vacuum cond i t ions  w i th in  2 min. Th is  was  carr ied 
out by loading the  dev l ce  w i th  f ree-hanging we igh ts  
at tached t o  a fine. monof i lament  thread. The  4 g 
we igh ts  were  lowered using a w ind lass  and pulley 
a r rangement  Ident ical  t o  tha t  used In Ref. 3. Th is  
ca l ib ra t ion  techn ique proved repeatab le  t o  w i th ln  
1 percent,  and s imp le  t o  use. F igure  4 displays 
the  arc je t  and th rus t  stand in t h e  Tank  8 vacuum 
faci 1 I ty. 

* '  I 
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Power Supply 

c u r r e n t  r e g u l a t i o n  was used throughout the  tests.7 
Open c l r c u l t  vo l tage  o f  t h i s  u n i t  was 180 Vdc and 
I t s  maximum c u r r e n t  ou tpu t  was 12 A. A unlque 
c a p a b i l i t y  o f  t h i s  power supply was a b u i l t - i n  h igh  
vo l tage,  s t a r t i n g  pulse generator .  Th l s  s t a r t i n g  
c i r c u l t  could produce a 4 kV pulse once every 
second u n t l l  a rc  I g n i t i o n  was achleved. 

across the  power supply output  I nduc to r .  A l ow  
vo l tage  winding was used t o  b u i l d  up magnetlc f l u x  
I n  t h e  Inductor .  such t h a t  when c u r r e n t  was I n t e r -  
rupted a h igh  vo l tage pu lse  was emi t ted from the 
output .  F igure 5 shows an open c l r c u l t  voltage 
t r a c e  o f  a s i n g l e  s t a r t i n g  pulse on an 
osc i l l oscope .  

power supply takes over t o  sus ta in  the  arc and the  
pu lse r  c i r c u i t  stops when p o s i t l v e  c u r r e n t  i s  
detected. While very h lgh  vo l tages can be obtained 
w l t h  t h e  s t a r t i n g  c l r c u l t ,  t o t a l  energy content o f  
each pu lse  i s  too small t o  cause a r c j e t  electrode 
damage. 

Data Recording 

A pu lse w id th  modulated power supply w l t h  f a s t  

The h igh  vo l tage  s t a r t i n g  pulse was produced 

Once Paschen breakdown I s  achleved. t h e  main 

Experimental data obta ined inc lude  a r c  vo l t -  
age, cu r ren t ,  t h r u s t ,  p r o p e l l a n t  f l o w  ra tes ,  and 
I n l e t  pressure. These s igna ls  were recorded on an 
e l g h t  channel cha r t  recorder  w i t h  a frequency 
response c a p a b i l i t y  o f  150 Hz.  An analog storage 
osc i l l oscope  w l t h  d i f f e r e n t i a l  I npu ts  was used t o  
observe h igh  speed vo l tage  and c u r r e n t  t rans ients .  

w l t h  a r e s i s t i v e  vo l tage  d i v i d e r  t o  b lock  high- 
vo l tage  pulses from the  c h a r t  recorder  I n p u t .  
Cross-channel no ise problems were prevented through 
t h e  use o f  I s o l a t i o n  a m p l l f l e r s  and sh le lded cable. 

A 100 V Zener diode was used I n  conjunctlon 

Experimental Procedure 

Because a r c j e t  e lect rodes may be subject  t o  
considerable eros lon over t h e l r  use fu l  l l f e ,  I t  was 
declded t h a t  a s t a r t i n g  r e l l a b l l l t y  t e s t  should 
r e f l e c t  t he  changing c h a r a c t e r l s t l c s  an Ind l v ldua l  
t h r u s t e r  may e x h l b l t .  The s t a r t l n g  r e l i a b l l l t y  
t e s t  was c a r r i e d  out  I n  fou r  phases, as I l l u s t r a t e d  
I n  F ig .  6. Each phase examlned the  s t a r t i n g  char- 
a c t e r i s t i c s  o f  an a r c j e t  a f t e r  l n c r e a s l n g l y  longer 
per iods o f  operat lon.  The f l r s t  phase compared 
s t a r t i n g  c h a r a c t e r l s t l c s  o f  a new a r c j e t  before and 
a f t e r  10 mln o f  operat ion.  The second phase accu- 
mulated 30 min o f  steady operat ion.  and t h e  t h i r d  
and f o u r t h  phases Inc luded 1 h r ,  and 10 h r ,  
r e s p e c t i v e l y .  

Each t e s t  phase was d l v l d e d  I n t o  th ree  parts. 
The f l r s t  p a r t  o f  each phase was a se r les  o f  short 
re fe rence  s t a r t s .  Each l n d i v l d u a l  s t a r t  usual ly 
l a s t e d  about 10 sec, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAor  u n t l l  a rc  s t a b l l l z a t l o n  was 
achleved. There were t y p i c a l l y  1 5  t o  40 s t a r t l n g  
at tempts made du r ing  t h i s  p a r t  o f  each phase. 

ope ra t i on  o f  t h e  a r c j e t .  The leng th  o f  t he  burn-in 
was dependent on the  p a r t i c u l a r  t e s t  phase. As 
mentioned p rev lous l y .  Phases 1 through 4 were d i s -  
t l ngu lshed  by bu rn - In  t lmes o f  10 mln, 30 mln, 
1 h r ,  and 10 h r ,  r e s p e c t i v e l y .  Thrust measurements 

The second p a r t  o f  each phase was a burn-In 

were taken maln ly  t o  ensure t h a t  t h e r e  were no 
major dev la t l ons  I n  a r c j e t  performance. A t  t h e  
conc lus ion  o f  each burn- in ,  t h e  t h r u s t e r  was cooled 
convec t i ve l y  by c o n t i n u i n g  t o  f l o w  unheated propel -  
l a n t  a f t e r  t h e  a r c  had been ext lngulshed.  

The t h i r d  p a r t  o f  each phase was a second 
se r ies  o f  s h o r t  s t a r t s  t o  determlne the  marg ina l  
e f f e c t  caused by t h e  burn- In .  These s t a r t s  were 
In tended t o  v e r i f y  any degradation I n  s t a r t i n g  
c h a r a c t e r l s t l c s  due t o  e lec t rode  eros lon.  

A t  t he  conclus ion o f  each phase, t h e  t h r u s t e r  
was disassembled. Inspected, and then reassembled 
w i t h o u t  a l t e r a t i o n .  The purpose o f  t h i s  was t o  
p rov ide  data f o r  a companlon repo r t ,  where d e t a l l e d  
photographs o f  t h e  e lect rodes and d i scuss ion  o f  
sur face damage can be found.8 

One hour p r l o r  t o  t a k i n g  data, a l l  e l e c t r o n i c  
equipment was turned on and al lowed t o  warm up. 
The t h r u s t  stand was c a l i b r a t e d  by c y c l i n g  the  
weights t o  e s t a b l i s h  a t h r u s t  zero and slope. Once 
t h i s  had been accomplished. gas was metered a t  a 
2 : l  hydrogen/nitrogen r a t i o  f o r  t h e  des l red  mass 
f l o w  r a t e .  Typ ica l  mass f l o w  r a t e s  ranged f rom 
0.0337 t o  0.045 g/sec. When steady f l o w  r a t e s  were 
obtained, t he  data reco rd ing  system was turned on 
and t h e  power supply was ac t i va ted .  A s  descr ibed 
p rev ious l y ,  a h igh -vo l tage  pulse was app l i ed  t o  the 
t h r u s t e r  e lect rodes once every second u n t i l  a rc  
l g n l t l o n  was achleved. For a sho r t  s t a r t ,  t h e  arc  
was mainta ined about 10 sec,before the  power supply 
was turned o f f ,  e x t l n g u l s h i n g  the a rc .  The 
t h r u s t e r  was a l lowed t o  cool  f o r  about 3 mln u n t i l  
t he  nex t  s t a r t l n g  at tempt .  Because o f  t h i s  l l g h t -  
duty  cyc le ,  I t  was found t h a t  t he  t h r u s t e r  body 
temperature u s u a l l y  l eve led  o f f  a t  about 65 " C  
between s t a r t s .  

Res ut  t s 

I n  the  f l r s t  phase o f  t e s t l n g  the  t h r u s t e r  was 
operated f o r  42 shor t  s t a r t s  fo l l owed  by a 10 min 
bu rn - In  pe r lod .  Flow r a t e s  were malnta lned a t  
0.0337 g/sec throughout and t h e  a rc  c u r r e n t  was 
nominal ly  set  t o  10 A. For t h e  very f l r s t  s t a r t ,  
a 0.21 m o r l f l c e  was placed i n  t h e  p r o p e l l a n t  l i n e  
j u s t  upstream o f  t h e  t h r u s t e r ,  and the arc  gap was 
s e t  t o  0.51 mm. The cathode was new and the  anode 
was r e c e n t l y  recondi t loned.8 

When the  power supply was a c t l v a t e d  the  a rc  
i g n i t e d  immediately upon the f l r s t  h lgh -vo l tage  
pulse and s t a b l l l z e d  a t  60 V f o r  t h e  10 sec run. 
Thls s t a r t  was fo l l owed  by f o u r  a d d i t l o n a l  s t a r t s  
which responded s l m i l a r l y .  Beglnnlng w l t h  the  
s i x t h  s t a r t ,  however, vo l tage  t races  d u r l n g  
t h r u s t e r  ope ra t l on  became no t i ceab ly  rough. 
l e v e l s  f o r  a l l  o f  these s t a r t s  were lower than 
expected and a l eak ing  p r o p e l l a n t  l i n e  was found 
t o  be the  cause. I n  order t o  avoid f u r t h e r  gas 
leaks, t h e  p r o p e l l a n t  system back pressure was 
reduced by i nc reas ing  t h e  sonic o r l f l c e  diameter 
f rom 0.21 t o  0.25 m. I t  was a l s o  decided t h a t  
l nc reas lng  the a rc  gap t o  0.59 mn mlght  increase 
arc  vo l tage.  

t o  70 Vdc, as can be seen i n  F lg .  7 (a ) .  The v o l t -  
age t race ,  however, was no t  as smooth as t h e  I n i -  
t l a l  s t a r t s .  A f t e r  e l g h t  more s t a r t s  the  vo l tage  
excurslons subsided and each successlve s t a r t  was 
very smooth. 

Thrust  

Wlth the  next  s t a r t  t he  arc  vo l tage  came up zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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Figure  7(b) displays a n  ideal  a rc je t  start. 
F low  ra tes  w e r e  preset to 1.5 S L P H  n i t rogen and 
3.0 S L P H  hydrogen, resulting in a zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAmass f l o w  ra te  
of 0.0337 g/sec. T h e  voltage t race  of t h e  s ta r t  
ind lca tes  smooth  and rapid t rans i t ion  o f  t h e  arc  
t o  s teady-s ta te  operation. 
was  ac t iva ted  a n  open circuit vo l tage o f  180 Vdc 
w a s  present. One  second later a high-vol tage pu lse  
igni ted t h e  arc  and stable vo l tage o f  74 Vdc was  
es tab l i shed w i th ln  a fraction of a second. Because 
t h e  power supply had very fas t  cur ren t  regulat ion,  
t h e  cur ren t  t race  w a s  essentially a s tep  func t ion  
dur ing th rus ter  operation. Arcjet  th rus t  Increased 
f rom 39 m N  (cold f low) to 1 1 3  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAmN wi th in  1 sec  o f  
ignition. wh lch  corresponded t o  a speci f ic  impu lse  
( Isp) o f  118 and 3 4 2  sec, respect ively.  Overshoot 
seen o n  t h e  char t  recording was a charac ter is t i c  
o f  t he  th rus t  stand and not t he  thruster. 

When t h e  power supp ly  

A 10 min  burn- in began w i th  a smooth  vo l tage 
t race  a t  74 Vdc. By the end of 10 min, t h e  vo l tage 
had r i sen  t o  88 Vdc and the Isp had reached 
400 sec. 
al lowed t o  cool t o  room temperature be fore  fu r ther  
s ta r t ing  at tempts.  

starts. T h e  f i rs t  start began a t  7 2  Vdc but f luc- 
tuated w i th  a t i ck ing  behavior seen in Fig. 8(a). 
The  vo l tage then stepped up to  7 8  Vdc where  smooth  
opera t ion  proceeded. Three fol lowing s ta r ts  
behaved simi lar ly but each o n e  stabi l lzed progres- 
s ively sooner. 

On  t h e  f i f th  start  fo l lowing the  burn-in, f l o w  
was  Increased t o  0.045 g/sec t o  de termine i ts 
ef fect  on  arc  stabil ization. Arc vol tage increased 
t o  8 2  V qu ick ly  and remained s tab le  (Fig. 8(b)). 
Ten  s ta r ts  w e r e  conducted a t  th is  higher f l o w  rate 
and al l  had smooth  voltage traces. T h e  f l o w  ra te  
w a s  then  returned t o  0.0337 g/sec and smooth s ta r ts  
cont inued. 

T h e  th rus ter  ran f law less ly  and was  

T h e  10 min  burn-In was fol lowed by seven short  

Phase 2 of the  testing included seven init ial 
short  s ta r ts  fo l lowed by a 30 min  burn-in. Start-  
ing was  smooth  and t h e  thruster aga in  ran f law-  
lessly. Vo l tage at  the  end of 3 0  min  was 97 Vdc 
and the  I sp  was  407 sec. 

A f te r  a coo l ing  period. mass  f l ow  was set t o  
0.0337 g/sec and the  arcjet was  started. Th is  
par t i cu la r  s ta r t  was  unusually rough in tha t  volt- 
a g e  excurs lons  were  larger than  had been seen 
be fore  and lasted fo r  20 sec  a f te r  igni t ion be fore  
s tab i l i z ing  (Fig. 9(a)). Each subsequent  start ,  
as  in Phase 1. stabil ized progressively sooner.  
By the  f i f th  start ,  smooth vo l tage t races  had 
returned (Fig. 9(b)). 

Af ter  10 starts the thruster was  removed f rom 
t h e  fac i l i t y  and dismantled for a f i rs t  Inspec t ion  
o f  the  electrodes. The tip of t h e  ca thode was  
sl ight ly blunted but no unusual damage  was  
observed.8 Wh i le  some mechanical var iat ion was  
inevi table.  ca re  was  taken t o  reassemble t h e  
th rus ter  a s  c lose  as  possible to  i ts previous 
condl t ion.  

Phase 3 of the  test Involved a 1 hr burn-in, 
wh lch  brought the  accumulated operat ing t ime t o  
over 100 min. The first short  starts af ter  
reassembly were  to  verify repeatabi l i ty  of t he  

thruster.  
pumps, t h e  max imum mass f l o w  ra te  permiss ib le  a t  
tha t  t ime  w a s  0.031 g/sec. wh ich  was  lower  than 
prev ious  start ing at tempts.  T h e  s ta r ts  were  
rougher than be fore  and on ly  Improved sl ight ly 
a f te r  t en  start ing at tempts.  
pumping prob lem was  cor rec ted ,  f l o w  ra tes  w e r e  
increased t o  0.045 g/sec and smooth  opera t ion  
returned. 

Due t o  fac i l i t y  p rob lems w i th  d l f fus ion  

When  t h e  fac i l i t y  

A 1 hr burn- in was  then performed in wh ich  the  
th rus ter  operated smoothly throughout.  Th is  t ime 
t h e  f l ow  ra te  was 0.045 g/sec and cor respond ing  Isp  
was  363 sec. 

Subsequent  starts a f te r  t h e  burn-in w e r e  con- 
ducted w i th  th i s  h igher  f l o w  rate. Wh i le  f luctua- 
t ions  in a rc  vo l tage lasted only a f e w  seconds, t he  
excurs ions  did not subs ide  w i th  fo l low ing  s ta r ts  
as  they had before. Th is  was  t h e  f i rs t  t ime  where  
higher f l o w  rates did no t  p roduce smooth  s ta r ts  
(Figs. lO(a) and (b)). 

T h e  th rus ter  w a s  removed fo r  t h e  second dls-  
assembly  and inspect ion.  It was  not iced tha t  t he  
ca thode was  vis ib ly o f f -cen ter ,  wh ich  migh t  account  
fo r  t h e  poorer starts. Reassembly was  performed 
w i th  more  a t ten t ion  g iven t o  ca thode center ing.  

Phase 4 of  t h e  tes t  was  car r ied  out j n  a 
vacuum bell j a r  facl l l ty .  Data acqu is i t ion  w a s  
ident ical  t o  that  o f  Tank  8 except fo r  t h e  lack of 
th rus t  measurement.  

F low  rates w e r e  se t  a t  0.045 g/sec and cur ren t  
t o  10 A. Prel iminary s ta r ts  stabi l ized qu ick ly  and 
vol tage t races  were  fa i r l y  smooth. 

The  last burn- in w a s  fo r  10 hr. Due t o  faci l -  
ity re lated prob lems th is  burn- in w a s  not a s lng le  
cont lnuous  run  but a n  accumula t ion  of t h e  total  
required t lme. In  the  f i rs t  half of t he  burn-in, 
arc jet  opera t ion  was  interrupted th ree  t imes due  
t o  propel lant  l ine  fa l lures.  Because arc je t  opera- 
t ion  was  imnedlately terminated, It is no t  bel ieved 
tha t  t hese  incidents resul ted in any  damage  t o  the  
thruster. 

S tar ts  fo l low ing  t h e  10 hr burn-in w e r e  per-  
formed a t  a f l ow  ra te  o f  0.045 g/sec. The  f i rs t  
start  w a s  very smooth,  a s  w e r e  t h e  nex t  40 at tempts  
(Figs. ll(a) and (b)). A f te r  t w o  starts,  however,  
t he  s teady-s ta te  vo l tage t race  did not completely 
stabi l ize.  It is bel leved tha t  th is  was  simply a 
mechanical  p rob lem w i th  t h e  thruster.  When  
th rus ter  was  disassembled fo r  a f inal  inspec t ion  it 
was  d iscovered tha t  t h e  ca thode rod had become 
jammed wi th in  the  co re  insulator. prevent ing f ree  
axial movement.  Related thermal expans ion  and 
seal ing problems may account  fo r  t h e  noisy a rc  
vol tage dur ing  steady operat ion.  

It was  later decided t o  reassemble  the  
th rus ter  t o  take  add i t iona l  per fo rmance da ta  and 
observe  fu r ther  a rc je t  s ta r t ing  character lst ics.  
Tab le  1 presents a sumnary  of all a rc je t  opera t ion  
th roughout  t h e  en t i re  tes t  in tabu la r  form. 

Discussion 

T h e  or ig inal  purpose of th is  study was  t o  
demonst ra te  re l iab le  a rc je t  s ta r t ing  using a 
th rus ter  incorporat ing strong f l o w  s tab i l i za t ion  
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and a w e l l  regulated,  pu l se  w id th  modulated power 
supply. Th ls  was accomplished I n  t h a t  w i t h  every 
one o f  300 s t a r t i n g  attempts, r a p l d  I g n l t i o n  was 
observed. I n  most cases an a rc  was establ ished on 
the  f i r s t  h igh -vo l tage  pulse.  I n  the few cases 
where t h e  f i r s t  pu lse  d l d  n o t  s u f f i c e ,  a second 
pu lse  always l e d  t o  successful s ta r tup .  Most of 
t he  two pu lse  s t a r t s  occurred e a r l y  i n  the  t e s t ,  
be fo re  t h e  Phase 1 burn- in .  This, however, may be 
a power supply r e l a t e d  phenomenon as t h e  s t a r t i n g  
c i r c u l t  does n o t  always develop i t s  f u l l  voltage 
on the  f i r s t  pulse.7 

Perhaps t h e  most Impor tant  observat ion was the 
f a c t  t h a t  s t a r t i n g  r e l i a b l l l t y  d i d  no t  change much 
over the  course o f  t h e  t e s t .  While the  cathode t i p  
recessed apprec iab ly  e a r l i  i n  the t e s t ,  the t i p  
geometry soon s t a b l l l z e d .  Arc s t a r t i n g  charac- 
t e r l s t l c s  a t  t he  end o f  Phase 4 were q u l t e  s l m i l a r  
t o  those a t  t he  end o f  Phase 1. 

An unusual observat ion made du r ing  the t e s t  
was a p a t t e r n  t h a t  developed as s t a r t s  were 
repeated w l t h i n  each phase. The f i r s t  s t a r t  
f o l l o w i n g  the Phase 1 bu rn - In  pe r iod  d isp layed an 
unusual ly  rough vo l tage  t race .  A s  descr ibed pre- 
v ious l y .  t h i s  roughness took the  form o f  qu ick 
vo l tage  excurslons which occurred du r lng  the  f i r s t  
20 sec a f t e r  a rc  I g n i t i o n .  A t  a l l  t lmes the  pres- 
ence o f  a f u l l y  expanded plume and h lgh-vo l tage 
l e v e l s  i n d i c a t e d  t h a t  t h l s  was n o t  a t r a n s i t i o n  
f rom low mode operat ion.  where an arc  at taches 
upstream o f  t he  c o n s t r i c t o r .  The d u r a t i o n  o f  t h e  
vo l tage  excursions was shor ter  w l t h  each successive 
s t a r t  u n t i l  no I n s t a b i l i t i e s  occurred on s tar tup.  
The s h o r t  s t a r t s  f o l l o w i n g  the  Phase 2 bu rn - In  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAd l s -  
played t h e  same rough vo l tage t races .  A s  before, 
each successive s t a r t  became smoother u n t l l  there 
were no vo l tage  excursions. While Phases 3 and 4 
d l d  n o t  f i t  t h i s  p a t t e r n  as s t r l c t l y  as Phases 1 
and 2, I t  I s  l l k e l y  t h a t  I f  the t e s t  was conducted 
under more i d e a l  circumstances t h e  p a t t e r n  would 
be more v i s i b l e  I n  a l l  phases. 

Because o f  t h l s  pa t te rn ,  i t  would appear tha t  
extended opera t l on  o f  t he  a r c j e t  has an e f f e c t  on 
the  vo l tage  s t a b i l i t y  o f  t he  t h r u s t e r  i n  fo l l ow ing  
s t a r t s .  Th is  i s  e s p e c i a l l y  apparent on the f i r s t  
s t a r t  f o l l o w i n g  an extended burn. This e f f e c t ,  
however, on l y  Invo lves  a b r i e f  pe r lod  a f t e r  I gn i -  
t i o n  and I s  somehow reversed by a se r ies  o f  short 
s t a r t s .  

I n  order  t o  suggest an explanat ion o f  what I s  
happenlng, a t t e n t l o n  must focus on p r o p e r t l e s  of 
t he  t h r u s t e r  t h a t  can be changed by as l i t t l e  as 
f i v e  s h o r t  s t a r t s ,  The most dynamic phys i ca l  p a r t s  
o f  an a r c j e t  a re  the  e lect rodes.  I t  i s  usua l l y  t he  
cathode whlch undergoes the  most change du r ing  i t s  
l l f e .  Photomicrographs o f  cathode t l p s  t h a t  have 
endured long  extended operat ion.  o f t e n  reveal  a 
c r a t e r  shapdd format lon a t  t he  apex.* 
c r a t e r  t y p l c a l l y  i s  surrounded by a ra i sed  r l n g  o f  
c r y s t a l l i z e d  m a t e r i a l  and has a small depression 
a t  I t s  center  where the  arc  at taches.  I t  has been 
shown t h a t ,  upon s ta r tup ,  i n i t i a l  arc attachment 
o f t e n  occurs on a tapered s lde  o f  the cathode.9 
A s  t he  a rc  I s  forced t o  migrate forward by the gas 
f l o w  f l e l d ,  i t  must somehow pass over the  r i n g  o f  
m a t e r l a l  t o  reach i t s  steady operat ing l o c a t l o n  a t  
t he  cathode center .  I t  i s  poss ib le  t h a t  t h e  b r i e f  
vo l tage  excurslons (F igs .  8(a) ,  9 (a ) ,  and lO(a ) )  
a re  a r e s u l t  o f  a rc  i n t e r a c t l o n s  w l t h  the  r l n g  o f  
m a t e r l a l  before movlng t o  I t s  s teady -s ta te  pos i t i on  

Thls 
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a t  t h e  center .  D e f l e c t i o n  of t h e  a r c j e t  plume t h a t  
was observed d u r i n g  t h l s  i n s t a b i l i t y  has p rev ious l y  
been seen I n  o the r  s tud ies  where misa l igned cath- 
odes were d l a g n o ~ e d . ~  An o f f s e t  attachment p o i n t  
on t h e  cathode c r a t e r  r i n g  could s i m l l a r l y  cause 
t h l s  plume behavlor .  Poss ib le  asymnetry o f  t he  
cathode mol ten r e g l o n  might  be d i f f e r e n t  f o r  t h e  
case o f  h o r i z o n t a l  o r l e n t a t i o n  (Tank 8) compared 
t o  t h e  v e r t l c a l  case ( b e l l  j a r ) .  Con t ro l l ed  t e s t -  
i n g  may be needed t o  address t h e  importance o f  any 
such g r a v i t a t i o n a l  e f f e c t s .  

When the  a r c j e t  I s  s t a r t e d  repeatedly  f o r  
s h o r t  per iods o f  operat ion,  t h e  m i g r a t i n g  cathode 
attachment p o i n t  may have a tendency t o  erode away 
t h e  sharp c r a t e r  r i n g  format ion.  It I s  poss ib le  
t h a t  t he  e ros l ve  d e s t r u c t i o n  o f  t he  r i n g  format ion 
re tu rns  the  a r c j e t  t o  a pe r lod  o f  smooth s t a r t l n g  
c a p a b i l i t y .  I f  t h i s  i s  t r ue ,  then t h i s  pe r iod  w l l l  
be temporary; f o r  t he  nex t  extended opera t i on  o f  
t h e  a r c j e t  w l l l  form a new r l n g  s t r u c t u r e  and t h e  
process would repeat  I t s e l f  I n  the  next  phase o f  
t he  t e s t .  

It should be emphasized t h a t  a r c j e t  t h r u s t  was 
on ly  s l i g h t l y  a f f e c t e d  d u r i n g  t h e  vo l tage  excur- 
slons, and t h a t  t h l s  phenomenon had no e f f e c t  on 
steady s t a t e  t h u s t e r  operat ion.  

found t o  a f f e c t  s t a r t i n g  behavlor. When f a c i l i t y  
pumplng problems fo rced  f l o w  r a t e s  t o  be reduced 
t o  0.031 g/sec. a r c j e t  s t a b l l i t y  was no t i ceab ly  
lmpalred. While t h e  o r l g l n a l  f l o w  r a t e  
(0.0337 g/sec.). always gave successfu l  s t a r t s ,  the 
h lgher  f l o w  r a t e  (0.045 g/sec.), normal ly  r e s u l t e d  
i n  smoother s t a r t s  and was accompanied by a sho r te r  
t r a n s i t i o n  pe r iod .  The s l i g h t  pena l t y  I n  measured 
s p e c i f l c  Impulse taken a t  t he  h lgher  f l o w  r a t e  was 
o f f s e t  by Increased e f f i c i e n c y  and h igher  t h r u s t .  

more s t a b l e  arc  c h a r a c t e r l s t l c s  a t  h igher  f l o w  
ra tes .  Reynolds numbers Increase, and l a r g e r  
dynamic pressures a t  h ighe r  f l o w  r a t e s  may Improve 
the  e f fec t i veness  o f  vo r tex  f l o w  s t a b i l i z a t i o n .  

The mass f l o w  r a t e  o f  p r o p e l l a n t  was a l s o  

There a r e  a number o f  poss ib le  reasons f o r  the 

One area whlch needs f u r t h e r  study i s  the 
e f f e c t  o f  h lghe r  s t a t i c  pressure on arc  attachment 
t o  e lec t rode  sur faces.  I f  hlgher  chamber pressures 
associated w l t h  h lghe r  f l o w  ra tes  a re  responsib le  
f o r  smooth s t a r t i n g  c h a r a c t e r i s t l c s ,  then conslder-  
a t l o n  should be g i ven  t o  s t a r t i n g  s t a b i l i t y  when 
c o n s t r i c t o r  s i z e  i s  chosen. 

A f u r t h e r  l i n k  between smooth s t a r t i n g  char- 
a c t e r l s t l c s  and f l o w  r a t e  I s  supported by the 
e f f e c t  o f  a sonlc o r l f l c e  placed I n  the  p r o p e l l a n t  
gas l l n e .  Increased f l o w  impedance due t o  arc  
i g n l t l o n  u s u a l l y  requ l res  a h igher  I n l e t  pressure 
t o  ma ln ta ln  the  same p r o p e l l a n t  f l o w  r a t e .  I n  a 
bu lky p r o p e l l a n t  feed system a f i n i t e  amount o f  
t l m e  I s  requ l red  t o  b u l l d  up pressure. During t h l s  
t ime per iod.  f l o w  r a t e  through t h e  a r c j e t  i s  
b r l e f l y  reduced as the  f l o w  system ad jus ts .  Pre- 
vlous studles3p6 have o f t e n  shown arc vo l tage 
g radua l l y  r l s e s  t o  I t s  f i n a l  value as l a t e  as 
10 sec a f t e r  i g n i t l o n .  I t  I s  l l k e l y  t h a t  t h l s ,  i n  
p a r t ,  i s  a r e s u l t  o f  slow pressure response o f  t he  
p r o p e l l a n t  system. A d d i t i o n  o f  a sonic o r l f l c e  
j u s t  upstream o f  t h e  t h r u s t e r  used I n  the  present 
t e s t  ensured an un ln te r rup ted  f l o w  r a t e  a t  I t s  
choke p o i n t .  The r e l a t i v e l y  small volume o f  gas 



between th is  choke point and t h e  arc permits a 
fas te r  p ressure  response of the  propellant. Rapid 
s ta r ts  w e r e  observed and t h e  vol tage instabi l i t ies 
assoc ia ted  w i th  reduced f l o w  were  avoided. Locat- 
ing a hydraz ine  gas  generator c lose  t o  an  arc je t  
th rus ter  may have a n  effect s imi lar  t o  tha t  of 
p lacing a sonic o r i f i ce  in t h e  propel lant  line. 
Not only zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAi s  th is  location thermal ly  ef f ic ient ,  but  
i t  a l so  could reduce the transi t ion t ime  encoun- 
tered pr ior  t o  steady-state operation. 

Concluding Remarks 

The  observa t lons  and resul ts presented in th is  
paper a l l ow  several  conclusions and suggest ions fo r  
fu tu re  research. Most  Importantly, t h e  fac t  tha t  
300 s tar ts  w e r e  accumulated with no  apparent  degra- 
da t ion  in start ing quality ind ica tes  tha t  no  basic 
feas ib i l i t y  i ssue exists w i th  t h e  arcjet /power 
supp ly  combina t ion  used. 

s ta r tup  a f te r  extended durat ion runs. part icular ly 
a t  t he  lower f l o w  ra te  Implies tha t  t h e  start ing 
process i s  dependent  on the  condi t ion of t he  cath- 
ode  a f te r  s teady-s ta te  operatlon. Evident ly arc 
mot ion  o n  t h e  r ing o f  molten mater ia l  tha t  resol ld-  
i f ies a t  t he  t i p  i s  responsible. That t he  vol tage 
f luc tua t ions  d o  not involve low mode  opera t lon  and 
can be reduced or  eliminated by using higher f l ow  
ra tes  makes th is  more  a cosmet ic issue than any- 
th ing  else. 

The  appearance of voltage excursions on  

Throughout  the  test it became apparent  tha t  
e lec t rode a l ignment  plays a n  important role i n  both 
start ing qual i ty and stabil ity of operat ion.  The  
small d imens ions  i n  the  region o f  the  arc make 
proper assembly  diff icult. This type  of mechanical  
p rob lem can be solved through t igh ter  machining 
to le rances  and a more  careful assembly  procedure. 
Further research t o  determine whether  some of t he  
smal l  d imensions. such as arc  gap  width,  can  be 
opened w i thout  compromising thruster performance 
would be  benef ic ia l  as  this would l ikely a l lev ia te  
some sens  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 t 1 vi t y  t o  as  sembl y . 

start ing problems w e r e  observed in  th is  test ,  t he  
Finally. i t  should be noted that wh i l e  no  

fac t  tha t  a real app l i ca t ion  wi l l  requ i re  200  t o  
400 cold s ta r ts  fo l low ing  extended runs suggests 
tha t  a comple te  tes t  Of start ing rel iabi l i ty  will 
have t o  inc lude a full. cycled l i fetest .  
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phase 

Pre l im ina ry  
s t a r t s  

Phase 
1 

Phase 
2 

Phase 
3 

Phase 
4 

Cont inued 
o p e r a t i  on 

T o t a l  

Vacuum 
f a c i l i t y  

Tank 
8 

Tank 
8 

Tank 
8 

Tank 
8 

Bel 1 
Ja r  

Tank 
8 

Range o f  
nass f l o w ,  

g/sec 

0 .0337 

.0337 
t o  

.045 

.0337 
t o  

.045  

-0331  
t o  

.045 

-0337 
t o  

.045 

.0337 
t o  

.045 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

7 

Number o f  
s t a r t s  

- 
1 0  

51 

1 8  

41 

71 

111 

302 

Hours o f  
o p e r a t i o n  

0 .028 

.305 

.547 

1 .40  

11 .5  

4 .28  

1 8 . 1  
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FIGURE 1. - CUTAWAY VIEW OF ARCJET THRUSTER. 

FIGURE 2. - VERTICAL BELL JAR TEST CHAMBER AND PULSE WIDTH MODULATED 
POWER SUPPLY (BELOW). 
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TRANSDUCER MAIN FLEXURES’ PLATE 

FIGURE 3. - SCHWTIC DIAGRAM OF THRUST STAND WITH ARCJET MOUNTED. 
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FIGURE zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- ARCJET MOUNTED ON THRUST STAND I N  TANK 8 VACUUM FACILITY. 

. 
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FIGURE zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5 .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- OPEN-CIRCUIT STARTING PULSE. SCALE: 
VERTICAL - 500 V/DIVISION, HORIZONTAL - 2 C(S/DIVISION. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

/ I  10 STARTS 

I N  I T  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI AL 

1ST DIS- - fmsrr  

IpHAsE 1 

i STARTS 
ASSEMBLY 

ASSEMBLY 10 STARTS 

2ND DIS- ~ 

ASSEMBLY 
i 

" . zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI .I. I " 

, 28 STARTS 

) STARTS 
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. 

3RD DIS- 
ASSEMBLY 

*-' (111 STARTS) 

FIGURE 6 .  - CHRONOLOGY OF STARTING RELIABILITY TEST. 
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ARC zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 Fil. A 1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAn 
CURRENT 

0 
SCALE 

VOLTAGE -1"~i"-' zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI 

r 

t 
THRUST 1 1 I I 

SCALE zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0 

+Eq- 

(A) FIRST START ATTEMPT WITH 0 .59  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAhlM ARC GAP. 

(MASS FLOW = 0.0337 G/SEC.) 

CURRENT 

SCALE 

0 

ARC 

VOLTAGE 

0 

(B) NINTH START ATTEHPT WITH 0.59 MM ARC GAP. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
(MASS FLOW = 0.0337 G/SEC.) 

FIGURE 7. - ARCJET STARTING EARLY I N  PHASE 1. 
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(A) FIRST START ATTEMPT AFTER 10-MIN BURN-IN. 

(MASS FLOW = 0.0337 G/SEC.) 
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0 
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0 .  

11.5 A 
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SCALE 

FULL 2oo I J 

123 MN 

FULL 

SCALE I 

(B) FIFTH START ATTEMPT AFTER 10-MIN BURN-IN, 

(MASS FLOW = 0.045 G/SEC.) 

FIGURE 8. - ARCJET STARTING LATE I N  PHASE 1, 



CURRENT 
SCALE 

(A) FIRST START ATTEMPT AFTER zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA30-MIN BURN-IN. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
(MASS FLOW = 0.0337 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAG/SEC.) 

ARC 1 1 h 
CURRENT 

0 
SCALE 

THRUST 

SCALE 
0 

(A) FIRST START ATTEMPT AFTER 1-HR BURN-IN. 

(MASS FLOW = 0.045 G/SEC). 

. 
THRUST 

0 

(B) F IFTH START ATTEMPT AFTER 30-MIN BURN-IN. 

(MASS FLOW = 0.0337 G/SEC.) 

FIGURE 9. - ARCJET STARTING I N  PHASE 2. 

0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI SCALE I 

(B) TENTH START ATTEMPT AFTER ~ - H R  BURN-IN. 

(MASS FLOW = 0.045 G/SEC). 

FIGURE 10. - ARCJET STARTING I N  PHASE 3. 
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ARC zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 llllA zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAIn 
CURRENT 

0 
SCALE 

(A) FIRST START ATTEMPT AFTER zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA~ O - H R  BURN-IN. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
(MSS FLOW = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0.045 G/SEC.)  

ARC 
VOLTAGE 

SCALE 
0 

(B) FIFTH START ATTEMPT AFTER ~ O - H R  BURN-IN. 
(MASS FLOW = 0.045 G/SEC.) 

FIGURE 11. - ARCJET STARTING I N  PHASE 4. 
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