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The  objective of this study was to asses-s the functional
perfommmx  of prototype miniaturized propulsion conqmrents  fc,r  a
spacecraft attitude control ckld-gas  propulsion SyS(ell)  under  fli~il~  design
conditions. Greater than 60,000  cycles  of tesling  over the O.mperature
range of -?0 ICI + 70C were carried OLIt on a bresdhoard  system. ‘l_he
re-sul(s  provide contidcnce  that componurts  can & developed and
qualified (hat will provide robust solutions for future de<p space
exploration nlissiOn requirentenls.

I - cur,  ent
P - pressure
T - thruster, temperature
1 - tin]e
V - valve, voltage

~ntf_@ I!cjog

Propulsion systems for new classes of minlatulized  sfwm raft
for ouler  planet  and dap space exploration will have to be lighter, use

Ie.ss  power, and med the grder  Iife-tinrw,  duly cycles, and
environnmtal  extremes. In at[emptimg to draw  upon and extend

‘Jhe study  consisted  of dynamic tests of the individual
components and cycling tests, cruder ambient and flight desigo
k-mpe!aturt  conditions, of (he components as.scmbled into a breadboard
cold-g. s propulsion test sys.teni, Customized computer systems were
uwd  tc, actuate and pulse the latch- and Lhmster-valve% and to acquire the
nmasu~ecwmt resu]Ls (pressure, temperature, actuation voltage, and
cL1rren!  draw). Acceptance tesk were perfomd  on the individual
ccmqmnentv at arnhicmt  temi~rdture  and at the test conditioning
tempcl  atur{ prior to each cycling test to aswss  any degradation in
Pcrfor,,tince  with  conditioning temperature and cycling.

!)ynamic  Tests

llIc protolypc  cou,pcmenls,  which were  descritwd  in Ref. 1, arc
I!sted ,. I’able  1:

1 he c, intact for tl,e devclo~)mcol and delivery of each component
contained  a set of prototype s}wiflcations  and functional requirements,
1 able.  2-5. Each  contr.i:tor  was  required to functionally ttist one of  the
deIivf  [cd units  to show complianm’  with the proLotype requirements. In
additi<m, each contract corltained  a set of ftight design  requiren~enLs,
wrhich includw-1  radiation (17 krad),  tcnqxrature  range (7’ables  2-5),
vibrat  Ion (Iable  6), and op.waliooal  lifetime (9 years, rein). The
contmctors  were not required to denwrrstrate  qualification to these latter
flight rcquiremen!s.  lns[ead,  in their final refwfis  they were to describe
any [k~tential  dcsigu  revisions or tesls  they felt would be requirti before
doing so.

technology originally developed for other applications for a Ion&-te[ III ~

space  PrO~ tO Jhe planet  Pluto,  a major question nuark  is the ability of The  service valve contractor elected to add dynatic  testing to
(he technology to be extended to aned  the abnve  requircn  rents. I’Jc)totypc - I},e required artei,tance  tests and SfN-1 successfully completed the flight
miniaturimd  propulsion coroponents  for a spmwrafl attilLtde control cok - desig,,  requirenren(s.
gas propulsion system had been deveIoped  @rl]er  unde[ a l’luto  Fw.t
Flyby  Advanwd  Technology Inwctioo  (ATI) progrant.(’)  Ihe objective Fcrllowinfi delil,ery  at JPI., holding fixtures were fabricakd  and
of this study was to ass..= the functicmal performance of these one of each of the remaining comfwients  (Wfi  002 in each ease) was
components under the flight design conditions. dynan,ically  te.sled. 1 he launch environment was better defined by this

3 able 1. All Propulsion (’opponents

—.—. — — .— —
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Comprmc.nt Manufacturer

———. —

Service Valve t;utu  recrafi  Corp,
I -atch Valve Moog,  Inc.
Pressure Regulator Moog,  ]nC.
Cold Gas ‘Jl,ruster hfoog,  Inc.

:
Associate  I~llI$w Al~”A

Copyright  e 1%34 by the American Institute  of Aeror]aullcs  and
Astronautics, Inc. All righ(s  reserved,

hfndcl  h’o.

.

505S8
51 X17(I
50X7 13
58X125

.—
Serial No.

.IC %.2
001 & CKJ7
(K)] & 002
00 I & 03?

. .— .. ——–— –—
Funclirmal

Requirements

-J’able 2
7at,le  3
1 able 4
Table  5
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).””” Table  2. Scwlce  V a l v e  Prntoly~ 1 uncllonal  Requirtinwr,l. - ,
., ,

- }’ressures: 0102.1 hfPa  (O [n 300 Psi) {,l*rd!Ln~ (M1.01’)
1 .5 x MI1oP  prcmf

.-c

2.5 X h4E01’ bur>l

- I’emperalures: 5 m 45°  C (41 10 1 130}”) - pr[,[olyIx  opcr.iling
-20  to 70°C  (-4 to 1S8”1:)  - fll~ht  nomqx ra[ir,g

- I aka~e: uncappc41, ptinwry  xeal clowd;  lx  101 Xcc)s  CiN2 (ntiz)
capped, seat c,lxn;  1] 105 =,:/s GNz (nux)

1.ifc. Cyc le  (open  and  CIOSC = 1 cyc le )  = 100 (null)

~he “mnning  torque”, i.e. , torque on lhc actuation  nut while  o~i,]ng  or clostn~  tlIc valve,  shall not
incrcaw  nmre.  than 20% fIon]  the first  10 the lo(hh  cyc le.

- .

1 atde 3. IAlch Valtfe Prololy~ Iuncltmal Rrqujrunmts

—..—— ——
- f’ressurc5:

- operating
l’emperatures:

- I:low  rate:

-1 akagc:

- Voltage:

- Power;

- Respnn.w:

- Cycle Iifc:

- P:essurw:
Inlet:

Outlel:

- operating
Tempt.ralures:

- Flow rate:

- Izakage:

- Cycle life:— .——  ——

—

Table  4.

——
0102.1 Ml>a (O [c, 300 Psi) opc[a[in~  (MI 01’)
1.5 x M[{OP proof
2 .5  x MI;C)P burst

5 to 45”s2 (40 to 1 13”1’) - proto:ypc
-20 in 70”C (-4 to 158”1’) fligl, t

2 sl/nlirl.  GNl  nmx at 48.3  kPa  (Y psia)  inlet pre.wu,.  and 14 kPa  (2 psid)
difleremtial  pressure

intenlal;  O.01 see;/n,IrI. GN1 (IIWX)  at 2,1 MPa (300 J’si)
external; I X1O ~ scc/n]irl.  GN2 (nmx)

28 d 4 Vdc olwning  or closing

15 W per c~,il  (mm.) at 20°C  (6$”1”)

50 mS (max)  v,id] 24 Vdc opmirl~  or closin~  al 45°C  (1 1301;)

5,0@2 total (n~in)

l’ressure  Regula[or  l’Io[o(yjw Fun lion II Requirenmn[s

2.0/ to 0.34$  hfPa  (300 to 50 PS I) opcraling
3.2 h4f’a  (450 Psi) proof
5.2 hfPa  (750 Psi) burst

34.5 kPa (5 Psi) i 6’% al 1.0 slln,in.  flow rate,  rrgulaled  “
48.3 kPa (7 Psi) max lock-up
2.07 Mpa (300 Psi) pwof
3.5 hfpa (50) Psi) burd

510 45°C  (40 to 1 130}’)  - prototype
-20 tc} 70”C  (-4 to 158”F)  - flig.h[

2 sl/nlin.  GNZ max al Iegula!ed  pleasure

internal; 0.01 see;/njin GN2 (nw~)  at 2.1 Mpa (300 Psi)
external; lx I(IJ sec/t]tIn.  GNI  (rm.t)

15,fKt0 regultited  cycle.<  (ntin)
——. -.-—-

time,  snd  an analysis was performed to determine a revised set of
qualification test levels for the panel-mounted propulsion module
components (valves and regulators) and the s!ru-mormted  cold  gas
lhrustem.  The revised levels are indicated in 1 able 7. Con,psring  the
random  vibmt  ion levels writh  the earlier flight desigu  Iequirenwrlts,  the
thruster levels were unchanged and the fhtl pant+ comporwoh  level (0.5
g]/}17) was double lhc carl)er  reqL!irmncmt.

Ile panel components awembly  (PCA)  and cold  gas thruster
were  subjected to the. l’able  7 sine. and randonl  vibration test  levels  in
each of their 3 principle axes, as show] Schenn!]cally  in l’igure  1. I be

Ia[ch  valve was tested  in the closed  ~osition  with 5 psi nitrogen at the
inlet  and a lmbhle  meter  tonne.:tcd to the outlti  to nsmi~or  leakage, as
sliowm in Il~ure 2. lhe prcssurr  regulator and cold gas thruster were
twted  “dry”.

1 yi,ical  sine and rar,dot,,  vlbra!ion  S.equeaws  are showm in
I Igures  3 ar,d 4. In each of tt,c 3 principle axes tests  the latch valve
rcnta  ined clc,.sed, w!i!h no indlcatc-d  leakage, during the sine vibration, but
abruptly unlttched  to tl]e opctl position during the random vibration. In
Y and 7. axe. tests  (uor,tml  t(I It,? valve centerline) the unlatct,ing,
aljpeared  to OCCUI w,ben IIIC  [CSI went  to t}w nuxim”m, 0 .5  g?{l[z
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I’abh’  5. [’old.  gas 7 hru%b?r  Prolo[ypc  }’um lima]  ~eqvircn,  erbt$

Opcraling -?0 to 45°c (-4 10113 “}”) - Ilrotc,typ
len,pcraturti: -4S to 70C’C (-49 to 158”1)  - flight

- Thmsl  Rating; 4.5  niN (0.001 Ibf) j 20% a! 34.5 kPa
(5 psig)  CiN1 n:m, inal inlet p,e.s$$ure

- Flow  rate: 8 mg/s  (0.0146 SCFh4)  GNI (max)  at 34.5 kl%
(5 psig)  and 20°C  (68°}  )

-1 E&age interoal;  0.01 wt/nlin. GNj  (IMX) al 34.5 ki’a (5 Psig)
exlernal;  1110’  xcc/nlin  GN,  (mxx)

- Voltage: ?8 ~ 4 Vdc OpClatbl~
?0 Vdc (tMX) Pull-in al 45°C’  (113”F)
3 Vdc (rein) drop out at 450(’  (113”1)

- Power:” actua(io,l;  ]0 W’ (max) at 28 Vdc and 20°( (68” J )

ho ld ing ;  1 W (rna~) at 10 Vdc WNi 20”C  (f1801  )

- Responxc  Time: .<2.5 ms u,ith  ?4 Vdc fron,  signal  to fLl]l open or ciosc  at 45°C (113”P)

- Max. Continuous 3Ck (mir,)
Oo-Tinw:

l ’ a b l e  6. Vibratio!} Iksi~n ReqL,lrenw.nts

Sinusoidal

1.91 cnl IJ. A”. I)isj,laccr(,clit
-— II

15, (J g 010 peak
_  .[

Ik.sign  sweep  rate: 2 Octaveshninuk  (ormc  up arid dowu in freqL,ency)  m each of tt,ree  orthogonal axes.

1). A. - Double  Amplitude

Rti,don,

F-:_..::-::
. .

FRF.QUI:  NCY  (}12) }: EQU1tU:hf}.Nl  S
.—. .——. . ..___. --.— ~. . —.. —,.

2 0 - 8 0 + 6 dBloctave
.— .——. —

8 0 - 1 0 0 0.25 g **7/}lz
.— .—. .—— — .——. — .-— —. -—---

IOoo - 2m -1? dR/octaw
—.-. — .-

Overall 1’1.6  g rll,~

lkssign  duration: 3 rninute.daxis  in eactt of thrw otibofonal  axes

vibration magnitude. T?IC valve was electrically re-closed afler  each test
and the bubble meter  showed no cbang.c  in leakage  late,  }urther  Tesults
will bc dlscu<sed  in {he next secllon.

]“hennal  cycling I“esls

!;rcadboard  Cgld-Gas  propulsion  ]+! SySlenl

A breadboard cold-gas propulsion test system was  de.sipmd  and
aw+em  bled, and the fUuto A1’1 spacecraft propulsion ccmnpcme.nk wc re
cycled a total of 60,000 [in)&s  under ambient and dwig[)  Ier],fnratule
conditions Ihe system  is showm schematically in J~i~urt S and
pictorially m F]purm  6 and 7. I“he ga~  reservoir wa~ prwsurizld to 300

psi, vl~ manual  valve  \’1,  wj[h nitrogen gas that had p~wed through a
0.4 n,,, ron high -capacity  hfilllpore  filter. The  gm passed from the
reserwir  10 the two cold Pas thrus!ers  through a system fd~er (2 nllcrOn
eflec[i,c,  10 nlicror, ah.solute),  latch valve V2 (S/N 002), pressure
rrgulall]r,  latch  valve V3 (S/N fK31),  and line filter (10 micron effective,
2$ mtc  IO” ahscd”tc).  A (low, “,etcr  sensor  was installed afl of the
re.sew{,lr, bul was  oot osed for these tcsls  since the flow rates  of Ihe
individual thrusters had bcco previously calibrated by the numufacturer
(0 34? SI.PM  at 5 psi ir,lct prc.~sure).  The two xervice valves, V4 and
VS, w,< re used a< access  Iwrti  to nmawre  the leakage of valves V2 and
V3 u,ltt, the bubble mete{

No7Jle  plus  f,ttir,~s,  s}mum Installed  in F’lgure 6, allowed the
lhruslel  valve leak.afc  r.itr., to bc nwa$uruJ  wi!h the bubt,le  meter  or a
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., I’atde  ~. J’ropulsint,  ~or>poncn~  V1hrati@n QL12!ifical!on  ‘lest  I rbcls -,

.— .-

.—
Cdd-Ga$  Ihrustws

PCA Panel Components

Rando]))  Vibration

~=. .= -=== ,= ——
Frrifue.ncy  (llz)

- — .—-. .  —. —— —-

Vitmate for three nlinutes  in each of [hrec OIW>p,onal  axes.

20-80
80-1 No

1OOO-2OOO

Cwerall:  17.6 f,[ll L$---- ,... –

20-80
80-4CKI

400-s(0
5DC-1OOO

1 m-2ooo
_—. - . —

i 6 dD/nctave
0.2$ g’mz

+ 9 dJUcdave
0.50 g’ff17

-12 dft/wtave

KSL12GAS.  TtMJSTER
xc> Yo 20

Fig. 1. Axis Dcfinilion  and Accelerometer Imcalion

‘)o

)lo“:D
7)o

helium  leak dclector.  All com~nen(s,  tubing. and fittings were  c~caj,ed
to the ]J2 ]evcl.

De.$ide leakage rates, n)eawrenrerrfs  consisted of tJic re.wrvoir
pressure and temperature (J’1 arid 7’1), static pressure and tenlJwrahJrc
fore and aft of the pressure regulakws  (J’2, T2/P3, 1’3), and the actuat]on
voltage and current  for the two Ihnrsters  (T1 V, T] A. and 12V, 1-2A).
P 1 and P2 were ~“aber  pressure lran.xfucers,  }’3  a short ti mc Teslror,.x
Statham  transducer, and coppr constantm  tllermcsouples  were used for

1 ig. 2. Jtut,t,le  hfeter  Setup  for Iatch Valve Shake Tests

all tcmpe(alure  meawrenwt,l~.  1 hrustcr  cur ren t  was  dtie.rmined  hy
nwasurin~  the voltage drop arross  a 5 ohm resis[or  in the actuation
circu i!.

‘Ihe t,readboard  system is showm installed m its temperature
concf!tion  Ins chamber in i ipLlre 8. l“he te.s! control and data acquisition
system  is shov.m in I j~ure 9. Actuation of the latch valves a“d  pulsing
of t}ie tv,(l cold-gas thmskm was controlled hy a IabView
COnll NItel (power  suI,J,ly/valve driver  sysle n,. The  valve  driver circuit,
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VALVE
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{

1
H

4.7P<  fl

t
fROM COMPLll  1 n

l’]:. 10. Valve IJrive  Circuit

Fig. 8. les[Systemlnshlled in’f’emp.  Ccmditioning  Chan,t*r

GN2, still ~lowthe prc}tolylw tecl]niwl  s~ifiution value  of 10Z
sodmin.  GN2 - over the fmsl  20K ambient temperature cycles.

Fig.  9. Tes[  Control and Data Acquisition Systecu

b a d  undr.rgosse.  ltwould notopen(mn~ind  inthc Iwk-up[msitiorl)to
allow  gm>ffow through  it. It wascemcwed  from the breadboard sysletu
and the non-vibrated S/N WI regulator installwl  and used in the
sub~uent tesLs.

T%e latch valve internal Icakage  rncasurenw.nt  WJSILS  are Iis!ed in
Table 10. No measurable leakage @M1.)  could be detected fol either
latch valve befoce  or after the first  10K ambient tenqwrature  cycles. AI

-20°C  V2, which had &m dynami-lly tested, would not open. Raising
the temperature back to 20°C allowed the valve to be opened. The

amend latch valve, V3, had a gross leak at -20” C which exercising the
valve didn’t correct.  At the subsequent ambient acceptance lest V2 could
not be clowd,  and it remsined  in the open position for the. balance of the
test program. No n]easumble  leakage was detected for V3 here and fm
the balance of the test series.

I“he interual  leakage  mcasurecncn[  r~sulls  for Ihc two cold @a.
thcusters  are show)  in 1 able 11. 1“2, which  w,a$ dynan,icaliy  tested,
showed no measurable leakage  throughout the tes[ .wries.  IIeIiunl  le~k
cherks  before and after yielded 3.2 x 109 and 2.0 x 10* see/s,
respectively. 1“1 developwi  a dekxtable  leakage - 6 to 7 x 10] scc/o~in.

_lhe pull-in and dro~,-out voltages (_L’able 12), sncasured  to i IV,
for the two thmster>  shou,wJ Ilttle  c~r no deviation over the span of the
ttist =riti~

‘1’atde 8 .  Testing  Order

.== :-= .. ——— — ..—. _--— —
1. An,bie+)t  l’em~ratujc  1 est

a. Cmnpommt  Awe.f,tnnce  TC.SL$
b. l“hruster  Cycling (I OK)

2. CL,ld Condi t ion ing  eoqwratwre  Test (-20”C)

a. Component Ati.elkancf  l’csts  - Ambient Temperatum
b. Cms,ponrx,t Acceptanm  T’ests - -20”C
c, lhms!er CycIir,~  (l SK)

3. }1OI Conditionir,g-l  c[]qkrature  led (70”C)

a. Component Acce[,tance  1 ests  - Antibient  l’empcrature
b. Cmmponcnt Acre}, tancc Tests - 70”C
c. Ihwstcr  Cycl]r,g  (l SK)

4. Repeat Ambient I’enqwmture  1 es!

a. Component Accej,tanct  “1 ests - Anhient 1 enprature
b. Ilmster  Cyclir,~  (20K)
c. CnnIpoIIcmt  AcccIItarIce  l“ests  - Ambient 1 enpcrtiture

=..==
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. .
Table  9. Order of Cmlpor,ent P.ccfptance ‘1 es[s

.— —

Measure leakage  of lam])  valve V? (bubble I,x?ler) over period of 10 ndnutes.
Measure  leakage of ]at!:h vatve  ~f3.
Measure  leakage  of thruster  11.
hfeawre leakage.  of thruster 12.
Measure pull-in and droJ,out  voltage of thruster T]
Measure  pull-in and dro[,-oul  volta$e  of  [hru,ter  17
Record regulator pressure lea] age over Pf2ri{d  of 1/2 to 1 hours
Measure rt.gulak,r  re.gulatiou  txmd, with IW!{,  thrusters pulsing, over mle[  pressure

range of 300 to 50 psi.
_ — —

●4

1.
2.
3.
4.
5.
6.
7.
8.

—

Table  10. l<tch Valve  Internal 1 zakage  Results

Functional Requirement: 0.01 s:c/min. GN,  (mak)  at 2.1 MI’s (3(KI Psi)

.—
Moog

Acc+ance
15K 20K10K

An,t,.

Cles 15K

158°F

:... . 1 ”- - - - - ”

Amb. Amb.

. . . .

Nhfl NM1. NM1.

An,b._——

Nhfl.

.4Q~
-- . .

NMI.
(wouldn’t
open)

a d m i n .  G N2 Amb.

Stuck kIOpCn

position

NM1.

—

—
V2

(300 Psi)

\r3

(5 Psi)

6.67x1(P NhfI.

Nhfl.0.0
(300 Psi)

NMI.

—.-—

Gross  leak

Nh41 -  Nohfea\uraMe l~akage

Ie 11. Thru.ler Valve  Internal l=kage Results

_——
1’1

T-2

_——

Moog
Ac.?eptanca

s.edmin.  GN2
_—— .—— —

1.0XI”04

7.4X1O$

——.———.—

15K 15K 20K10K

Amb.

NM1.

NMI.
3.2x1 (19

seek }Ie
—... —

:Ie.t

Anib.

NM1.

NM1.

Amb.

NM1.

158”}
—

NMI.

Nhfl

NhfI~

AnLb.

NM],

NMI.

Amb.
—

7. MX103
6.0x103

NM1.
2.0?.10’
sods He

.4.~

NM].

NMI.

-———-

NMI.

-— ——
Jo Measurable Ixakagc

Table 12. ‘Ihruster  Valve Prsll-]n  and l)ropCM Volta~e;

Functional Requirements:

MnoE
Acceptmce I

10K cycles 15K J OK 20K

An,l

15
5

15
8-S

-4 “I

----+ ‘---
An)b.

—

1s 15

]58°1

1s-16
5

16
9

70.~:

I -- - - -

Anlb. An)h.

16
4

7’1 }’ull-in, V
l)rop-out, v

13.3 1s4  1
4.3 4

14.6 1s
7.3 Ii

——

5 4-5

16 16
7 8

— - .— .— —

16
9

-1 -) }’ull-in, V
]Irop-out,  V
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, Figure 11 shows voltaF,e and cunmt pul.w traces  for tbe two
(Itiruc(cr  valves - taken al the concluwon  of the 60,000 cycles, Im[

e s s e n t i a l l y  unchan@  tbroughou[  the .scrics, I’able  13 show%
representative actuafion  volta~e,  current  draw, and power  values for the
respective conditioning tcnlpcraturc  cyclw. lhe excitation volta~e  was
held at the thmslc[  manufacture.r’s act@ance lest value of 23.24  volts.
As shnwn,  the mind drawl) by the  two thrusters incrcawd  at -?()”C  and
dwrcascd  a[ 70”C.

Ihe opcnin~  rmponsc  tinm (time delay from energizin~  to
opening of thm$tcr  valve) for t}lc two thrusters is indjcatcd  by tbc
infle~[icms  in the high Surmp-ratr  voltag,e and cunent traces if) I’lgure  12.
1 hwe  sweeps  were  also taken  nmr the. conclusion of the. 60,000 cyc Ies.
T’he.  r~sults for the respective ccmdttionin[;  tempera(urc  cycle-$  are
tabulated in I“ahle 14. lhe opening responw  times w,e[e .<1  nl~
throughout the test .wrics and the final values were essentially identical to
the manufacturer’s act+ance test resulls. Valve closing rcsI<mw  Iinvx

for the Iattcr were _< ?S0 sm.

1 (0.1 amD. /dlv

V (5 volts/dlv.  )

1 (0.1 amp.  /div.)

V (5 volts/dlv. )

1 he rtsut[s c,f the pr{.ssure  regulator Iwk-up  &cakage Ies(s are
tat)ula!ed III l’able  1S. 1 hc Initial acceptance te-sl showed  a drop  in the
lock-up PIKSSUTC,  3’3. of  0.01  I,si (0.7S% ) over a period of 1 hr.,
indicating thal [he outlet  hne flltm~s  I=kage exc~ed that.Of tt)e
regulator. Tht high sfalucs for the pre-70°  C an] bient  temperature tests
are probat,ly  altribulai,le  to [1,? prcswre  [ransducer  not bcmg  adequately
v.,arn,wt  UI,. I he lock-up prt  swre  rose 0.3 psi, a 5.7 % increase, m 15
ntin.  at th:  pm-test “IO”C tcll,[eraturc  condition,  indicating a de fin][e
leak.  11{  posl-70”  C acceptar,ce  test at ambient temperature showed 00
chance  o\cr 3( I min. “1 hc final acceptance tesl sbouwd  a low!  0.03 PSI

(0.5 S%) drop over a ~ricd of 2 hr.

1 he lwk-up/rc~ulatrd  prc<wres  with  the two thmstcrs cycling,
measured over a regulator suIy,ly  pressure, range of 300 to 50 psi, are
tabulated in Table. 16. Ihc re~ulated  pressure  rcsulLs,  plotted in Figure
13, fell Mlthin the techni~l s}xxification  of 5 i 0.3 psi. A standard
deviation of f 0.03 psi over [he 250 psI range  m inlet  preswre was
deiermine.1 for the nm( cmq,lete data sel$.

T]

1 (0.1 a:, O./d! v.)

Y (5 vo)ls/d] b’.)

lIME (20 ms/d]v.  )

T2

TIME (20 ms/div. )

F~g. 11. Ihruster  Valves Voltage. and Current Pulse  I’races

I (0.1 aru. /div. l

V (5 voll$/di f.)

.
,.

Fix.  12.

‘1 r ,,CIDcnLng lte SP0n5e lIM ( O . ms )

Tlti[ (0 .5  ms/dlv.  )

1 hmler Valves  Opening Response  Times

Table  13. Ihruster Valve. Actualioc, Power at 23-24 Vdc Excitation Voltage

Functional Rquire mcmt:  10W (nux) at 28 \’dc  and 20°C (68”F)

1’1 Voltage, V
Current, A
f’ower,  W

T-2 Voltage, V
Current, A
S’ov.er,  W.—

—.
M Oog

Acceptance

-)0”1
-.

?4
0.28
&27

?4
0.28
f!.2-l

-.

1 OK c yclti~

Amb.

?3
().26
5.41

23

0.26
5.41

lIH[ (0 .5  m\/dlv.  )

15K

_4. },

23
0.29
6.72

23
0,?9 0,30
6.72-7.20

ISK

158”1:

73
0.24
4.61

?3

O 24
4.61

20K

An,t,.

24
0.?7
5.83

23 24

0.26 0.28
5.41 6.27
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‘1 able 14. Ihrusler  Valve  Opening Responw  1 I!,,c

Iunc[ional Requi(emen[:  -<7.5 m$ w i t h  74 Vd(  aI 45°C  (1 l~”f’)

-,

Moog 1 OK cycles
Acceptance

15K

.40}:
.—

< 1

- 1
.—

15X 20K

70°1 Amt ,.

0.66  1tL5 ● ..1

158°} Anlh.

f). 7< 1

== !$,..=.! ,.-:’ - .=:: I , ‘!.. ,.. -—. .—

Table 15. Pre.wrre  Regulatm  Imck-up  1 eakage  Te.sl  Resul[s

Functioml  Requiyen,ent: 0.01 xc/nlin.  GN2 (r, tix)  at 2.1 hfPa  (300 Psi)

-——. — .-. : .—.. . ..-— .-——.—

Time, min.——

0
7
15
30
45
60

I
1 ?0

Nd Reg.
I fakage

-.

P3, i’s!g

10K CyCtCS 1 SK 1 SK 20K

158”f
—..

5.30
5.46
5.59

Anlb.

5.31

5.31

5.31

Amb.

‘“ 1---Amh.
—

5.36 5.35

.4°F

5.38
5.37
5.34

- . —

Amb.

7.2?

7.20
7.20

. . .

- .

Amb.

5.43

I

/

/
S.40
. .

5.35 5.34
5.34
5.33
5.32

. . . . .

.

[Raking

—

.

Tat,le  16. P r e s s u r e  I{cSulatior]  Bai,d TCSI Resul(s
S/h,  Ool

F’crnctirmal Kequireimrnt$:
Imk-up;  7 Psi (crtix)
ReSulafed;  5 ~ 0.3 I’si at 1.0 sl Imin

v——.———

1’2, Psi
. — .  .

300
2.50
200
1 so
lMI
s o

P3, Psi~
1 nck-ulJRegulated  at 0.7  sl/cnir,

—. —.. -— -——— -— . . . — .—. ——

10 cycles ISK 15K 20K

Amb.
——.——

5.2915.19
5.31/5.21
5.3315.23
5.34/5.24
5.35/5.26
5.3615.28

— — . — — —

5.3315.24
30.026140.033

-4.~

5.3315.??
5.38!S.  ?6
5.40/S.?8
5.411s. ?9
s.41/!i.30
5.40/!;  .31

-.

5.39/!i.78
* 0.031/j 0.033

Anlb.
-— .-. — .

5.32/5.20

5.3415.23

5.3515.24

158”1
————.

5.20/5.13

Amb.

5.?715.22

5.?915.22

S.311S.20
5.31/s. ?1

Amh.

5.31/5.22

5.33/5.23

5.35/5.25
5.3 S15.26

5.2?15.17

5.23/S.17
5.2415.17

Mean
Std. dew.~_= .= .-— —. .==— -.--

Ihe decmaw  in the regulated  pressure with  increasing 60,(X)0 [ime< ~rototy~ funcliorlal  requiren~ent - n,inimum  of 15,000
c y c l e s ) :  10,000  at an!blci,( tenlperature,  15,000  at tich of the fl]ght
design Irmpc raturcs  of -20”C  and 70” C, and 20,@M at ambient
lenpera[ure. The following problenls  were  encountered (1) the shaken
lalch  valvc  would  not oper! al -20”C  and later  failed In the open pcm[ion;
(2) the swor,d,  unshaker,  latch  valve exhibited gross leakage at -20°C,
pr&ably not fully closing, and (3) the pressure regulator leaked  aku(
+ 0.02 l,si/ntin.  in lhr lock -up condition at 70” C, Other than an increaw
in leaka~e  (s~ill within  SIX-C) of one thmster  valve over the final 20,000
cycles, tl,e Pcrfor!!ial,ce  of the two cold-gas thrusters remained
essentially unchanficd  [hrou~lmut  Ihe 60,  WYJ cycle  le-s~ series.

temperafurc  is a$ was ob.wrwd  in I}IC  manufacturer’s accef,~ance te..t\.

Surnnrary-.—

lJycramic  testing of one of each cor]]porwnt resulted  in unlatchin~
of the latch vahw~t  thamaximucu  random vibration level of  0.5 g’/Il7

(double the prcItoIypc  flight  design  requirement). and the p!essure

regulator would  not  open  following testing. 1 he bre~dhoard  cold-gas
propuls!rm  test syslcn)  wilt) the second, unshaken re~ulator  was  c:ycled
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~Ig, 13. Rcgrrlation  Band T e s t  Results
Fig  14. Ilynan,ic  1 est Set-Up  for Modified Pressure Regulator

~)iagnosis.  and._Modifrcatior3

Ihe prototype latch valves  and pressure regulators w;t’re  Ieturmd
10 the manufacturer for examination.

l,atft]_Valvg

lhesbaken latch valve was first  cbeckrd  at roomtcn]pcrature.
O~*ning and closing fwrformance  u,as normal  and Ieakage  was  nje~mlrcd
to wi[bin spcciflca(  ion. lbe valve wa$ I}IeII tested in a therj,ml  chan]bcr.
llctesl  consisfcd  ofcycling  [hrvalv  cope nandcIose data fruquer,cyof
1 lIzwllile  10w,cring lt]etenlpralure fr0rl,290C ()50  F)to-l  S0C(O0})
and re(uming  to 24”C,  ltie va]vc  operated nomrally  durin~  t}w
temperature descent to abnut  -7” C. At -9° C the valve began to opcra(e

crrat]cally,  ap~ring  tooperaleal  only one-half its  stroke. A1-15°C”the
unit barely closed, and at -18°C it from irr the open posi[ion,
substantiating the JPI. cold tcutperature  failure. During as.mmding
temperature, erratic opera[ion  resumed  al -7°C arrd nornml  operation at
10”C.

Disas.scmbly  of the valve revealrif  longitudinal wore n~rks on
the inner surface of the valve poppet Vespel  sleeve. Measureorent  of the
pads  showed them to bc within toleranc~~,  but towards the r,i ni rmum
clearance. The  sleeve  was  refurbish by reaming the I.D. to the high
side of the dianrctral  toletance.  Following reassembly. the valve was  re-
tested in a manner  similar 10 the initial failure substantiation test,  dowm
to a temperature nf -23°C.  The  valve operated nor-matly tbrmrghout  the
test.

~rwsSuARegulxgr

Examination of the shaken regulator revealed tha! the ‘ny-lxk-
thread  lncking  mechanism for the spMg adjustment nut had allowed the
nut to move slightly, enough 10 prevent the regulator from opening. A
positive thread locking mechanism was desigoed  md in,plemcnkd.
I)ynantic  testing of the nrodlfied  regula[or  was  repeated at JI’1. usin(; the
test configuration shoum schematically in Figure 14. 1 able 17 lists the
Icxk-rrp  and regulated pressure values measured bctwml]  ear}! shaker
tes[. Ike approxinntely  5 % shift in regulated pressure u,ould  bc
acceptahlc

~Qnclu$ions

There  appear to be no lerhnical  0trstacle5  in nliniaturiz~nx
passive propulsion components like service valves, with resullar,  t
considerable w,eigh( savm~s

“1 he nliniaturization  of latching type valves  increase-s the
cballe.tr~e  of balancing the actuating and latching forces  to hold the valve
aru~ture ]n the last comntimlcd  posilion,  and of maintaining adcqoate
dian,ctral  cleamncf  betwem  ar,y  slidm~ parts,  under all dynamic and
therllml  e:]vironme.  n[al  cor,d[tiorl~.

1, mit,iaturized  pro!otyiw  pressure regulator demonstrated [he.
ability to mcd a rrar]uu, rcfulated  preswre band (i5 %) at low outlet
pressure, 34.5 kPa (5 ],s!s),  ar,d flnu,, 0.35  SI.I’M,  conditions over a
~,ide ranfc  of inlet pressure ar,d condltjoning  temperature.

1 he sllull interlml  dlq,lacements  in low outlet pre.ssure/flOw rate
nwzbanic~l-tyje  pressure re~ula[ors  incrrzaw  their  susceptibility to
malfunctic,  n under  dyoamic  en\,ironn}ental  conditions. Slight dislocations
of the intt rnal mcchanisn,  ~ will alter  their operating Perforownce,  i.e.,
ability to meat the functional requirenrmts.  Electronic “bang-bang” IYF
systen~s  sl,ould  continue to be developed as an alternative pressure
regulation, approach.

A robost  cold-gas :h!uster  valve-seal design has been developed
that demonstrated low Ieakagc,  opera~ing  repeatability, arrd high
operating cyclt life.

&@x4,!edgr@rJt$

1 he awistance  of the Propulsion and Chemical Systems  Speeial
Projti-ts  group in sswn,bhng,  and performing the breadboard system tests
is grateful Iy acknowflcdgti.

1 he research describd in this paper was carried out at the Jet
Pmprrlsim,  I Aoratory, Califmuia  Imtitute  of Tmhnology,  under  mnt~c(
wi~h  the h’atiotlal  Aerwautits  and Space Adniinistration.

.Referer]ces

1. Liorash,  Douglas 11. and Strand, Ixon, “hfiniaturizcd  Propulsion
(’onipunent.  for the I’IUIO  1 ast I lyby Spacecraft, - AIAA  Paper
No. 9’1-3374, 30tt, A[AA/ASh41 /SAWASI;[:  Joint Propulsion
(’{mfe,errce, Ind,amlmlls,  IN, June 1994.



*. .,,

lablc 17. Pos[-l)y!aamil  Tcs[Irb~  P r e s s u r e  l:cgulation  1 cd  Rcsul[.,
hlod]f]ed  l{c~ulator  S/N 002

};ur]climal  Requiren,cnl<:

Ixxk-up; 7 Psi (n~x)

Rcgula[ed;  5 j 0.3 Psi  at 1.0 sl/mim

I>e.scnp[ion

Pretest

Y axis sine vitwalicm

Y axis random vibration

7, axis  sine vibra!ion

7. axis  random  vibration

( axis sine vibration

< axis random vibration

Pir,,ct = ~oo  }’S1S

T = arllt)]er,l—.

Imck-L,p/Regulaled  al 1-1/4 sl/[INn..— .——

5 . 0 0 / 4 . 7 5

~..oo I 4.75

j.cKJ I 4.75

~.i 4.-/’5

~.90  /4,55

4..90

fl.80
-.

4.s5

4.55


