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Abstract 

T h i s  p a p e r  describes the  design, fabrication and t e s l -  
ing of a hydrazine catalylic thrus ler  with a v((cziiim 
thrust  of 115 newton .  T h e  design guidelines a n d  pro- 
cedures are presented and discussed. T h e  thruster was 
tested over the  range of feed pressure commoaly used  
i n  blowdown sys t ems  wilh a ratio o f 4 : l ;  from 2%? bar 
l o  5.5 bar. The t e s l s  were conducted in ulmospheric  
and a l l i tude  conditions.  T h e  m.easured thnisl, cham-  
ber pressure and specific impulse were in good agree- 
men t  wi lh  the design value. T h e  mcchairism responsi- 
ble for  the  low frequency chamber pressure oscillations, 
oLserved during some tesf runs ,  i s  discussed. 

Introduction 

IIydraaine catalytic thrusters arc tlic most popular 
choice of mass ejection reaction mechanism for  :\(,ti- 
tudc and orbit control systems for satellites. I Iydr . .  rlLl11e ' 

monopropcllant tlirustcrs arc also used for roll control 
of rnany of the Launch Vehicles in usc today. 

T h e  widespread use of hydrazine catalytic tlirristcrs 
for control systems is due t o  the inherent rcliabilit,y arid 
other characteristics such as: 

Rcstartability. Since there is no need for igiiition 
mechanisms, tlic t,lirust,cr can be rcstart,cd a n  al- 
most unlimited iiumhcr or times. 

d 

Throttling. By operating the tlirnstcr in ~~ i i l s cd  
mode with diKercnt duty-cycles, the time-averaged 
thrust  can simulate throttling in a wide range, 
with no need for complicated injection liciiil, and 
mechanisms for feed pressure control. Also since 
i t  can be fed froin a blowdown tank prcssiiriz;itioii 
system, tlicrc is no nccd for a higli pressnri. gas 
tank and a pressure rcgiilators. 

Simplicity. Operation of the thruster is accomplisliecl 
by the opening of a valve, with no nccd Cor a s tar t  
sequence and checks t o  verify ignition and proper 
opcration of several valves and conI.roIs. 

Besides hydrazine catalytic thrusters, reaction coli- 
trol systems can also use cold gas thrusters, hipropcl- 
lant thrusters and ion thrusters. Cold gas t,lirustcrs 

*Rescar& Scientist, Membcr AIAA 
W 

ate uscd when the total impulse required is very small, 
thc lliriist level is low or wlicn the other high energy 
systciiis would present hazards to nearby equipment or 
liiimans. 

Bipropellant systems arc rrsed wlicii tlic total im- 
pnlsc rcqiiircd is high, t,lic minimimi impnlsc bit is rcl- 
ativcly high and the total mmihcr  of pulscs is not very 
large. Altliongli the specific inipnlsc or the bipropcllant 
system is higher than the liydrazinc monopropellant, 
for small and iricdium impiilsc systclns, this advantage 
is oflsct by tlic added wciglit oC dnplicatc tanks, fccd 
l ines,  valves and fixtures. 

Design and Fabrication 

The design procedures followcd wcrc based on empiri- 
cal correlations described in [ I ] ,  aiid experimental data  
obtained from prcvious tests of R 2 newton thrustcr 
rlcvclopcd a t  INI'I?. Fahricatioii or l,lic i,lrriistcr, except 
the catalyst, was done by COl'ESl' (Coordinatioii for 
Special Projects). 

'l'lic arcas of the injection orifices, nozzle throat and 
injection capillary lubes were calc~rlatcd to satisfy lhe 
thrust level at the beginning of life of tlic systcm (i.e. 
rvit,li the tank at inasinium prcssure), and to satisfy 
the condition that  at tlic end of life of tlrc system, the 
pressure drop in tlic injection oriticas l x  greater than 
10% oC tlic catalytic clianiber pressure. 

The wciglit of tlic thruster assembly was approxi- 
iliatclg 0,75 kg. R.cplacing tlic flaiigcd joints by wcldcd 
joints, and reducing wall thickness slioulil rcducc the 
weight. to less tlian 0.5 kg. 

I lie tlirusi.cr valvc 

'l'hc valve has a single seal with a PTFl? insert poppet 
and a inctal scat .  Tlic spring loadcd poppet movcs in 
axial direction, with a travel path of 0.F5 nim. Tlrc 
valve was fabricatcd in AIST-304 a n d  AIST-430 sthin- 

stccl. 'l'lic valve is elcctrically operated from a 
28 1' ilc power snpply. Opcttiiig and closing time arc 
;rpproxiinatcly 15 milliscconds. l'lic orifice dixmctcr is 
3 111111. 

Tlic iii,jcctor head 

'l'lic injccthr head is cornpriscd oC a trim orifice, seven 
capillary tribes, each one with five iiijcction orifices, 

I ,  

1 Copyright 01993 by American Institutc of Acroonotics 
and Astronautics, Inc. All rights rescrvcd. 
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Figure 1 :  Scli(:iriatic ilrawiiig of thruster 

and the injector face. The capillary tubes arc' l>rimxl 
to the valve exit flange and the injector facc. 'l'l~c, 1,Itbcs 
have a diamcter of 2 m m  and are madc of Iiiroiwl ROO. 
The orificcs have a diameter of 0.3 min and wcrc drilled 
symmetrically around thc circumference of 1 1 1 ~  l ,~lbc 
witli a laser wclder-cutter. Tlie orifices arc 10ci i l .cd at. 
a distance of 0.5 m m  from the injector facc. '1 '11(~ Ity- 
drazine is injected perpendicular t o  the c1ixitil)rr ax i s .  

The injcctor face has seven small cylindriciil chain- 
bcrs 2 m m  deep, with a slightly conical heail where 
the injector capillary tubcs inject the hydrw%ittil. As 
the hydrazine is injected into the chamber, it slpliislics 
against the conical part of the chamber. A fiii,, IIICSII 
size screen separatcs these small chambcrs froiti t.lic 
main catalytic chamber. 

The pressure drop of each capillary iiijccl.or is set 
to a value sliglitly higher than the design valiicc After 
assembly of all injector capillaries with tlic viilv,i mi1 
injector face, thc total  pressure drop of tlic roiiil,iii<:d 
system is adjustcd to design value in a trim orilicc, 
located at  the  valve exit flange. 

The catalytic chamber 

The catalytic chamber is divided in two parts. ' l l c  
upstream part is filled with a layer of fine incsli c;it,t~- 
lyst, and the downstream part is filled with a I;iycr of 
coarse catalyst pellets. The  two layers are separn1,id by 
a platinnm-rhodium screen. The  screen or its siil,porL 
ring must he welded to t,he chamher wall to prcvi'iit, t.he 
fine catalyst from being carried into thc largc vcjiils of 

~ l i c  ccmrsc catalyst, creahing a large flow rcsistance and 
Icaviiig empty spacc near the ittjcctor head. 

TIII. catalyst for both laycrs was fabricated a t  the 
I,aljorat.6rio de Con ibus tk  c Propitis% of the INI'E 
unit a t  Cachoeira Paulista. The  finc mesh catalyst is 
of tlii, granular typc with mean diarnetcr between 0.6 
ar id  0.E mm. The coarse catalyst is in  the form of 
cxt.rudcd pcllets with a dianictcr of  3 m m  and lcngths 
varying from 1 to 3 mrn. 

'l'lw catalytic cliainber a i d  tlic injector face were ma- 
c l i i i i cd  in Inconel 600 in a single piece. 

T l i c  diameter of the cliambcr and the length of the 
fine mid coarse catalyst layers were calculated to sat- 
isfy cotiditions of chamber hcd load and  pressure drop. 
'1'11~ lciigtli of the first layer was 7 mtn.  Tlic length 
or t lw  coarse catalyst layer was 30 iniii. Rcfereiice [I]  
prcscitt.s results of extensive tcstings with Shell 405 cat- 
alyst., atid establishcs ranges for tliesc parametcrs. The 
rccoLmncnded ranges for the cliambcr bed loading and 
prcssLtrc drop are 1-5 g/cm2/s aird 1.5-2 har rcspec- 
t,ivcly. 

Siitcc tlic specific area and incslt sizc of the catalyst 
fnbric:it.cd a t  INI'E are vcry close to the same paramc- 
tcrs r;it,cd for the Shell 105 catalyst,, the empirical cor- 
rclalriotis established i n  [l], for clian-iher pressure drop 
atid ;rii~rnonia decomposition, these were used for the 
cnlciilations of the chamber cliametcr and length of cat- 
a l p 1  layers. 

' l ' l i < ~  chamber bcd load a t  beginning of life was fixed 
a t  3.:) g/cm2/s resulting in a chamber diameter of 

L 

L. 
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Figurc 2: Schematic represcntation of tlic fccd line 

45.7 mm. 
For a thruster with a long life, long accurnnlated 01)- 

erating time, and a largc number of starts, tlic chainher 
bed load should bc  low, to  avoid performance dcgrada- 
tion due to catalyst breakup. 

Thrusters dcsigncd for short life, will in gcncrd, liavc 
a higher bed load, using lcss catalyst, saving wciglit a n d  
having a smaller envelope. 

A Platinum-Rhodium screen, supportcd by a per- 
forated plate, maintained the catalyst tightly packed, 
and prevented it from beiug waslicd away by thc gas 
flow. 

c/ The thrust nozzle 

The thrust nozzle was fahricated in two parts. For at- 
mospheric tests, a nozzle with an exit area ratio of 5.3:1 
was oscd. A nozzle extension with a n  exit area rat,io 
of 40:l was used for tcsts in the vacuum chamber. The 
converging section has a GO" semi-angle. The diverging 
section is conical with a 15" semi-anglc. 

Two circular arcs join tlic convcrging and diverging 
sections. The  upstream arc has a radius of 7.6 inin and 
the downstream arc has radius of 1.9 min. The throat 
diameter is 7.G inm. 

The  Test Facility 

Most tests were conducted a t  atmosplieric conditions, 
since no altitudc test cliambcr is availahle a t  INPE for 
thruster dclivering more than 5 newton of thrust in 
continuous mode. 

A schcmatic representation of tlie hydrazine fccd and 
pressuriaation line is shown in Fig. 2. The tank was 
pressurized with GNz. No rncmbrane was used to sep- 
arate pressuring gas froin the hydrazine fucl. Prcssur- 
izing nitrogen gas can thcrcfore be absorbctl by tlic 
hydrazine fuel, especially whcn it remains nndcr iigli 
pressure for long periods of timc. 

Mass flow rate  was computcd from the nieasurcincnt 
of thc pressure drop across an orifice in tlic main fccd v 

line. The prcssurc drop was measured with a wct/wet 
Drrick differential pressnre transduccr. The maximum 
base prcssure for tlic transduccr is 30 bar and the dif- 
fcrcntial pressure rangc is 2 bar. Thc orificc was dc- 
signcd for the optimal responsc rangc of tlic differcntial 
pressure transduccr. 

The  fcedline was built with 6 m m  stainless stccl 
tubes. 

Bcforc filling tlic feedline with hydrazine, i t  was 
flrrshed with hot nitrogcn. The  nitrogen gas was cx- 
Iiaustcd througli tlic thruster while the chambcr was 
also bciiig hcated. I t  is vcry important tha t  thc cata- 
lyst be dried before the test, to avoid breakup as it is 
heated up to ovcr 900' C during thruster firing. 

To dampen tlic st,rong water hamnicr due to  the clos- 
ing of the valve, a hydraulic dampcr was installed at  
tlic cntrancc or tlic tlirustcr valve. T h e  danipcr con- 
sists of a sinall chamber with a sniall volumc of gascous 
nitrogcn which is in direct contact with tlic hydrazine. 
WiLl~oiil, tlic I~ydramilic dampcr a walcr liarrirncr of up 
to 100 bar propagates i n  the line wlicn tlic thrustcr 
valve is closed. 

To avoid i.hc formation of a highly cxplosivc hydro- 
gcn/air niixt,ure in the vicinity of I.lic thruster a pow- 
erful blower was monntcd a t  the exit of the thruster 
cxliaust. In this way thc hydrogen was rapidly mixcd 
to a concentration below the explosive Icvel. 

'l'lic tlinister was attached dircctly to tlie load cell, 
so t h a t  the tlirnst force was applied onto ttic ccll. Thc  
thriistcr was mounted in tlie vertical position with the 
gascs being cjcctcd upward. 

Tlic tcst program 

'rwo scries of tcsts werc conducted with the thruster. 
111 the first scries of tests the catalyst was loaded ac- 
cortling to the design described ahovc (i.e. a fine mesh 
screen was mounted flush with the injcctor face, leav- 
ing a small cmpty cavity in the rcgion of cach injector 
tnbc end). 1x1 this casc, the injectcd hydrazine would 
first splash against tlic injcctor face, dcflccting towards 
ttrc screen and thcn hitting the fine catalyst layer. 

111 the sccond scries of tcsts, tlic injector Face screen 
was rcniovcd, so that  the hydrazine was injccted di- 
rcctly onto tlic fine grain catalyst. In this case the 
small cavity a t  cacli injcctnr tnbc cnd, was fillcd with 
catalyst 

IKL cacli scries, the thruster was tcsted at different 
pressure Icvcls, varying from 5.5bar to 22bar. For 
eacli prcssurc level, the thruster was fired in continuous 
mode and piilscd modc. Tlic continnous mode shots 
had  a duration of 30 scconds. The  pulsed mode shots 
cousistcd of pulse trains with 30 pulscs. Duty-cycles of 
IO%,, 20% aud 50% wcre tested for each pressure level. 

The second serics of tcsts includcd firing shots in the 
altitudc vacuum chamber. Due to  limitations in the 
vacnuni pumping capacity, tlie longest duration con- 
tinnoiis shot was 5 seconds. 
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0.0 1.0 2.0 3.0 4 . 0  
Time (s )  

The test results 15.11 

A 

The test rcsults obtained with the two configurations 
were markedly differcnt. Large charnbcr prcssiirc oscil- 
lations were obscrved in the first scries of test., wit.11 t l ~ c  

Thew chamber pressure oscillations weir obscrvcd 
for the cntire range of feed pressure tes ted 111 the low 

lations was 50% of the charnber prcssurc, alii1 ltl~: frc- 

L. 
m 

empty chambers at the injcctor face. a 
5.0 

fecd pressurc range, the amplitude of the pressure oscil- 

0," 

50.0 - t 

:~ 

: 
0 

OOoUoEXP AMI3 
OOOM EXI' VAC 

I L L U ~ I  l l , V ~ L l . l l L L V l  I . L d  1.i-1 I . I I I y L I . I y  

, , , 

0.0 5.0 10.0 15.o 20.0 25.0 
P i ( h r )  

Figure 3: Chamber pressurc tracc for dilii~rcitt feed 
pressure 

Figure 4: Dcsign and rncasurcd thrust 

in the vacuum chamber. For tlicse tests, llic c l i n r ~ i h a r  
pressurc before s tar t  of the thrustcr was IO-' iiihitr. A t  

A model for tlic chambcr prcssiirc oscillations 

thc end of the test tlic chanibcr prcssurc wiis approxi- 
mately 10mbar. 

The  nieasurcd thrust from the atmospheric a i i d  WIG- 

uum tcst are shown i n  Fig. 4. The noniiual rlcsigu value 

i s  also shown. 

As dcscribed abovc the thruster was testcd with two 
1liffc:rcnt loads of catalyst, one with a small cmpty 
cliatiiber in the injection region, and one where the in- 
j c c h  tube cud penetrated the fine mesh catalyst layer. 
Largi, prcssurc oscillations wcrc obscrvcd in the first 

b 

4 

D
ow

nl
oa

de
d 

by
 U

N
IV

E
R

SI
T

Y
 O

F 
N

E
W

 S
O

U
T

H
 W

A
L

E
S 

on
 A

ug
us

t 1
2,

 2
01

5 
| h

ttp
://

ar
c.

ai
aa

.o
rg

 | 
D

O
I:

 1
0.

25
14

/6
.1

99
3-

19
64

 



mcnt with tlic expcctcd bchavior froin thc modcl de- 
scribed 

As Lhe fced pressurc increases, the rate of growth of 
the liqnid drop also incrcnscs, and siiicr t.lic chambcr 
prcssurc is Irighcr, tlic ratc of slrririkirig of the liquid 
drop whcn tlic chamber pressure s tar ts  to rise, is also 
fastcr. Tlic frcqiicncy of the oscillations is thcrcfore 
higher. 

At higher pressure, tlic injcctor prcssrirc drop and 
cliarnber pressure drop arc liighcr, so lltnt tlrc coupling 
bctwccn the chamber pressurc and thc feed system is 
weaker. This has a damping effect on the the prcssnre 

With tlrc sccond catalyst, load, thc Iiydrazinc being 
2j 1.0 0.0 ~ , , , ~ ~ I  5.0 10.0 I - I I . I y y L I l  15.0 20.0 l l ~ l L U , , ~ l ~ U  25.0 injcctcd a n d  cvaporated. directly onto Contact tlic catalyst will)  the is catalyst rapidly is atomized bcttcr, 

and decomposition rcaction is fastcr so that liquid hy- 
drazinc docs not accumulate i l l  t h  itrjeclion region. 

r---T---?T 

0 

_ _ _ ~ _ _ ~ _ _ ~ _ _ _  d 1 .o 

1.4 

ooooo EXP AMD . oscillations. 
wcoo EXI’ vnc 

Pi(Bar ) 
Figure 6: Design and measurcd thrust cocficicllt 

Concliision 
configurations, while a very smooth prcssurc t race was 
obtained with thc penctrating injcctor tubc. 

The  main mechanism for the prcssure oscillat,ions is 
the high bcd load in the vicinity of llic in jcct ion point. 
Sincc there are fivc injcction orifices i n  a vcry small 
volume, the local bed load is vcry Irigli. ‘1‘111: siiiall 

and the splashing of the injectcd hydrazine onki  the 
injector face, and finc atomization, does not occur. 

We have thcrefore a liquid hydrazine “drop” grow- 
ing rapidly, from the catalyst free cavity, a t  t,hc end of 
the injection tube.  As the drop cxpands it1t.o t l ~ c  cat- 
alyst laycr, the contact snrfacc bctween tlie Iiydrazinc 
and the catalyst increasc accelerating the dccolnposi- 
tion reaction of the hydrazine. This faster rcact.ion in 
turn increases thc rate  of gas gcncration a i~d  t,licrcforc 
the chamber prcssnre rises. 

As a result of thc fastcr rcaction wc have tlicrcforc 
morc energy available for the evaporation of the Iiy- 
drazine drop, and, due to thc incrcascd chainhcr pres- 

empty chamber is rapidly filled with liqiiid Iiydr a/.,nc ’ 

A hydrazine tlirustcr wit,li vacuiini t, l ir i isL o f  115 new- 
ton was built and tcstcd. A inodel for low frequcncy 
chainlxr prcssiirc oscillations is proposed, and thc ini- 
plications of t,liis modcl arc coniparctl wit,li resiilts ob- 
tained from tlrc tests. 

Further tcsts shoold bc condnct.ed t,o vcrify the 
mo~lel.  A n  analytical foriiwlation of t,lir mechanisms 
of tlic chamber  oscillations woiild also scrvc as a uscful 
tool t.o vcrify Llic validit,y of thc proposcd model. 

lligli local (:haniber bcd load can lcad to chambcr 
pressure oscillations associathl with accurniilation of 
liquid hydrazine in the clianil>cr, and  ilitcraclion with 

m.  To avoid accuniii1;itioiis of  liquid hy- 
drazine i n  the catalytic cliaiiibcr, we m u s t  tlicrcforc 
niakc snrc tliat, the aiiioiint of cirergy rclcascd ncar 
the injcction point is high, and tliat the licat transfcr 
bctwccn tlic hot gases and the liqiiid hydrazine drops is 
fast cnougli to ciisiire rapid cvaporation of tlie injcctcd 
stream. 

sure, a higher hcat transfcr coeficicnt hctwacii tho 
hot gascs and lhc hydrazine drop. Since the liighcr References 
chambcr pressure will also rcsult i n  the decrcitsc o f  
thc injected hydrazine flow, and an incrcnscrl rate of 
hydrazine cvaporation, the volumc of tlic liqiiiil drop 
starts to  shrink and is rapidly consumed. A s  tlic Ity- 
drazine drop is consumed Lhc hydrazine s~ ipp ly  is rc- 
duced and the chamber pressure decreases. TIw pro- S245F) .  

[ I ]  R.ockct R.cscarcli Corporat,ioii, l h c l o p m c n t  of De- 
sigti and Scaling Criteria for h4onopropcllant I ly-  
(1 raa i tic Rc  a c t ors employ i 11 g Sli ell 4 05 S 1) ont an cous 
Catalyst. Scattlc. Wasliiiigt,on, 1965. (NASA-Clt- 

cess thcn s tar ts  anew. 
A simplified calculation shows that  for [,lie frcqncii- 

cies of the chamber pressure oscillatioiis ohscrvcd, t.hc 
aCCll- 

mulatcd ncar the irljcclion orifice woukl be soiricwlial 
bigger than the volume of the catalyst free cliatiibcrs 
at  each injection tuhc. 

The qualitative behavior of thc magniturlc inid frc- 
-‘ qiiency of the prcssurc oscillations arc also i n  agree- 

maximum volume of tlie liquid drop of hydr .  n/.ii1c 1 ’ 

[2] ~Iliiickcl ;I. N.,  TYava-i\iroldi, V .  .I., Corat, E. 
J. and Dressan C.. I’ropulsion Snbsystem Corn- 
ponelit Dcvclopmcnt Prograin for MI:CB Rcniote 
Sciisiiig Satcllitc SSR. AIAA/ASME/SAE 27Ih 
.Joint Propulsion Coiifcreiice Jiinc, 22-27, 1991 
Sacramcnto Ca. 
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