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ABSTRACT

FACULTY OF ENGINEERING AND APPLIED SCIENCE

AERONAUTICS AND ASTRONAUTICS

Doctor. of Philosophy

AN EXPERIMENTAL STUDY OF AMMONIA RESISTOJETS

by Robert Lewin

The development of a mass sampling system is described which is used %o
measure the exhaust gas composition of ammonia resisto jets. The design
of & molecular beam sampling system of the Kantrowitz~Grey type:éﬁa its
application in sampling gas frbm'the exhaust flow froﬁ an ammonia
resiétojet is described in detail. The underexpanded flow from the
resisto jet nozzle into a vacuum chambér is used as a source for a
molecular beam type skimmer, the saﬁpled flow is then analysed by a mass
spectrometer,

Measurements made on three stainless steel resistojets in the temperature
range 900 - 10750K shows‘ammonia dissociation to be time dependent and
accompanied by formation of a surface nitride which ultimately lead to
the blockage of one resistojet. A nickel resistojet operated in the
same temperature range showed consistent behaviour with no time dependence.
Performance predictions using the results of the nickel resistojet are
used'fo show how the total mass of & pulsed thermal storage resistojet
system depends critically on the temperature dependence of both the

degree of dissociation and the heat losses.
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" Introduction

A resistojet motor is a low thrust rocket, consisting of a heater
and & convergent-divergent nozzle. It is essentially an enérgy
conversion device in which the heater converts electric power to thermal
;energy by resistance heating, the heat subsequently being transferred to
the gas stream, adding to the energy inherent in the propellant. Upon
expansion through the nozzle the internal eﬁergy of the propellant is
converted into kineticbenergyo

A A resistojet system conéists basically of féur parts; propellant
storage, power. source, control equipment, and the resistojet itself.

Uses of resistojets fall into two broad categories, auxiliary propul#ion

- and prime propulsion. Most spacecraft require some form of auiiliany

propulsion for such functions as manoeuvring, station keeping and attitude

control. Ammonia fuelled resistojets have been cbnsidéred for attitud;
control of low orbit satellites and it is .this type of resistojet which

is considered in this work. Ammonia was chosen as a'propellanf because:

(1) It is easily stored for long periods as & saturated liquid in a
simple thin walled pressure vessel.

(2) It is a low molecular weight fuel and if the heater temperature is
high enough to dissociate the amionia the products (hydrogen and .
nitrogen) have an even lower average molecular weight (low molecular
weight fuels produce the highest specific impulse)°

Analysis(l9)

of the nozzle flow from ammonia fuelled resistojets
with thrust levels of the order of 0.05N has shown the performance to be
considerably betterAthan the cold flow-gas Jets presently used but the
accurate prediction of thrust level depends critically on knowing the

composition of the exhaust gases. It was with the intention of providing

this information on composition that the present work wes underteken.

-1 -
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The equilibrium constants for ammonia indicaﬁe that under equilibrium
conditions ammonia would begin to dissociate.into hydrogen and nitrogen
at temperaﬁures above 300°K buf in practice because of kinetic éonsid-
erations significant dissociation does not occur until ﬁuch higher
temperatures. Dissociation of émmonia may be accomplished by two
mechanisms, homogeneous gas phase reactions and hetrogeneous wall catalysed

(38)

reactions. Sawyer notes that temperatures in excess of 15OOOK were

-necessary to produce measurable ammonia decomposition from the homogeneous

(39)

reaction while LoganAand Kemball have measured the rate of wall
catalyseé reactions at temperatures as low as 700°K and found the ratelto
be dependent on both temperature and the wall materisal. The aim of this
work is to measure the rate of dissoqiation of ammonia by the wall
catalysed reaction for typical resistojet geometries and materials. The
initial choice of materials limited the temperature range to‘below 1lOOoK.
H The contents of this thesis are arranged as follows. Chapter 1
describes the flow handling sy;tem for ammonia and the vacuum chamber
necessary to providevthe low pressure environment in which the resistojet
operates. The design and constructiqn of & mass sampling probe is
described in Chapter 2. Chapter 3 details the instrumentation necessary’
to perform the experiments and to make the required measurements.
Resistojet design is considered in Chapter 4 and Chaptér 5 outlines the
experimental method required for the various measurements. Results are
presented and analysed in Chapter 6 whilst Chapter 7 is devoted to a

discussion of the various parameters affecting the design of ammonia

resistojets in particular and electrothermal thrusters in general.



Chapter 1
AMMONTA FLOW SYSTEM

( 1.1 Introduction

This chapter describes the parts of the apparatus which were
involved with the ammonie flow except the resistojet itself, that is the
ammonia supply system which controlled and measured the flow of gas from
a storage cylinder to the resistojet, the vacuum pumping system which
provided the low background pressure for the production of the free jJet
and the exhaust system which disposed of the gas from the vacuum pumps.
The complete flow system will be described Briefly here and then each
part described in more detail 1ater;

Ammonia is a toxic, corrosive gas having a very distinctive smell
ih small concentrations (2=5Oppm in air) and creating a health hazard i;
larger cbnoentrations (= 1000ppm). For ‘these reasons it was neceséany
that the flow handling system should have a high system integrity to avoid e

Vah accidental escape of ammonia yet it should still be simple and ‘
straightforward to operate.
The ammonia was kept as a liquid in a storage cylinder at a pfes;ure
of approximately 8 Bars absolute, this pressure was reduced to give a
supply of gas at a pressure of 1.3 Bars absolute. The regulated supply
was admitted to a constant pressure gasometer for flow rate measurement
‘ ‘ and then via a manual needlé valve to the resistojéta The filling of the
gasometer and supply of gas to the resistojet was controlled by magnetic
valves suitably interlocked with sensors to guard against an ammonia
escape. The vacuum chamber containing the resistojet was evacuated by

three vapour booster pumps each booster being backed by a separate rotary

The gas discharge from these pumps which could be

mechanical pump.




ammonia or an NH3 - H2 - N2 mixture was piped to an exhaust duct. This
duct had a stream of air passing up provided by a fan near the bottom
of the duct to dilute the discharge gases such that they were alwgys well
below their respective flammability limits (NH3 15.5 to 27.0% in air,
H, 4.0 to 74.2% in air).  The diluted discharge gas was allowed to
disperse into the atmosphere several feet above the roof of the building
(®~ 20 metres sbove ground level).

Each section of the flow handling syétem will now be described in

more detail with reference to the criteris chosen for its operation.

1.2 Ammonia Supply System

The requirements for the resistojet programme were for ammonisa fléw

" rates up to 10"4kg/sec ét resistojet supply pressures up to 1 Bar absolute.
The ammonia supply system was physically separated into two parits for
convenience; the first section provided a supply af a constant pressuré
of 1.3 Bars absclute from the.s£orage cylinder and the second section
controlled the gas to the gasometer and the resistojet. g

1.2.1 Pre-regular Section

Ammonia was stored as a liquid at a pressure of approximately

8 Bars absolute at 20°C in an Air Products type APL300 cylinder.
The pressure was reduced to 1.3 Bar absolute with a Matheson

. Regulator type 71 which was followed by a Skinner solenoid valve
(type V520A 2100, V2 in Figure 1) fitted with a butyl rubber seat
insert (as were all the solenoid valves) for use with ammonia, To
enable the section of pipe between the storage cylinder and the valve
V2 to be purged with ammonia a Hoke valve V8 (type 7122 FLY) was
connected from thé low pressure side of the regulator to the exhaust

vent. A pressure relief valve (Stephen Wells type C20) set to 1.7

Bar absolute was connected to the regulator outlet to guard against



high system pressures which could have been caused by s failed or

incorrectly set regulator. The vent port on the relief valve

was also piped to the exhaust duct. The low pressure pipework

for this section was constructed in 9.5mm outside diameter O.9mm
wall thickness type AISI 304 stainless steel tube and was connected
together with Keelering fittings (Industrial Hyaraulios) fitted with |
butyl rubber "O" rings. The high pressure connection between the
storage cylinder and the regulator was heavy duty 6.35mm outside
diameter mild steel tubing fitted with'Betabite connectors.

This section ef the flow system was mounted on the wall
above the ammonia storage cylinder away from the vacuum chamber.
The low pressure outlet from this section was taken via a 9.5mm
outside diameter stainless steel tube to the main contrel unit and
second section of the flow control system which was mounted in the
frame underneath the vacuum chamber.

'1.2.2  Control Section S , , g

The ammonia supply to this section (at 1.3 bars absolute)
was admitted to the gasometer via magnetic valve V3 (Skinner valve
type V52DA3007). The gasometer was constructed in stainless steel
end was sealed by & low vapour pressure oil which prior experiment
had established was not affected by contact with ammonia. Flow
from the gasometer was controlled by a needle valve V5 (Hoke valve
type 2315 FLY) and a magnetic valve V6 (Skinner type V52DA2100).
The gasometer could be vented into the exhaust duct via magnetic
valve V4 (Skinner type V51DA2150). A second outlet Wae taken from
the downstream side of the needle wvalve via a manual valve V7 (Hoke
valve type 7122 FLY) to provide an auxiliary supply. A combination

of 9.5mm outside diameter stainless steel and nylon tube connected




with Keelering fittings_wés used to construct this part of the
flow system, nylon tube being used where some freedom of movement
. was réquired°

- Magnetic valves V2, V3’ VA; V6 were operated with pu;h
buttons from the control unit which were connected to a relay
logic circuit designed to dpérate the valves in a séfe manner.
. The logic circuit also obtained information from sensors which were
(1) Pirani vﬁouum gauge in the vacuum chamber sensing chamber
pressure which operated a Switch at pressﬁres greater than 5 torr.
(2) A flow switch in the exhaust duct which gave an indication
when there was insufficient air flow in the exhaust duct to safely
dilute any discharge gases. A
(3) A low level sWitoh'on tﬁe gasometer.
(%) A high level switch on the gasometer.
(5) Two additional level switches on the gasometer, one  just
below the high level switch and one just above the low level switch.
(The gasometer level switches were caﬁ operated microswitches).

Valves Vs, VL, V6 had push buttons for both open and close
but V2 had only an open button since this valve Which'would normally
be open, would close for a fault condition or as a result of opening
the gasometer vent valve. The flow diagram for the cdmplete
ammonia inlet system is shown in Figure 1 and the circuit diesgram
for the controller in Figures 2 and 3.

A brief description of the controller is given to illustrate
its operation. V3 the gasometer fill valve could be controlled

menually or automatically, such that it would open when the higher

of the low level limits was reached and close_when the lower of the

-6 -



upper limits was reached; this facility allowed automatic filling

of the gasometer during the course of an experiment. To allow
gas to flow to the resistojet Vé and V6 would normally be cpen
gnd.VA closed. Valve Vs was opened autbmatically as demanded,
when the gasometer needed filling.

The séquenoe of events for a particular fault will now be
described briefly. |
(1)‘ Vacuum chamber overpressure; V6_closes and stops cloéed until
manually opened after overpressure was removed.
(2) Insufficient flow in exhaust duct; V2 and V6 close and stsy
closed until msnually opened after the exhaust flow had‘been
restored. If the gasholder was being vented aﬁ the time valve VL
~would slso be closed. Closure of the three valves V2, VA, V6 .
'ensures that no ammonia could be discharged from the pumps when
there was insufficient éif flow in.the duct.
(3) ZLow limit on gasholder reached; V¢ would close and stay closed
until gasholder was refilled above lower limit when,Vé could be
opened manually;
(4) High 1imit on gasometer reached. This could only happen when

V, was being manually operated and then V., would close and V, open,

3 2 &
to vent the gasometer until the upper limit for the automatic
£illing of the gasometer was reached, when V4 would close. V2

would have to be manually reopened.

When a fauvlt condition occurred a lamp on the control panel
. 1it to tell the operator of the particular fault, lamps were also
used to show the state of valves V2, V4 and V6' A large red button

was also provided which when actuated performed a similar function

to that of fault (2) above and essentially closed off the ammonia




system. Should two or more faults ooéur‘together the system

would go to the safest condition which was consiétent with’the
faults which had occurred. Disconnection of any>of the sensors
from the control system Would effect the fault associated with the
particular sensor, thus precluding the overiding of any sensor by
its removal and allowing_a potentially dangercus situation to occur.
| The flow system performed reliably and withput leakage for
three years and satisfied the criteria of being simple to operate
yet still providing & completely safe supply of ammonia.

1.3 Vecuum Chamber and Pumping Equipment

The vacuum chamber used for the present work had been uéed
previously to provide a low background pressure for an arc-heated wind
' tunnel(l’ 2). The vacuum system then consisted of the chamber itéelf,
74,0mm internal diameter, 1l.46m long, and was pumped by two Edwards
- High Vacuum 18B3 vapour boosterApumps separately backed by an Edwards
1SC 3000 and a Kinney GKD110 rotary vacuum pumps. In this form the
vacuum system had several drawbacks, (i) The vapour booster pumps were
connected to the chamber by 90O baffle valves which were designed to
stop oil backstreaming from the vapour pumps into the vacuum chamber,
however, they were not completely effective and the inside of the chamber
become covered with a film of oil. (ii) The plasma jet experiment
(now removed) had been mounted in the chamber itself the connections
being made through ports in the cylindrical wall of the chamber, which
provéd inconvenient for removal of the experiment and for in situ
ad justments. (iii) The pumping cgpacity of the vacuum pumps was not

thought to be great enough for the projected series of experiments with

ammonisa.




Backstreaming of oil was stopped by installing cooled chevron

baffles between the booster pumps éna the baffle valves. These baffles
were held at a temperature of —2500 by & small freon refrigerator, this
temperature being sufficiently low to énsure that any oil droplets
striking the cooled surfaces would be held there as a sblid deposit
which would drop back into the‘pdmp when the baffle was warmed up. Thesé
baffles completely stopped oil droplets from reaching the chamber itself.
The difficulties found in assembling the experiment within the
chamber were overcome by mounting the neW‘experiment on an aluminium
subframe fixed to the door of the chamber. This necessitated the

construction of a new door and a mobile stand on which it could be removed

from the chamber (Fig. 26). Six apeftures were provided in the door for
lead-throughs such that all connections couid be made throﬁgh the door '
,aliowing easy removal of the expériment from the chamber.
The pumping capacity of the chamﬂer was increased by the addition
" of an Edwards 9B3 vapour booster pump mountgd on the end wall éf the chamber.
Oil backstreaming from this pump was stopped by a liquid nitrogen cold
trap ihterposed between the pump and its right angle baffle valve. The
iiquid nitrogen trap not only sfopped oil backstreaming but-also acted
as a very efficient cryopump for ammonia giving a considerable increase
in pumping speed especially at higher chamber pressures. The 9B3 vepour
booster pump was backed by an Edwards 1SC 450B rotary vacuum pump. The
complete vacuum facility is shown in Figures L and 5 with and without
the door in position.

1.4 Compatability of Materials Used in the Pumping System

with Ammonia

The vacuum chamber, its associated pumps, valves and connecting

pipes had not been chosen specifically to operate with ammonia but had




been designed for use with argon; it was therefore necessary to

consider the compatability of the materials from which they were
constructed with ammonia. The chamber itself was constructed of mild
steel and was painted inside and out with an epoxy resin paint, both of
.these matérials being compatible with ammonia. The epoxy‘resin paint
had been applied to halt any further rusting which had occurred when the
plasma jet was installed. (Due to water leaks inside the tank). The
main vacuum pipes from the vapour booster pumps to the rotary pumps and
ffom the rotary pumps to the chamber were of copper, which is a material
commonly used for vacuum systems but is not recommended for use with
ammonia. The presence of'ammohia normally leads to Sévere corrosion of
copper, however because of the low density of the ammonie in contact with
the copper, the absence of water vapour and the relatively short eXposuré
time it was thought that oorrosipn of the copper would not be a serious'
problem. After three years of running with emmonia the copper used in
the vacuum system has shown no signs of deteriorating. The vécuqm valves
were made of either aluminium or steel with nitrile rubber diaphragms.
Nitrile rubber is not normally used with ammonia but again because of the -
- low densities involved no deterioration was observed. All the "O" rings-
in the vacuum system were of nitrile rubber.

The booster pumps, baffles, cold trasp and rotary pumps were
constructed in mild steel or stainless steel and were compatible with
ammonia. A1l oils used in the booster and rotary pﬁmps were suitable
for use with aﬁmonia but to prevent a siow deterioration in the pumping

speed of the rotary pumps it was necessary to change the oil every six

months (approximately 200 hours of running time).




1.5 Exhaust System

When previously used with argon the discharge gases from the
rotary pumps had been piped outside the laboratory and allowed to
-disperse into the atmosphere at ground level. Ammonia being a very
toxic gas it was necessary to dispose of the discharge gases such that
they would not cause any harmful effects. Two methods were proposed;
(1) To pass the discharge gases through & scrubber to remove the
ammonia and allow any nitrogen and hydrogen to disperse into the atmosphere.
(2) To dilute.the discharge gases with air ana discharge at a high
point where they could disperse.

" The first method only removed the ammonia and there was still the

" problem of safely dispersing any hydrogen present to avoid an exélosion.
The second alternative was simplef to construct-and it could be
designed to dilute eny hydrogen present below its detonation concentration.

The ammonia would in this case be discharged into the atmosphere but
because of the small éuanfities involved‘would not present a hazard or a
ma jor source of pollution. This method was the one chosen and will ndw
. be described in more detail.

. Discharge gases from the rotary pumps were lead via two 35mm internal
dismeter steel pipes into the side of a 150mm internal diameter asbestos
duct. The pipes were connected into the duct about 2 metres from the
bottom end,ofAthe duct. To provide an air flow in the duct a 150mm
diametér fume cupboard fan was installed O. /5metre below the point where
the discharge pipes entered the duct. The duct discharged into the
atmosphere 3 metres above the top of the building which was about 20 metrés
above ground level and away from other buildings. Air speed in the duct
Was approximately 2-metres/sec. The maximum concentration of ammonia in-
the duct Wés calculated to be 0.4% by volume for a mass flow of lo-hkg/sec,'

the upper bound flowrate; and the maximum concentration of hydrogen

assuming full disscciation of lo_hkg/sec of ammonis, was 0.6%.by volumgfﬁnmﬁx

I
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These concentrations are well below both the detonation and flammability

limits for both hydrogen snd ammonia;

1.6 Skimmer Pumping Requirements

The skimmer which is described in detail in the next chapter
required a separate puﬁping system having & pumping speed of approximately
20 litres/sec of air at thé skimmer in the pressure range 5 x 10-3‘torr
-~ to 10'--6 torr. This was provided by.an Edwards E02 water cooled oil
- diffusion pump backed by an Edwards 1SC 150 rotary vacuum pump. An EO2
| 0il diffusion pump odmplete with water cooled baffle, to reduce oil
backstreaming, and % swing butterfly valve has a pumping speed of
50 litres/sec in the pressure range 5 x 10.”3 torr to 10—6‘torr° To
" ensure that a pumping speed of 20 litres/sec would be available at the/ *
skimmer the diffusion pump was mounted inside the vacuumfchaﬁ%éf’élongside
the resistojet as close to the skimmer as possible, tﬁu; minimising the
1ehgth of connecting pipe requi%ed. The skimmer chamber and the diffusion
- pump were connected by a length of 5lmm internalldiameter copper tube with
two right angle bends which was calculated fo give a pumping speed of
20 litres/sec at the Skimmer. ' | _

Water required for cooling the pﬁmp and baffle was piped through
a cover plate in the door of the vacuum chamber, The backing line for
the diffusion pump also come through this cover plate énd was connected to
the rotary pump, which was mounted beneath the vacuum chamber. The %
swing butterfly valve was operated from outside the chamber via a rotary
lead-through and a linkage.

To reduce the likelihood of arcing in the wvacuum chamber the

diffusion pump heater which was supplied to operate at 240V r.m.s. was

changed for one operéting at 110V r.m.s. To further reduce the voltage




between the heater and earth the heater was run from the centre tapped
secondary of a 240V to 110V isolating transformer the centre tap being
- teken to earth, so that the maximum voltage with respect to ground was 55V
Tolllb So The wiring diagram for the pump heater is shown in Figure 6 |
which also shows the connections to the thermal cut out mounted on the
pump body which turned the heater off in the event of overheating.
‘ The water supply to the diffusion pump was passed through two

magnetic valves, one in the supply and the other in the waste connected
to isolate the water pipes inside the vacuum chamber should a water leak
develop, which if left unchecked would flood the chambers These valves
were controlled from the ammonia inlet control system and would shut

when the vacuum chamber overpressure switch was actuated. :




Chapter 2
PRODUCTION OF A FREE JET AND SKIMMER DESIGN

2,1 Introduction

The aim of the experimeﬁtal work presented here was to measure the
degree of ammonisa dissociation during its passage through a hested
resistojet. The chemical reaction leading to the dissociation of
ammonia is predominantly a surface catalysed reaction at the temperatures
envisaged for afﬁitude control resistojet operation, the homogeneous gas
phase reaction does no% contribute significantly until the temperature is
raised to approximately 1800°K.. |

To measure the degree of dissociation it is necessary to analyse a
sample of the flow; in this case & mass-spectrometer was used as the

'analyser. It is possibie to obtain a sample of gas in the plehum ohamﬁer
of the resistojet, reduce its pressure and temperature and inject it into
" the mass-spectrometer. Unfortunately this method suffers from several

disadvantages:

(l) The sampled flow had not passed through the nozzle where secondary

reaction may alter the composition.

(2) The sampled. gas would have to flow through an undefined length of

hot sample tube which would have made an unknown contribution to the

amount of dissociation.

(%2) Reducing the sample pressure from plenum pressures (0.25 to 1 BAR)

to mass-épectrometer pressures (10—6 to 1075 torr) would cause unpredictable
changes in gas composition. It was desirable for these reasons to obtain
& sample after the floﬁ had traversed the nozzle aﬁd with a ssmpling probe

which would not change the degree of dissociation of the ammonia.




Since in this programme small ares ratio nozzles were of interest
(Ares ratio 25:1) the gas expanding inte the vacuum chamber was under-
expanded in the nozzle and underwent further expansion in the vacuum chamber.
This further expansion produced a radielly expanding, low density, high
Mach number flow. The problems involved in sampling from this type of
flow are exactly those encountered in the formation of molecular beams
from nozzle sources of the Kantrowitz-Grey(B)‘typea Generation §f
molecular beams from nozzle sources has been widely reported in the
literature and considerable expertise has been demonstrated by some workers.

The design philosophy béhind the Kantrowitz-Grey type of molecular
beam generator can be summarized as follows:

(1) From continum flow through a pozzle produce & free expansion where
Mach number incresses and densityrana tempersture fall.

(2) Insert in the expanding flpwfield a conical skimmer probe to extréct
& small portion of the flow which is further expanded to a lower pressure
to obtain free molecular flow conditions.

Free molecular f;ow within the skimmer can bé made compatible with
the flow required for the mass-spectrometer by choice of a suitable
pressure reducing orifice.

The use of a Kantrowitz-Grey type molecular beam generator allows.
sampling from resistojet nozzle flows without physical connection between
resistojet and sampling probe thus allowing the resistojet design and
operation to be completely independent of the sampling systems

The remainder of this chapter describes the design of a skimmer type

sampling system for resistojet nozzle flows.
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2.2° Mach Disc

The expansion from an underexpanded nozzle into a region of finite
pressure rather than a perfect vacuum produces a shock wave system as
shown in Figure 7. Gas expanding within the barrel shock and mach dise
is unaware of a finite baékground pressure Pi until the shock wave
structure bounding the flow is reached. For meeaningful skimming the
skimmer must always be within the shock structure and for a skimmer on
thé axis? upstream of the mach disc.

The position of the mach disc for a sonic orifice as shown in

Figure 7 is given by

o 0,67 (Eﬂ’-)% . | ;
D* Pl o
which has been experimentally derived by Ashkenas and Sherman(h). This
expression has been found to be independent of the nature of the gés°
The background and plenum pressures are not independent variables,
fgr & given nozzle the mass flowrate is a function of the plenum pressure
and temperature and for the vacuum system the pumping speed, hence mass
flowrate which can be pumped, is & function of chamber pressure. The
mass flowrate of ammonia as a funcfion of chamnber pressure was measured
for the vacuum chamber pumping system, with end without the cold trap
filled with liquid nitrogen, the results are shown in Figure 8.  When
the cold trap was filled with liquid nitrogen it acted as s cryopump for
emmonia and increased the pumping speéd considerably in the range 10-"2 -
lo—lgm/sec. which is the range of‘mass flowrates encountered in ammonia
resistojetso
The nozzle used in the present experiments wass of the convergent-
divergent type with a 20° half engle divérgent section, an area ratio of

25:1 and a throat diameter of lmm. The mass flowrate through this nozzle




(5)

as a function of pressure and temperature has been calculated for
ammonia and is shown for three temperatures in Figure 9. For given
resistojet plenum conditions there is a particular mass flowrate of
ammonisa and hence from Figure 8 a particular vacuum chamber pressure.
Therefore, for given plenum conditions there is a unique position for
the mach disc which is shown in Figure 10 where the mach disc position
is shown as a function of plenum conditiéns°

In deriving Figure 10 it has been assumed that the mach disc position
is the same for a convergent-divergent nozzle as for a sonic orifice under
identical conditions. This assumption will be discussed 1ater in fhis
chapter,

On inspection of Figure 10 it can be seen that if a skimmer were
placed 70 nozzle diameters (70D) downstream of the nozzle it would. be
_férward of the mach disc fof all realistic plenum conditions. The fio%
bounded by the barrel shock and mach diéc is a freely expanding flow and
'ﬁithin this region the flow may be tfeated as if it were expaﬁding into
a vacuum, the presence of a backpressure Wifhin the test chamber does not»
become apparent uﬁtil the mach disc and barrel shock are reached.

2,3 Axisl Mach Number

A description of the flow field of & nozzle exhausting into a
vacuum may be obtained by a method-of-characteristics solution, but for .
the . present gpplication where extreme accuracy is not required and it
is only the far field which is of interest it is sufficient to use one of
tﬁe approximate methods to calculate the Mach number and density in the
.far field. A further simplification is that it is only the axial Mach
.number and density decay which is needed for a skiﬁmer placed on the
nozzle axise

The Mach number &s a function of saxial distance from the nozzle

£6),

exit plane has been derived by Greemwal
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Mo = [2/(Y - 1)]% { [5(:: D*) (1 - c;s &m) ]Y T }%

where Mo = axial Mach number
X = axial aistance from nozzle exit plane
Om = angle of limiting streamline

However in the far field

[5(:(/])*)2 (1 - cos om) ]Y T

Therefore:

lim [ Mo ] [2/(Y - 1):\ [5(1 - cos 6m) :\

X
5’;?10

(Y-l

The value of 6m can be obtained from Sibulkin and Gallaher(7) where for

A (o)
Kg = 25, Y =1.31 (300K)

o
( em) 6e =0 = 75

= 1.18 (1000°K)

o)
(Gm)ge o = 120

Now ©m = (Gm)Ge__O + e

where 6e = angle of nozzle at exit plane

o .
20" in present case.

1.31 om 956

1.18 om




The calculated velues of Mo versus (x/D*) fbr~(%§ =25
6e = 20° and Y = 1.18 and 1.31 are plotted in Figure 11.

The axial density decay is given by Sibulkin and Gallaher(7) in the

form

(p/p,) = B(x/D) ™

where the parameter B is given as:

B‘= 0. 4T/ { 2a(1 - cos 6m) }

the value of B has been evaluated for the values of Om above and the rétio
(p/po) has been plotted against (x/D*) in Figure 12. The above
apbroximation for density decay shows good agreeﬁent with the approximation
of Hill and Draper(8) especially for a nozzle with an area ratio of 25,

2.4.1 Skimmer Mass Flowrate

In the present investigation the skimmer is used to sample the
expanded flow without the sampled gas experiencing a shock in which
one would expect temperature and pressure recovery with the
possibility of further chemical reaction. The expansion is used
fo quench the chemical reactions in the resisfojet and the skimmer
used to sample the "quenched" flow; The ability of a skimmer to
extract a sample of the invicid flow with minimum disturbance to

. . . . 9
that sample increases as the nozzle-skimmer distance increases (9)

until & point Jjust inside the mach disc is reached. A large nozzle-
skimmer distance is also consiétent with a low skimmer mass flowrate

which will decrases as the nozzle-skimmer distance is increased, for‘
constant akimmer area. The mass spectrometer analyser requires low

flow rates at low pressures ( ~ 10/ torr) and these requirements

can be best met by large nozzle-skimmer distancess
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The flux through the skimmer is given by Parker( 0) as a

function of Mach number, Y and number density in front of the

skimmer:-—
N =~ n,a S, ' . M molecules/sec
. fr~
M3 .Al+[(¥-1)/2:\M2}
where n, = molecules per cc in front of skimmer
a, = vélocity of sound at stagnation conditions
S1 = area of skimmer entrance.
‘M = local Mach number

which can be written as

- '
. YKTO 2 M
N=x . n S
o m 1

{1 o v - P }(Y + 1)/2(x = 1)

M:>3
moleculea/seo
where n = stagnation number density
To = stagnation temperatﬁrer
m = molecular weight magg
K - ; Boltzmann's constant

(11)

this is the expression given by Campargue in terms of the
stagnation conditions. This expression was evaluated for ammonia

as a function of Mach number for four limiting stagnation conditions

expected in the present investigationo The four limiting conditions

were

(1) P, = 1Ber T = 300°% -
(2) P = 0.25 Bar To= 300°K } Yo
(3) P, = 1Bar T = 1000% } e
(L) P = 0.25 Bar T = 1000%k e

H




The results are shown in Figure 13, the ordinate having been

. -1 .
converted into mgm sec ~ per sg. mm of skimmer area. However

Mach number is a functioﬁ of nozzle-skimmer distance as shown in‘
Figure 11, by combining this and Figure 13 one obtains the skimmer
mass flowrate as a function of nozzle-skimmer distance. This is
shown in Figure 1.

2.4.2 Skimmer Position and Size

It has been shown by previous workers (9, 12) in the production
of molecular beams that interaction between the skimmer and the Beam

is reduced as the nozzle-skimmer distance is increased. Fenn and

12 I3
Decker (12) introducing the parameter skimmer Knudsen number Kn,
Mach number 'l

showed that the intensity of the moleoular beams they produced
approached the theofetical intensity with increasing (Knm/M) up to
the value of 1. To maximise (Kn/M) it is necessary to have large
nozzle-skimmer distances becausé Kn increases quicker than Mach
number for increasing'nozzle—skimmer distance.

Frém Figure iO it can be seen that for a nozzle~skimmer distance
of 100 nozzle diameters of greater the skiﬁmer would interact with
the mach dise which could lead to thé formation of a detached bow
shock wave. A nozzle-skimmer distance of 70 nozzle diameters (7OD)
was chosen as & starting pﬁint to ascertain if a skimmer placed at
this position could skim effeoti&ely over the range of nozzle
stagnation conditions.

The skimmer chamber requires pumping to ensure the skimmer
does not choke and to maintain a low background pressure such that
‘molecular flow conditions are established. Moleculer flow in the
skimmer chamber reduces the scatte?ing of.the skimred gas by the

background gas and also the possibility of & shock being formed




inside the skimmer. It was hoped initialiy that the skimmer
could be pumped by an Edwards High Vecuum E02 oil diffusion pump
which could be mounted inside the main vacuum chamber to keep the
vacuum line as short as possible. To obtain the maximum pumping
speed the diffusion pump should have been located directly below
the skimmer, but because of restricted height in the chamber this
was not possible., With the diffusion pump mounted alongside the
resistojet (Figure 16) the pumping speed available at the skimmer
is reduced by the impedance of the connecting pipe. |
The EO02 diffusion pump complete with water-cooled baffle and
valve had a pumping speed for air of 50 litrea/see in the pressure

range b x 10-'3

to 1070 torr, however by the addition of the
neéessany connecting pipes this was reduced to approxiﬁately 20
litres/sec of air at the skimmer. The pumping speed for ammonia
should be greater then 20 litres/sec (conductance of a tube is
higher for a lighter molecule) but in the absence of any data on
._the performénce of the diffusion pump with emmonia the value of
20 litres/sec was also used for ammonia in further calculations.
* The static pressure in the skimmer chember was evaluated for
the stagnation conditions of Figure 14 for a skimmer having a

1 sqo mm (1.13mm diameter) hole placed 70D from the nozzle assuming
& pumping speed of 20 litres/sec of ammonis, (The pumping speed

of 20 litres/sec for ammonia was converted té a mass flowrate of
emmonis at 295°K. This assumes molecular flow in which the skimmed

gas molecules have attained a temperature of 295°K after collisions

with the walls) and is shown in Table I.
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TABLE I

Plenum Stagnation Skimmer - Mean Free
Pressure Temperature| Mass Flowrate Pressure Path
BAR °x Kg/sec torr mm
' -8 7 ~3
1 ~ 300 2.7 x 10 .46 x 10 27
0.25 300 6.6 x 107 3.56 x 10 110
1 1000 4.8 x 1077 2.5 x 107* 151
-9 -5
0.25 1000 1.25 x 10 6.7 x 10 587

Also shown in Table I is the mean free path of amm§nia at the
corresponding pressure and a temperature of 295°K. From the above
table, for a skimmer chamber typical dimension of 50mm one can
expect molecular flow for the high temperature stagnation conditions.
For the low temperature stagnation conditions the flow will be
predominantly transitional in the skimmer chamber, tﬁese conditions
are of no real interest for dissoqiation s tudies but are used here
as & lower bound for the design study.

2.4.3 Meen Free Path in Isentropic Flow Outside Skimmer

The free stream mean free path of the gas molecules in the

free Jet as measured in gas fixed co-ordinates is given by (13)

A, = /\0{1_+ [(Y—l)/Z:]MZ }VY__I

for an isentropic expansion and rigid sphere gas molecules, where

Ab is the mean free path at stagnation conditions obtained from the

(14)

expression given by Dushman

P m

2 \E
Ao = 0.11451 n_ <_J2> millimetres
o

n being the coefficient of viscosity in poise. However the mean
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free path which is important in considering skimmer interaction is

that of molecules scattered from the skimmer body back into the free
stream. The mean free path of -scattered molecﬁles is obtained by
assuming the molecules scattered from the skimmer body have
accommodated thermally with the skimmer and are re-emitted with
thermal energy equivalent to thé temperature of the skimmer. The

expression used was developed by Probstein(15) and is given below:-

1 |
4 T 1% A

— [‘mﬁ] e = Fig
S yary © '

>
1t

o0

where:

. 1 ' : ‘
F = il [52]2 Y ' "

Tb = temperature of the body
T, = static temperasture of the gas

T, is given by

T

_.9.=l+$l_"__]:lM2

T 2
for an isentropic expansion from stagnation temperature To'
Table 2 shows the values of A,, F, As and hence Kns based on the
skimmer entrence diameter, for the design case of a skimmer of
entrance diameter l.13mm placed 70D downstream. Also shown is

the value of the free stream Knudsen number </\di> divided by
s

. an :
the local Mach number -iril




TABLE 2

P0 To Ao M Y A@ . s Kn Xn
BAR mm mm mm M

0,25} 300] 2.11 x 10—4 12 | 1.31 | 5.46] 793 | L34 3.84 « 403

1 300 1| 5.29 x 1072 12 1.31} 1.36].7931 1.08| 0.955 .1
0.25 | 1000 1.19x10"3 8.8]1.18| 121 .365 i Lh.2 39.1 12.4
=l

1 |} 1000 2.98 x 10 8.811.18 { 30.4 | .365} 11.1 9.8 3.06

The value of Tb was taken as 300°K, The assumption that T, = 3000K

b
leads to shorter scattered mean free paths than the real case when
the skimmer will experience some heating from the fléw, however
this is é more stringent fequirement for the skimmer orifice
diameter and will be used in the absence of any information on the
skimmer temperature.
Kn

The value of —ﬁg > 1 for the two high temperature stagnation
conditions indicating that skiﬁmer interference should be minimal
for these conditions,

The worst case conditions i.e. 0.25 and 1.0 Bar at BOOOK,
are included here.only as a lower bound and one of'no real practical
interest because no ammonia dissociation will occur at tkis temperéture.

2.4  Attached Shock at Skimmer and Internal Geometry

To ensure an attached shock at the mouth of the skimmer the
flow deflection caused by the .skimmer must be less than the shock
&etéchment angle. Conversely on the vacuum side of the skimmer
the internal cone should have as large an angle as possible to allow
thé skimmed gas to be pumped away quickly and to minimise scattering

by the walls. Thus a design compromise is necessary.
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The internal angle of the skimmer can be made large enough

such that few molecules have sufficient transverse random velocity

to strike the walls.
ei >

by Kantrowitz and Grey(B) and as

6( 2{6«{ 2%
(26)

oi ZVB(E/M)

by Skinner and Moyzis
Values of ©i for the appropriate
Table 3 for a skimmer placed 70D

The maximum external angle
to determine.

The maximum cone

in hypersonic flow with ¥ =

sin—l (a/M) = sin_1

This has been expressed as

-
2( 2/ )3

degrees
M
Ladians
BEA-Se- 7, g

values of ¥ and M are shown in
downstream.
of the skimmer is more difficult

half angle for an attached shock

1.k is 55° for M >8(17).

TABLE 3

3 T i oi

© © M Y (Kentrowitz | (Skinner
BAR o , Grey) Moyzis)
0.25| 300 | 12 1.31 6.6° 19.6°
1.0 | 300 | 12 1.31 6.6° 19, 6°
0.25 | 1000 8.8 | 1.18 9.6° 28.7°
1.0 | 1000 8.8 | 1.18 9.6° 28, 7°

The experience of workers

(1

1) (18)

in the production of

molecular beams has been that one can expect an attached shock on

the mouth of the skimmer for angles greater than the maximum derived

from invicid flow calculations.




With the restrictions on theAinternal angle of the skimmer
and from manufacturing considerations it was decided to make the
internal half angle ©i = 30° and the external half angle Ge = 40°.
Another important consideration is the radius of curvature of the
leading edge of the skimmer mouth. 'ﬁhen the radius is of the order
of the free stream mean free path of the gas one would expect
molecules to be scattered into the incident flow with the possibility
of a detached shock or attenuation of the skimmed beam. However
in the preéent case the radius ofvcurvature is of the order of O.Olmm
which is three orders of magnitude less than the free stream mean
free path thus this interaction is not expected té be important.

2.4..5 Second Orifice

Table I shows the expected skimmer chamber pressures for fouf
limiting stagnation condipiéns, however these pressures are still'
too high to allow the gas to be introduced directly into a mass
specfrometer (pressures typically ZLO-6 torr). It is nedessary to
expand the'skimmgd gas through a second orifice mounted downstream _
of the skimmer inside the skimmer chamber. This second orifice
can be connected directly to the massvspectrometer and can be
chosen in size and position to éive the reguired mass flowrate.
The flux through the second orifice is given by Parker(lo) in

terms of stagnation conditions and local conditions at the skimmer

mouth.

N, neS S, M3 + i)

w>s 2 ma, \/{1 +{:(Y - 1)/2] Mz}

However this is the same expression as for the skimmer flux with the

molecules/sec

additional factor,

5,(3 + YM2)
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where 82 is area of second orifice and d12 is the distance from

the skimmer entrance to the second orifice. The distance 612

should be less than the mean free path of the gas in the skimmer
chamber to minimise scattering, and with this restriction the
diémeter of the second orifice was chosen to give the required
pressure at the mass spectrometer. The geometry of the second
orifice is less critical than for the skimmer orifice, the mean
free path of the gas in the skimmer chamber is much longer than

- &t the skimmer, and the flow regime is molecular not transitionai
‘as at the skimmer. The second orifice was constructed as a hole
in a thin membrane across the end of a_l}ﬁm internal diameter tube
which is positioned inside the skimmer chamber (Figure 15).

The mass spectrometer was pumped by an Edwards ZMA mercury
diffusion pump with a cold trap and L swing baffle valve giving a
_ pumping speed of approximately 30 1iffes/sec for air at the mass
spectrometier, The mass spectrometer and its‘pumping system was
mounted outside the vacuum chamber end connected to the second
‘orifice by & length of 15mm internsal diéneter tubing giving a
pumping speed of 1.85 litres/sec of air at the second orifice.

The second Qrifioe area was calculated to be 3.1 sg. mm
for d12 = 80mm and a skimmer orifice area of 1 sq. mm for the lower
mess flowrgte stagnation conditions, However due to difficulty in
manufacture the skimmer orifice was constructed with an area of
1.8 sq. mm giving & larger skimmer mass flow, to compensate for
this the second orifice was reduced in area to Q,8 SQ. mm.

The extra mass flowrate passing thrdugh the skimmer was still
within the capacity of the pump to ensure correct operation of the

skimmer. The skimmer is shown in position in Figures 16 and 17.




2.5

Assumptions and Simplifications made in the Design of the Skimmer

2.5.1 Mach Disc

It is importgnt to know the position of the mach disc to
ensure the skimmer inlet is always placed upstream, within the
free jet. The position of the mach disc was calculated for a
sonic qrifice with the expression of Ashkenas and Sherman(h)
however in this application the nozzle is of a convergent-divergent
type and it was assumed the mach disc position would be at least
as far downstream as for a sonic orifice. For sufficiently large
pressure ratios across the nozzle and at large distance from the
nozzle the flow is radial and asppears to diverge from a point just
downstream of the nozzle throat. This should apply equally for
both convergent and convergent-divergent nozzles and should give a
similar mach disc position in both cases especially in this case

where the divergent section of the nozzle is short in comparison

to the calculated mach disc-nczzle distance.

The divergent section of the nozzle is subject to boundary
layer growth which will vary the effectivé'nozzle size, and in the
event of boundsry layer closure at the nozzle exit plane, the mach
disc position may vary from that given in the Ashkenas and Sherman
expression. It has been predioted'(l9) that boundary 1éyer closure
will occur at nozzle Reynolds number (Reb*) of appfoximately 300
and below. In the-production of molecular beams (13, 20) no
change was observed in the beam intensity as the divergent section
of a convergent~divergent nozzle was progressively cut back to its
throat.

In the preceding discussion the mach disc was considered as
a.sharp discontinuity in the flow, however the shock has been

(21)

estimeted as 2 to 10 free stream mean free paths thick .
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It has also been shown that at sufficiently low density in the test
chamber the mach disc and barrel shock will tend to disappear as

~ recognisable entities as a Knudsen number (Xm) based on mach disc
diameter (Dm) and mean free path of the gas behind the mach disc
approaches unity. The latter mean free path (Ac) is very nearly
equal to that of the gas ét tank ambient pressure and gtagnation
temperature. The diameter of the mach disc is given by Bief and
Schmidt(zz) as

| Dm. = 0,6 xm for ¥ = 103

_Shown in Table 4 are xm, Dm, Ac and Km for the four limiting

stagnation conditions.

TABLE L

P T AC xm Dm Km ’
(o] o] )

RAR oK mm mm mm

1 300 1.73 120 72 | 0. 024

0.25 | 300 3,0k 100 60 | 0.05

1 1000 16 150 90 |0.18

0.25 H000 26.L | 130 78 | 0.3

(4)

Ashkenas and Sherman show that for Km = O.1 the impact

pressure peaks ahead of the mach disc disappear and for Km = 0.3
the last recompression by the mach disc, visible by the sodium
SOattering technique, disappears. For the High temperature
stagnation conditions 0.1l < Km < 0,35 and the mech disc will tend

to disappear for these conditions.
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The effects mentioned above will tend to make the absolute
position and strength of the mach disc shock more difficult to -
determine, however, in the present design it is onl& impértant that
the skimmer be within the frée.jet, and not that the exact position
of the mach disc ié known. The design allows a large margin in
mach disc position by selecting a position for the skimmer which
is considerably up;tream of its calculated position but it is
recognised that any of the above effects may resulﬁ in a mach
disc closer to the nozzle than calculated. Should the design’
result in the skimmer being behind the mach disc it would be
immediately obvious from the greatly reduced skimmef mass flowrate
which would be a consequence of sampling from the diffuse flow
behind the mach disc.

2.5.2 Axial Mach Number

The axial Mach number was calculated using an epproximate
relationship for a convergent—divergent nozzle exhausting into a
vacuum, This was calculated using the geometric dimensions of

the nozzle, i.e., lmm diameter throat, 25:1 area ratio, 20° half

angle, However st low Reynolds number (ReD*) the nozzle boundary
layer can be a considerable fraction of the geometric radius of the

(19)

nozzle , the "effective" nozzle will be smaller than the geometric
noézle giving a different Mach number distribution. |

In the free jet several relaxation processes occur which
require collisions between gas molecules to maintain in equilibrium.
For diatomic and polyatomic gases a consideraﬁle portion of the total
energy can be in rotational and vibrational modes of the molecule
and during the expansion this energy is transferred to translationsl
motion. Transfer of energy takes place progressively slowly in an

expansion because the collision rate falls until finally a limiting




region is reached in which further relaxation of the internal modes

is inhibited because of an insufficient collision rate. Vibrational
rel&xétion usually freezes first followed by rotationsl relsasxation
and finally a region is reached in the far field of a free jet
expansion where the exchange of translational energy is frozen and
the Mach number and temperature reach limiting valﬁes. The point

. at which the temperature and Mach number freeze has been investigated
theoretically (23’ 24) for monatomic and diatomic molecules and the
freezing point has been expressed in terms of the source XKnudsen
number. Usually the translational freezing point is not observed
because of finite pressure in the experimental vacuum facilities.
Vibrational relaxation may freeze in the free Jjet, however it has

~ been shown (19) that vibrational relaxation for NH3 and NH3 - H2 - N2
mixtures is very fast and vibrational energy mey be near éQuilibrium
in the nozzle. For high temperature stagnation conditions when
considerable energy is in the vibrational modes of ammonia,
vibfational freezing in the free jet will tend to increése the value
of Y and hence increase the Mach number. The quantity most
sensitive to Mach number.and Y is the skimmer mass fiowrate which

can be experimentally measured to ascertain the possible effects

of the above phenomena.

2.5.3 Condensation

The . gas temperature in the free Jjet expénsion falls very
rabidly and, depending on stagnation conditions, after only a few
nozzle diameters the gas can be below the temperature required for
condensation upder equilibrium conditionse. ‘Nozzle expansions have

(37)

been used to measure nucleation rates of ammonia in a dry air

carrier gas. These experiments were carried out from stagnation

conditions of 4 Bars and 284°K where condensation was observed to




2.6

occur at Mach numbers of 1.6. Condensation can occur, if nuclei
are present, in the pfesent experiments with room temperature
stagnation conditionso. However stagnation temperatures greater
than 800°K are of interest and the possibility of condensation from
these conditioné will now be considered.

Figure 18 shows the isentropes for ammonia expansions from

. 800°K and pressures of 0.25 and 1 Bar for Y = 1.18 and 1.3, the

numbers adjacent to the lines are the Mach numbers at that point.
Also shown is the vapour pressure curve for ammonia. To the right
of the vapour pressure curve is the vapour region and to the left
below 1950K the region corresponding to the solid phase, It can
be seen that the isentropes cross the vapour pressure at points
which will bé upstream of the skimmer; 1eading to the possibility
of condensation. However condensation is. & nucleation pfbcess, '
and, even if the thermodynamic conditions are right, proceeds at
& rate proportional to the collision rate. Since this rate
progressiﬁely falls as the gas expands the kinetic conditions for
condensation worsen as the thermodynamic conditions become favourable.
The isentrope; shown in Figure 18 cross the vaﬁour pressure
curve at points where the collision rate is decreasing rapidly-
which will iﬁhibit the formation of & condensed phsase. The
subseguent experimental measurements gave no cause to believe

condensation was occuring however lower temperature operation

{below BOOOK) could lead to condensation as has been observed from

room temperature stagnation conditions.

Gas Mixtures

In the design analysis of the skimmer it has been assumed that the

nozzle flow is pure emmonia, however the object of the experiments was to

measure the degree of dissociation of ammonia so it is necessary to
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consider the performance of the skimmer with NH3 - N2 - H2 mi#tures.

To predict the performance of the skimmer for the complete range of

NH3 - N2 - H2 mixtures resulting from dissociated ammonia would be very
difficult and because of approximations of limited value, so instead
the effects of having other species present will be considered as a

perturbation of the conditions for skimming pure ammonia.

- 2.6.1 Nozzle Flow and Position of the Mach Disc

The position of the mach disc, as given by Ashkenas and

(&)

Sherman® "/, has been shown to bé independent of the gas and Y and
only a function of the pressure ratio. Both the resistojet élenum.
pressure and vacuum chamber pressure increase with increasing
dissociation and while it is possible to calculate the nozzle
plenum pressure the vacuum chamber pumping speed as a function of
préssure and gas composition would need to be experimentally
determined. This was not done because of difficulty in measuring
the'pressure of gas mixtures with Pironi gauges and because Mcleod
gauges could not be used since mercury and ammonia react.

Should the mach disc move towards the nozzle and in front of
the skihmer with increasing dissociation it would beéome imnediately

.evident begause the skimmer mass flowrate would drop considerably

whén it entered the diffuse flow within and behind the mach disc.

2.6.2 Mach Number and Skimmer Mass Flowrate

The axial Mach number is a function of Y and increases as
Y increasese. 'The main dependences on Mach number are the skimmer
mass flowrate and mass spectrometer flowrate, which are functions
of 'Y also. The shock detachment angle for khe flow past a cone
is a function of Mach number and Y but the skimmer angle was chosen
for the conditions M >8 and Y = 1l.4 which is & more stringent
- criterion than a lower Y. No attempt was made to calculate Mach

number for NH3 - N2 - H2 mixtures or to predict the skimmer mass
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flowrate but instead, by interpreting the mass spectrometer readings,
correct functioning of the skimmer could be inferred.

2.6.3 Separation Effect

(11, 25)

‘A separation effect has been observed when sampling
mixtures in a free Jet. Enhancement of both light and heavy
species has been observed to occur on th; Jjet axis at certain

- nozzle skimmer distances and nozzle pressure ratios. The
mechanism for this sepération has been postulated as a radial
migration of ﬁhe light species away from the jet axis giving an
enrichment of the heavy species on the axis and also a preferential

(26)

invasion of the free Jjet by baokground.molequleso Reis and Fenn

have explained the separation as & flow perturbation caused by the

skimmer itself and found no separation when the shock was attached
to the mouth of the skimmer. With correct design of the skimmer

to ensure an attached shock at all times and a calibration procedure
using gas mixtures it was hoped the effects of separation, if

present, would be eliminated.




Chapter 3

INSTRUMENTATION

3.1 Ammonia Supply Pressure

The ammonia gas pressure was measured in the feed pipe upstream
of the resistojet connection. Pressure was measured by a Bell and
Howell pressure transducer type L4-326 which §perated over the range
O to 1 Bar absolute with a linearity of + 0.15% of full scale. The
output froﬁ the transducer (nominally L4OmV.at 1 Bar) was amplified to
1COmV at 1 Bar. The amplifier with its offset and gain controls is shown
in schematic form in Figure 19, also shown is the 10V DC supply for the
transducer. |

Interior pérts of the transducer in contact with ammonia were
'coﬁstructed of stainless steel which was compatible With ammonis.,

The amplified transducer outpﬁf was read on s Solartron Digital
Voltmeter model A220, 100mV corresponding to 1 Bar absolute. .To enable
“the digital voltmeter to monitor both.preséure and thermocouple signals
a selector switch was .installed such that the D.V.M. could be connected
to one of 10 inputs. The input was selected by.a 10 peosition edge
switch the Signal switching being performed by 10 dual reed relays. Reed
relays were chosen as the switeching elements bécause of their reliability
and low contact resistence especially with low level signals. The
schematic of the selector unit is shown in Pigure 20.

3.2 Ammonia Mass Flow Rate

Ammonia mass flow rate was measured by timing the fall of a constant

pressure gasometer, The gasometer, its filling valves and control system

was described in Chapter l.




The gasometer was of constant circular cross-section, the sliding

seal being effected by an oil bath. A rod attached to the centre of
the tob face actuated the control microswitches. Attached to this rod
was & metal strip with notches cut at 15mm intervels. A stationary
lamp and phototransistor detected the presence of the notches. The
signal from the phototransistor was used to gate a clock signal to a
counter such that the time taken for the gasometer to fall between two
successive notches could be counted and displayed. At the. end of a
timing period the contents of the counter were transferred to the display
store and the counter reset for the next timing'period. The time to
transfer the contents of the counter and to reset it was made very short
(100nS) in relation to the timing resolution (i 100ms) to preserve
8Cccuracy. At the end of each timing period a separate indicator was
advanced 1 digit to show a new count had begun. During gasometer filling
a reed relay actuated from the gasometer‘fill valve inhibited the counter
such that it would not display misleading information. Circuitry was
also provided to reset the counter to zero before the first timing
interval., The timing system was constructed using Transistor-Transistor-
Logic (TTL) integrated circuits and cold cathode discharge indicators.
The clock signal was obtained by digitally dividing the output from a
1MHz crystal oscillator, Whése accuracy was 1 part in 105. The circuit
is shown in block form in Figures 21, 22, 23 and 2.

The gasometer measured gas volume flow rate, which was converted
to a mass flow rate. The smmonia gas density needed to convert volume

flow rate to mass flowrates was calculated from the gas temperasture and

pressure in the gasometer. The temperature was measured with a thermocouple

in the gasometer feed line and the pressure in the gasometer was atmospheric

pressure plus the gasometer differential pressure, which was measured

independently.




3.3 Resistojet Temperatures

Resistojet temperatures were measured with Chromel-Alumel thermo-
couples and the e.m.f.s. were measured with the digital voltmeter the
appropriate thermocouple being selecfed by the reed relay selector unit.

3.4 Resistojet Plenum Pressure

Resistojet plenum pressure was measured with a Bell and Howell
pressure transducer type 4-326 with a range O to 1 Bar absolute.  The
transducer output was conditionéd by an amplifier identical to that used
for the supply pressure transducer and the 10V D.C. supply for the supply
pressure transducer also supplied the plenum pressure transducer. The

amplified output was displayed on the D.V.M. via the selector switch.

3.5 Nitrogen and Hydrogen Supplies

| Nitrogen and hydrogen required for calibration were obtained from
gas storage bottles in which the gas was stored at pressures up 1o 170'
“bar absolute. These pressures were reduced by regulators to supply
pressures of approximately 1.1 Bar absolute. The volume flow.rate for
Both hydrogen - and nitrogen was measured using rotameters. Two rotameters
Wére used for each supply, with valves, such that the appropriate
rotameter could be selected.

Hydrogen and nitrogen flow-ra£es could bé measured in the ranges
10-1800cc/min and 5-600cc/min atN.T.P. respectively. To correct the
messured readings to N.T.P. the supply temperatures were measured with
mercury in glass thermometers and the rotameter outlet pressures measured

with Bourdon type pressure gauges.

3,6 Vacuum Tank Pressure

Vacuum tank pressure was measured with an Edwards High Vacuum Pirani
gauge model 9. The gauge head was mounted on a flange at the top of
the chamber. The reading from this gauge was used te pfovide the

chamber overpressure indication for the ammonia controller. The gauge

~ head was calibrated for ammonia but did not give a true reading for
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ammonia ~ hydrogen -~ nitrogen mixture, however it was accurate enough
“to show that the pumping system was functioning correctly.

3.7 Mass Spectrometer Analysing Systems

Two mass spectrometersvwere used to analyse the sampled gas.  Two
~were not essential to perform the analysis but both were available at the
beginning of the project. One mass-spectrometer was an Edwards High
Vacuum E180-2 Residual Gas Analyser, the other an A.E.I. D18 mass
spectrometer. Both analysers were of the 180o magnetic deflection type
the ion radii being 15mm and 10mm for the Edwards and A.E.I. instrumenﬁs
réspectivelya Partial preséufe range for both instruments was ILO"5 to
10—10 torr of nitrogen. The A.E.IXI. instrument was obtained without the
hecessany power supplies which were constructed to the circuit diagram
supplied with the instrument.
Requirements for the mass spectrometer system were:-~
(1) to provide a iow pressure for the mass spectrometers to operate
(less than 10“4 torr total pressure).
(2) to pump the gas from the second skimmer orifice.
This requirement was met by an Edwards 2M4 mercury diffusion pump backed
by an Edwards 1SC 50 rotory vacuum pump. The diffusion pump was
surmounted by & liquid nitrogen cold trap and a %ﬁ swing butterfly valve
on which tﬁe mass spectrometers were direetly mounted (Figure 23} This
system had a pumping speed of approximately of 30 litres/sec. Connection
to the skimmer was‘via 8 12mm diaphragm valve. To prevent damage to the
mass spectrometer filaments by inadvertent operation at too high a total
pressure " an Edwards Penning gauge Model 6 monitored the totesl pressure

in the system. Use of a mercury pump with a liquid nitrogen cold trap

prevented any contemination of the mass spectrometers by the pumping fluid.




Chapter 4
RESISTOJET DESIGN

L.l Introduction

The resistojet design used for the experiments was specified by
the Royal Aircraft Establishment (RAE) as having a geometry which was
suitable for manufacture in a wide range of materials and would withstand
the stresses imposed during launch and yet provide a good thermal design.

The criteria ﬁsed for the design of a Resistojet suitable for
flight use are very different from those used in the design of sa -
laboratory test resistojet which mey only need to operate for 20-30 hours.
‘To provide RAE with information directly applicable to their own resistojet
programme the internal flow geometry was made identical to their resistojets
but the outside appearance and size.Were modified to allow simpler meth;ds
of construction and mounting. The nominal flow geometry is shown in
" Figure 27 and is the same for sll the resistojets studied, the only
differenceé between them being in materials‘and methods of construction.
L.2 Design
| The RAE resistojet JP3, was designed to have a heatiﬁg eleﬁﬁnt
inserted in the central core which was to provide the heat to keep the
resistojet temperature maintained at approximately 1000°K. This steady
state temperature was determined by the available power input (=5 WATTS)
end the various heat losses; nozzle radiation, radiation from ﬁ%e body,
conduction along the fuel pipe and supports. Pulsed operation allowed
the gas to be heated using the sensible heat contained in the resistojet
body which would éonsequently suffer a drop in temberature during a pulse.

In tiie time between pulses the body would be reheated to its equilibrium

temperature.




To conduct the tests envisaged it was necessary to‘operate the
resistojet continuously for up to two hours, which meant supplying the
total power-requirement for the gas continuously. (& 10CW at 1000°K
and 0.OLgn/sec). This then meant tﬁe losses which are critical in low
power pulsed operation become less important and much smaller in
comparison with the total power requirement for continuous operation.

To overcome the power supply problem the resistojet was designed to have
two heaters, an inner core as in the original design and an outer heater
sleeve. The outer heater provided a high temperature enolosufe for the
resistojet and as such supplied most of the heat lost by radiation and
conduction along the supports. The outer hester was made by winding a
Nichrome wire on a ceramic former and was capasble of dissipating up té

300 watts. The inner heater was originally of similar construction ané
was designed to dissipate up to 150 watts, Because of limitations on wire

temperature which restricted its meximum operating temperature the inner

- heater was changed for one constructed of tungsten wire on & ceramic

former, which was capable of dissipating up to 100 watts but at a higher
operating temperature. |

To minimise radiation losses the resistojet was surrounded by a
multilayer stainless steel radiation shield and then mounted in an
aluminium housing, Figure 28. Supports consisted of eight 1l.5mm wires,
four at each end of the resistojet which were screwed into the resistojet
body and supported in the housing on tubes as shown in Figure 28. The
front and back faces of the resistojet were covered with stainless steel
radiétion shiélds with cut outs for the nozzle, feed pipe and heater supplies.

The first resistojet was consfructed in stainless steel type AISI 321
and is shown in exploded forms in Figure 29 and as a sectional drawing in
Figure 30, The nozzle and the inner section were interférence fits in the

main body but the fuel pipe was welded into the body on the back face.
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End cheeks provided the support points and held the outer heater

loosely in position and the inner heater was trapped in position by the
rear end cheek. Both heaters were made loose fits to avoid problems
of differing thermal expansions. Photographs of this resistojet are
shown in Figures 31 and 32.
A second resistojet Was~constructed identically to the first except
the body, nozzle and inner cone were made from nickel (commercially pure
nickel; 99.5% nickel) all other parts including the feed pipe were of |
ATST 321 stainless steel. |
The third resistbjet was made demountable and sealed with metal
"O" rings. This form of construction allowed a plenum pressure tapping
to be incorporsted to enable the pressure drop along the heated annular
section to be measured. The method of construction of this-resistojet )
.is best seen in Figure 33 and the photographs of Figures 34 and 35.
| The outside dimensions were madé identical to the first two resistojets
to enable it to be mounted in the existing héusing and share the same heaters.
This resistojet was made in AISI 321 stainless steel. |
The fourth resistojet was identical to the first two except the

material used was AISI 347 stainless steel,

Le3 Temperature Measurement

| The temperature of the resistojet under test was measured by a
chromel-alumel thermocouple welded to the end wall of the inner core as
shown in Figure 36. The thermocouple leads passed through the centre
of the heater iﬁ ceramic tubes. The two thermocouple leads were first
welded together and then welded as a pair onto the end well. To enable
this welding to be performed a capacitor discharge welder was constructed

(27)

similar to one designed by Colclough et al except for the thyratron

which was replaced by a thyristor. The circuit diagram is shown in

Figure 37.A




A sheathed thermocouple was slso inserted into a pocket in the

main body (except on the demountable resistojet) as shown in Figure 36.

L.l Heaters and Power Supply
The heaters were originally constructed of a Nichrome wire helix
wound on a ceramic former. Advantages of Nichrome wire are that it is
easily worked, does not become brittle after heating and has an almost
constant resistivity of.llo X 10—60 - cm in the temperature range }OO to
1400°K.  The disadventage is that the maximum operating temperature is
lACOOK° The maximum resistojet temperatures eﬁvisaged.were IIOOOK but
because of poor thermal contact between the heaters and resistojet body
(the heaters are in the vacuum space and heat is transferred by radiation
alone) the heaters are operated at temperatures considerably higher than
the resistojet.
The power supply designed for the Nichroms heaters was a switching
A.C. controller and is shown in‘blook form in Figure 38; advantages of
this type of controller over a regulated D.C. supply of the same power
le&el (460 watts mgximgm) are
(1) * Greatly reduced dissipation especially at intermedisate power
settings, e.g. the power dissipation of a D.C. controller at
quarter power is 1001, whereas for an A.C. controller it is
prdpoftional to current and a maximum of 1O¥ af 10A.
(2) = The power control could be made linear for a heater of constant
resistance.
The controller works by switching the full supply to the heater for some
fraction, set by the power control, of the sswtooth waveform period.
This period was made approximately 2 seconds, which was sufficiently long

to allow fine control but was considerably shorter than the thermal time

constant of the resistojet.




" Supply switching occurs at the zero voltage points of the A.C.
waveform which ieads to very low levels of interference generated by the
controller. The transformer secondary voltage was chosen as AOV TelMeSay
becsuse:

(1) L0 volts is a low enough voltage to be handled safely in a vacuum
system without risk of discharges.

(é) With 4OV a current of 10A would produce a power of LOOW. A
current of 10A is easily handled without recourse to high current
connectors and heavy duty cable.

(3) To dissipate LOOW at AOV.the heater needed a resistance of LQ.
Heaters of the size required for the resistbjet could be |
constructed to have a resistance of L Q1 using easily available
wire sizes.

L.5 Tungsten Inner Heater

The outer heating element éerformed satisfactorilj, the wire
temperature alwsys being below the maximum safe temperature, but the inner
heater failed several times due‘to overheating of the wire, Heat
transfer between the inner heater and the resistojet body was by radiation
alone and had the whole heater element (former snd wire) been at the same
temperature the heat transfer area would have been sufficient, however due
to the loosely wound construction it became apparent that the wire
operated at a much higher temperature than the ceramic core which led to
its failure. Cementing the heater into the resisto jet saggrevated the
problem due to the poor thermal conductivity of the ceramic cement used.
The solution adopted was to use a similar heater core but Wouﬁd with
tungsten wire which has a much higher operating temperature. ‘Tungsten
wire is more brittle than Nichrome wire, especially after heating, which
necessitated cementing the sleeved lead out wires rigidly into position S0
as not to strain the heater section of the wire. The tungsten lead-out

wires being sleeved with stainless steel tube, dissipated less power and

- i -



operated at a much lower temperature than the unsleeved element.

The wire size and length were chosen to give & resistance of 1Q at
14000K (estimated operating témperaturé) which would then be cepable of
dissipating 144 watts from a 12V, 12A variable A.C. supply. In practice
the wire temperstures obtained were higher than IAOOOK. This restricted
the maximum power that could be dissipated to approximately 100W because
the resistivity of tungsten increases with temperature. At a supply
voltage of 12V the current drawn was 8A. No attempt was made to shorten
the heater to enable it to dissipate more power because 100F was found to
be sufficient for the experiments performed. The power supply for the

tungsten heater is shown in schematic form in Figure 39.




Chepter 5

EXPERIMENTAL METHOD AND MEASUREMENTS

51 Skimmer Mass Flow Rates

The expressions used in the design of the skimmer predict the mass
fléwrate through the second orifice to the mass spectrometer as a
function of resistojet plenum conditions. The diameter of this orifice
was chosen to give a gas flow at the mass spectrometer such-that the
range of partial pressures produced were within the linear dynamic rangé
of the mass spectrometers. For a resistojet mass flowrate of 0.025gm/sec
at 1000°K the second orifice diameter had been célculated to give a
pertial pressure of 4 x 10_'7 torr of ammonia at the mass spectrometer.
This partial pressure was a factor of five greater tﬁan the béckground
at mass number 17 due to dissociated.water vapour, such that any corrections
necessary would be small. In order to cover the range of mass flowrates
(0;022 -+ 0.033gm/sec) and the temperature range (900 e»lO?OOK) only one
orifice of 1lmm diameter was needed.

Skimmer mass flowrates which were‘inferred from the pressure at the
top of the diffusion pump evacuating the skimmer agreed closely with the
calculated values as given in Table I Chapter 2, which confirmed correet
opeaﬁion of the skimmer.

5.2 Resistojet Pressure Drop

Pressure drop in the heater section of the resistocjet is important
for performance predictions, the predicted performance would be based on
plenum pressure and not supply pressure. It was possible to measure

both the plenum and supply pressﬁre on the demountasble stainless steel

-resistojet and hence pressure drop. Pressure drop was not measured




directly because it was not possible to obtain a differential pressure

transducer which was compatible with ammonia. The pressure drop was
measured as a function of mess flowrate and temperature and is Shownlin
_ Figure 40, The pressure drop measurements were the first test on this
resistojet, before any significant amounts of nitride had formed, (this
is explained in Chapter 6), and were for undissociated ammonia.

5.3 Attached Shock at Skimmer Lip

Correct operation of the skimmer required an attached shock at the
skimmer lip. To try to provide evidence as to whether or not the shock
was attached optical flow visuaiization studies in the free jet were
investigated.

Of the various optical techniques the two which were applicable to
the present experimént were electron beam fluoresence and nitfogen fluoresence
or afterglow (28’ 29)._ Electron beam fluoresence enables detailed studies
within the free Jjet and nozzle region but réquires considerablé expertise
and equipment, and was not considered for these reasons. The electron
~ beam method is potentially epplicable to all gases, however the afterglow
technique is only applicable to nitrogen or similar gases (e.g. oxygen).
The mechanism involved is the afterglow or fluoresence from excited

nitrogen molecules produced by atomic recombination, the shock wave being

& region of higher density shows as & brighter region due to increased

recombination rates. Although fhé skimmer had not been designed for
operation with nitrogen it was expected that the shock at the skimmer 1ip
would still be attached, providing the skimmer was inside the mach disc
and the flow did not choke in the skimmer entrance. The position of the
mech disc was calculated for nitrogen as a function of plenum pressure

and temperature (Figure 41) using the measured pumping speed of the vacuum
chamber for nitrogen. For a skimmer placed 70D downstream the mech disc

wes always expected to be dowvnstream of the skimmer entrance, however to

rovide a greater margin and to avoid an ossible condensation effects
g
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the tests were conducted with the resistojet heated to approximstely
750°K. Stable discharges were only possible for plenum pressureé below
40Om Bar the corresponding vacuum chamber pressure was 2 X 1O~2_torr.

A brightened shock region around the skimmer was visible but due to
the low gas density and poor contrast the photographs taken were not
suitable for reproauction. Figﬁre L2 shows a line drawing taken from
the original photograph which shows the shock position and the electrode
configuration. The conditions for Figure 42 were plenum pressure = 350m
Bar, discharge voltage = 5KV, resistojet témperature = 753°K and the
vaecuum chamber pressure = 2 X ZLO—2 torr.

Previously calculated mean free paths at the skimmer entrance
predicted a shock thickness of several millimetres which mekes it difficult
to determine the exact position of the shock at the skimmer mouth but
frdm Figure L2 the shock originates from the skimmer lip and not from in'
front of the skimmer as it would if it were a bow shodk.

Eyidence from the nitrogén afterglow e%periments and the good agreement
bétweenvthe calculated and measured partisl pressures of ammonia at the
mass‘spectrometer inferred that an attached shock was present at the
skimmer 1ip.

5.4 Method of Calibration of the Mass Speotrometeré

The mass spectrometers were not equally sensitive to all gases. As
well as the mass spectrometers having different sensitivities for ammonisa
hydrogen and nifrogen, the tube connecting the mass spectrometers to the
skimmer and the mass épectrometer pumping system had différent conductivities
for the three gases. The free expansion flow from the nozzle is also

susceptable to mass separation effects (26, 11).

To overcome all these effects it was necessary to calibrate the mass
spectrometers by introducing known mixtures of smmonia, hydrogen and

nitrogen into the resistojet. .However because some of the separation
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effects depend on relative concentrations and total pressure, thus

requiring a large matrix of calibrations, it was found simpler to

calibrate after each experiment by varying the input gas mixture to
reproduce the readings obtained during the run. This method of calibration
did not reguire either a knowledge of the gbsolute sensitivity of the mass
spectrométers nor any corrections becsuse of the different conductivities

of the gases.

To ensure the free expansion flow was not substantially different
during the calibration and the actual measurements, the calibration were
carried out with tﬁe resistojet at a temperature of 820°K, This
temperature was well below that at which dissociation was initiated (9OOOK)
but was.sufficiéntly high to avoid any condensation effects in the free
expansion.

This method of calibrafion.also simplified corrections due to bacg—
ground pressures in the mass spectrometers, The most predominant of these
backgrounds was that due to water vapour which due to fragmentation by the
electron beam was observed at H20 (mass 18) OH (masé 17) and 0 (mass 16).
For each mass spectrometer there was a fixed ratio between the masses
18, 17 and 16 peaks due to water vapour such that the water vapour
contribution to an ammonia reading at mass 17 could be determined from the
water vapour present at mass 18. -

This correction to the ammohia readings was not always necessary
because the water vapour background did not change appreciably between the
‘time of the test and calibration, Which were usually within two‘hours of
each other. Ammonia was also observed in the mass spectrometer as mass
numbers 16 (NHz), 15 (M), 14 (N), 28 (N2) and 2 (HZ) due to fragmentation
'by the electron beam. The calibration method adopted did not require a
knowledge of the relative intensities of the fragmentation péaks because

during the calibration the .partial pressure of ammonia present was identical




to that during the actual measurements and hence made an equal contribution
to the fragmentation peaks.
water vapour) was also recorded with that at mass'number 1?, as repres-—
entative of the ammonis present becauseAthe background at mass 16 due to

water vapour was over an order of magnitude lower than the peak due to

ammonis..

The peaks recorded at masses 2 and 28 (hydrogen and nitrogen) were

not corrected for background readings becasuse of the very low and sub-

The peak at mass number 16 (NH2 + 0 from

stantially constant background pressures at these mass numbers.

The operating parameters for the two mass spectrometers are shown in

Table 5.

TABLE 5
Electron
E%zz;mn Beam 10N BOX 10N
Gurrent pa | Accelerating Ppotential V Path
. Potential V
EIDWARDS 60 76 -36 1.5cm radius
AoEo Io 5 70 ""20 lo OCHI I‘adius




Chapter 6

EXPERTMENTAL RESULTS

This section presents the experimentai results obtained with the
various resistojets. The results will be analysed in the next section
in relation to other theoretical and experimental reported works.

6.1 First Stainless Steel Resistojet

The first resistojet had been run for some considerable tiie (tens
of hours) before the measurements presented here were taken, and in the
light of the results_from the later staiﬁless steel resistojets this
explains their apparent inconsistent behaviour. Considerable running
time Wes needed to set up the mass spectrometers, skimmer, and fo arrive
at a satisfactory design for the ipner heeater, before dissociation
measurements were made.

Measured values of dissociation at various temperatures end two
mass flowrates are shown in Figure 43. It was proposed to ﬁerform
further ﬁeasurements at two more mass flowrates, however when attempted
it was found that, at constant mass flowfate and temperatﬁfe, the supply
pressure wes slowly rising with time. The measured supply pressure was
considerably hiéher than the theoretical prediction for the required
plenum conditions andvalso_higher than it had been on an earlier test at
otherwise identical conditions. ‘

On investigation it was found that the nozzle surfaces had become
coated with a black deposit. - At first it was thought to be caused by
hydrocarbons from the oil filled gasometer dissociating in the heater and
nozzle and depositing cerbon. However on examination if was suspected
of beiﬁg a nitride of either iron or chromium. No further tests were:

conducted with this resistojet which was cut in half (a2t right engles to

the axis into the gallery) to examine the inner heater surfaces. The




metal surfaces in the heater-were #ery hard and covered by a loose black
scele Which'had partially blocked the flow pasSaée. -'When theISGalé was
removed and the dimensions of the heater assembly checked it was found

" that the metgl surfaces had Beén eroded, more at the nozzle end than

the inlet end, such thaf the central plug diameter had been reduced from
13.5mm to 13;35mm at the nozzle end. This was coqsistent with nitride
formation, the metal wduld.be consumed as nitride was forned,.nitride
heving a larger specific volume than the parent metal would tend to close
the flow passagés as‘it gréw resulting in the observed pressure increase.

6.2 Nickel Resistojet

In an attempt to study an elementalvhigh temperature metal, niékel

was chosen as the ﬁaterial for the second resistojet. This choice was
made before the nitriding behaviogr of the first resisfojet had been
observed.

When the nickel resistbjet was first installed the exberimental
apparatus was functioning perfecfly such that measurements:of dissociation
could be made immediately. Measurements werevmade at températures in
the rangé 905 -~ 1053°K fof four different mass flﬁwrates. Dissociation
was évident during the first test and the results shown in Figure UL were
obtained. These results showed consistency and no evidence 6f blocking
was found during the course of the experiments.

On conclusion of the éxperiments the fesistojet was cut in half
to examine the internal surfaces, which were covered with a thin white
deposit. The metal surface had a very thin hard layer bﬁt no pitting
or erosion was observed. |

'6.3 Demountable Stainless Steel Resistojet

This resistojet was designed after the results from the first
stainless steel resistojet had been obtained. The objective was to

ensble the internal surfaces to be examined without having to cut the




resistojeﬁ in half so that if necessary it could be used again. With
the design adopted it was also ﬁoséible to insert a plenum pressure
tapping to measure pressure drop through the heater.

Initial experiments were»berfofmed to measure the heater pressufe
drop at various températures'andAmass flowrates. ‘-The temperature
range chosen was between 825 and 900°K; this was below the temperature
at which dissociation had been observed on the earlier stainless steel
resistojet, because dissociation may have resulted in nitride formation
-and possible blockage.

The,subéequent tests were to measure the dissociation of ammonia
’atltemperatures up to 1050°K. However the first time the temperature
was taken up to 1050°K no dissociation was observed. ‘This behaviour
was inconsistent with either the nickel or earlier stainless steel
resistojets,'an& sugéested that dissociation and nitride fdrmation.might

be associated and could possibly change with time.  Subsequent tests

.involved holding the resistojet at a constant temperature of 10759K

and monitoring the dissociation.

The results obtained are shown in Figure 45, dissociation below 3%
was difficult to measufe accurately. When dissociation become evident,
“the pressure drop through the heater and plenum pressure both increased.

After 8% hours running the resistojet was dismantled for examination.
Both surflaces of the ahnulus showed grey blister 1like formations, more
at the nozzle end than the feed end. These surface crustations were
examined with an electron beam probe the photographs taken shown in
Figure 46.  The top photograph shows a portion of the surface with a |
blister to left hand lower corner of the photograph. The middle
photograph shows the same area but the pattern of dots is a measure of
the nitrogen concentration in that area. This indicates a fairly uniform

nitrogen concentration across the surface. The lower photograph

indicates iron concentraticn end clearly shows a higher concentration in

g
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.the region of the blister.
| The conclusions to be drawn fgom these photographs is that the
blister is a build up of surface iron nitride, which had Been Suspected.
on the first stainless resistojet.
No further tests wére performed on this re?}sfojet because of the
time dependent natufé of the dissoéiation énd the possibility of blocking
precluded the use of this material for an operational resistojet.

6.4, A.T.S.I. 34,7 Stainless Steel Resistojet

This resistojet was similer to the first resistojet in construction
éxcept for the different grade of stainless steel used. The results
shown in Figure 45 are_similar to those of the demountable resistojet
‘and when cut apart elso showed a similar blistered surface.

6.5 Analysis of Nickel Resistojet Results

Of the results obtained with the various resistojets'only those
from the nickel resistojet readily lend themselves to analysis.in terms
of an activation enefgy. Various other workers had Eeaéured dissociation
of ammonia on metal surfaces, however Miles(jo) fitted his results into

an equation of the form

. _x (g)c le-B/RT
1-4d G
where d = fraction of dissociated ammonis -

K = constent
S = active area
G = mass flowrate
C = constant
B = activation energy
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The results from the nickel resistojet were reduced to the form of the

above equation and the best fit gave the equation

a s o8 ' 7 s 1.16  -65,550/RT
1-a = .9 x 10 ('('}") ev
: v
where G = mass flowrate gm/sec
'S = area m

R = 14.1868 KJ/kg. °K.

The results are shown plotted in Figure L7. The relationship derived
above includes a dependence on area as in the expreséion oft Miles,
however in the present expériments it Qas not possible to check this
dgpendenceo |

The expression derived by Miles for stainless steel is equivalent to

1 0.5 =51,900/RT

1 -4

- 1.06 x 10° (%)

'Comparing the two equations, the actiﬁation energy is higher for nickel

than stainless steel. This compares well with the results of Rabiere(Bl)
who fouﬁd less diséociation on Inconel (80% nickel) than stainless steel
and Miles who also found less dissociation on ﬂickel.

The mass flowrate exponent is élso much higher for nickel than
stainless steel, the reason for this is unc}ear, but the space velocity
(ress flowrate per unit surface area) is much higher.in this investigation
than in Miles's experiment (1.33 - 2.66 x 1o;5gm/sec. — in this experi-
ﬁ@nt and 2,09 - 43.5‘x 10_7gn;/sec° mm? in Miles's experiment) which may
acqount for the effect.

Catalytic dissociation of ammonia is beiieved(jz) to be dependent
upon the aﬁsorption of ammonia moleculeé on the cafalyst surface and
this in turn is dependent upon the number of available surface sites per

unit mass of gase. Hence one might expect a dependence on space velocity.

In this investigation the surface area of the resistojet was constant and
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an overall aependence on space velocity could not be fdund. No
dependence on pressﬁre was found whi;h varied from 354 to 548 ni Bar.
The experimental dafa points were used as input data in a coméuter
program suppliea by I. Edwards(19) which.predicts therflow through small
nozzles. The calculated performance figures, thrust, and specific
impulse veréus temperature are shown in Figures 48, 49, 50 and 51.

Experimental input data required for the program is plenum pressure which

" was supply pressure minus the heater pressure drop (measured for the

stainless resistojet), temperature and degree of dissociation. The program
then calculated thrust, specific impulse, mass flowrate and electric power
to the gas. The calculated and measured mass flowrates agreed to within

2%, Shown in Figure 52 is the calculated power to the gas (Watts) as a

function of temperature for the four mass flowrates and Figure 54 shows

the specific power plotted against temperature. Figure 53 shows.speoific
power (W)}N) plotted against specific mass flowrate (&"/N.sec), since both
of these quantities ﬁeed to be minimised for efficient operation' the lower
left hand corner represents more efficient operation. The highest masé

flowrate shows most efficient operation because of reduced losses in the

"nozzle (higher Reynolds number ).

For a1l four mass flowrates the specific impulse is approximately

© 210 seconds at 1OSOOK compared with 187 seconds at 10500K if no dissociation

OCCUrs. This will be discussed further in the next chapter with respect

to satellite mission requirementse.

6.6 Analysis of Stainless Steel Resistojet Results

The results from the three stainless steel resistojets cannot be
énalysed in the same way as for the nickel resistojet, however their behaviour
warrants some investigation. Had the demountable end 347 stainless steel

resistojets been held at high temperature long enough it is likely they

“would have become blocked as did the first resistojet. From the results

presented here it is obvious stainless steel is an unsuitable material for

ammonia resistojetse




The blisters formed on the demountable resistojet were found to

be an iron nitride which was ultimately responsible for blocking the

first resistojet. . Iron nitride is an intermetalic compound Fe_N,

3
thought to be formed in the presence of‘atomic nitrogen. Atomic
nitrogen is formed in the dissociatibn of ammonie and some is dissolved
into the metal matrix which can then form a nitride with the metel.
Nitrogen has a much lower solubility in nickel than in iron which is why
thick nitride layers were not found on the nickel resistojet within the
time scale of the experiment. However haa the experiment Wi££ the
nickel resistojet.oontinued, ultimately, thick nitride layers as on the
stainless steel may have formed.

Both Rabiere and Miles ha%e reported results of dissociation on
stainless steel,; the expression derived by Miles was quoted in‘the

previous section and the results of Rabiere reduced to a similar

expression are:- -

0.5 =~75,800/RT
e

8 ,8
o3 = 317x 10 (5)

The measurements of‘Rabiere were in the same temperature range as the
presént experiments and for a similar experimental configuration, two
_concentric tubes with flow through tﬁe.annulus, however the space velocity
was over an order of magnitude lower. In Miles's experiment dissociation
was produced on a 30mm internal diameter tube 620mm long which was the
preheater section to a catalyst bed.

The time dependent nature of the dissociation found on the

stainless steel resistojets can be quantified in the following relationship:-

d = 0.345 (log 4t - 1ogloto).

for t> to
where d = degree of dissociation
t = +time in hours
to = an induction time in hours
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to = 2.91 hours for the 321 stainless steel resistojet and 2.7 hours

for the 347 stainless steel resisto jet.

- This relationship would predict no dissociation in the induction
time period, this however is unlikely, the observed behaviour suggests that
in this period the metal surface is conditioned; ?erhaps b& the formation
of & thin surface nitride layer, and at later times it isv£his modified
surface which is responsible for the dissociation. Since neither Rabiere
nor Miles found dissociation to be time dependent it may be that their
experimentslwere performed. in the induction périod on a partially conditioned
surface. This could explain the difference in the activation energy of
the two expressions for dissociation on stainless steel, however the tiﬁe

dependent nature of the rate of dissociation as found in the present exp-

erlment suggests caution in 1nterpret1ng an expre351on of this form because

_the relationship may only hold for a sample of maoerlal with the seme history.

Table 6 1lists the condltlons present in the experiments of Miles,

Rabiere and the present investigation.

TABLE 6
Resistojet Miles's Experiment Rabiere's.Exberiment
Mass flowrate 20 =+ 40 x 1073 12 *A25O < 1070 0.5 =+ 5 x 1072
gn/sec .
Volume mm: 1.835 x 102- L.29 x 105 5.5_x 102
Ares  mt 1.5 x 100 . 5. 7% x 10 1.1 x 10°

Space Velocity

gn/sec m® ( )

1.33 2 2.66 1072 {2.09 5 43.5 x 1077 4.5545.5 % 1077

Mass flowrate _ " sl 3
per unit volume [1,09 +2.18 x 10 2,84 58,3 x 10  ]0.919 9.1 x 10

eu/sco ne? (8

Temperature

900 +» 1050°K 650 » 810°K 900 - 1150°K
Range

The mass flowrate per unit volume is a measure of residence time in the

heater.




b

Corrosion behaviour of stainless steel and nickel alloys in ammonia

d(}a)

atmospheres has beeﬁ reporte and it was found.that corrosion ﬁas a
minimum for 80% niékel, 20% chromium alloys (similar'to)Inconel) in the
temperature range 720 - 826°K. Figure 55'shows the results they obtained
at a temperature of 770°K in an ammonia plant line. Those alloys
containing chromiﬁm that suffered corrosion WereIShown by X ray diffraction
to have a brittle outer layer of chromium nitride and an inner layer of
nitrogen dissolved in the metal mafrix. The higher nickel alloys were

more resistant although not pure nickel, and some stainless steel

specimens were completely destroyed, the higher nickel content alloys

" showed a lower solubility for nitrogen.

The above evidence suggests that stainless steels form brittle
nitride surface layers in hot ammonia atmospheres, the time taken to form
these layers being dependent on both space velocity and temperature.

The present experiment had both the highest temperature and space velocity

_of the three investigations compared and was the only one where nitride

formation was observed.
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Chapter ¢
DISCUSSION ON RESISTOJET DESIGN

This chapter desls with resistojet design in general and is
divided into three main sections, heat input, heat losses and dissociation.
This design study is by no means exhaustive not-covering for example
material selection or mechanical design. It has concentrated on the
thermal aspects of resistojets which should be applicable to any sub-
sequent design adopted.' Where necessary reference has been made to the
performance of resistojets with no diésociation aﬂé full dissociatioﬁ.
The resistojet in these twa 1imiting cases is'assumed to havé the same

geometry as the nickel resistojet, whose performance is used as a

realistic measure, having been achieved in practice. ' The performsnce

~parameters, thrust, power to the gas, specific impulse, etc. have been

(19).

computed using the program of Edwards
7.1 Heat Input

The average power transferred to the gas in a thermal storage
resistojet operating in the pulsed.mode can be very low, conseéuently

the power consumptioh is dominated by heat losses incurred in maintaining

- the steady state temperature of the resistojet. A typical resistojet

producing 0.05N thrust at an operating temperature of 1000°K and for a
0.1% duty cycle only'requires an average pd%er of‘BOMN.yet it needs
approximately SW to meintain & constant température of 1000°K.  During
the period of thrusting the power requireu@nts are much'higher (80% for
the above example). Energy givén to the-gas during a pulse is taken
from the sensible heat of the metal which consequéntly drops in temp=-
erature. To ensure that the temperature drop is not excessive the heater

must have sufficient sensible heatrto'accommodate this energy consumption

during the length of the pulse. For example approximately lgm of Nickel
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is required to limit the temperatﬁre drop to 10%K in a resistojet
pulsed for SOms and producing Q.OSN‘thrust at 1000°K.

The heat mqy be supplied to the resistojet in twé different ways,
direct resistance heating of the resistojet or indirect heating from a
separate resistance heater. - Direct heating'diSPenses with a separate
heater and heats the ﬁetal surfaces directly, but because the‘resistojet
has a low resistance and tﬁerefore:requires a low voltage high current
supply extra power conditioners are requiredf' bThese conditionerslwhose
efficiency is approximately 90% at best further reduce the available
payload of the,satéllite. Fast heat up resistojets, in which power is
supplied only during a pulse, have been constructed using direét heating
where it is necessary to minimise the thermsl time constant and:cohs—
equenti& the mass of material in the resistojet. A separate heater
element cén»be tailored to the satellite power supplies thus diséensing
with power conditioners and can allow the designer more‘scope by, for
example not requiring electrical_continuity of'the résistojef°

To produce short (approximately SOms)‘Well defined repeatable
pﬁlses from a resistojet the héater passage volumes must be kept to a
minimum to ensure the filling time is considerébly shorter than the pulée
length. Heat transfer to the gas requires a large'éurfﬁce arca to
minimise the temperature difference between'the gas and heater. However
the pressure drop through the heater whiéh represents a loss and will
ultimately limit the pulse response, will bevgreatest for those designs
which both minimise the included volume and maximise fhe surface aresa, |
therefore a design compromise is necessary.

The flow geometry adopted for these experiments originated from the
Royal Aircraft Establishment {R.A.E.) Farnborough as a possible design

which could be constructed suitable for flight duty.
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The annuigr passage, heated internally by a separate heater
results in a Vény compact design with a small external surface area for
lowest fédiation loss. v

The flow through the annulaf passage is fully developed laminar
flowb(Reynolds number = 19.75 at T ='lOOQ°K,-and Thrust = 0.05N for
undissociated ammonia). - Treating the annular passage as two flat plates
it(is possible to calculate the heét trénsfer rat; to the gas. Assuming

-~

& temperature profile of the form

t '= tw + ay + by2 + cy3
where t = gas temperaturé
tw = well temperature )
y = distance from centre line of flow

at right angles to walls
- a, b and ¢ are constanté.
The local Nusselt number can be calculated, using a method similer
to that of Rogers and MayheW(BA),:to be 3f25° The overall Nusselt number

is the same as the local Nusselt number except for the entry length,

where the temperature profile is changing, and can initially be neglected.

Now
| Nu = bdPr
BCp
where Nu = Nusselt number
Pr = Prandth number
(3] = viscosity of gas
Cp = Specifid heat at constant pressure
h = overall heat transfer coefficient
d = disténce between pléfes

Taking values of Pr, # and Cp at & mean gas temperature of 650°K one

obtains

-2 oK—l

oy
1

0.1132 Watts cm

Now A . _
ow ¢ mCp (b4 = t3,)
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end Q = hAAR,

where A = hest transfer area
ATLM = log mean temperature diff'erenee

Equaéing one obtains |
lh { _W___out } . . b

tW - tin

Using the value of Cp at 650°K end a representative maes flowfate one

obtains i~
| b ﬁout
A b { ;GW—':T——'} = = 20.9
w in

Now t - t. = 700°k
W in

therefore t_ - t_ . = 6.3 x 10 7 %

out
This demonstrates that the heat-transfer is very good for the R.A.E.

designed resistojet, the outlet gas temperature being almost identical
to the wall temperature. The entry 1engfh which was neglected in the

(35)

ebove analysis is given by Schlichting

Le - 0.0h-odoReo .

for the above case where Re = 19.75

Le = 0.794 .
This result implies fully developed pipe flow at one channel width
downstream. The value of Reynolds number used above was for gas at
1000°K but within the entry 1ength the temperature will be considerebly
less and changing which will give a higher Reynolds number, however the

entry length will still be of the order of a few channel widths.
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If the heat transfer anslysis is repeatedeith tW -t equal

out
to IOOK the resulting area correspoﬁds to a length of 3.L5mm or 14

channel widths. >.It would therefore séem possiblé to reduce the heater
length of the present design from 17mm to.Smm end still have adequate

.heét transfer. ‘

‘The overall heater surface area may be deferminéd not from heat
'transfer consideratiﬁns but from the surfaée area required to obtain
sufficient dissociation of ammon:‘ia° In cases Wgere it may be advantageous
‘to suppress dissociation a heater of minimum area, from heat transfer
requirements, would help in ﬁhisvrespect.

7.2 Heat Losses

A thermal storage resistojet will attain aftemperature which will
be determined by the heat input, the heat losses which increase with
.temperature and the power suppliéd to the gas. With operation at low
duty cycles most of the‘heat supplied is used to maintain the temperature
of the reSistojef and only a small.pfoportion of the heat input is
actually transferred to the gas. . Low power operation réquires that the
losses be minimised to obtain the highest.temperatures and consequently
better performance.

Operation in a vacuum environment éllows only two heaf transfer
mechanisms, conduction and radiation. Convection however cohld be
important if the nozzle flow were allowed to permeate the insulation but
this would be as a‘result of bad design and will not be considered further.
The conduction:patﬁs available are the supports, fuel pipe, heater leads
and instrumentation leads (e.g. thefmocouples) if any, the first two
being the most important. A.iypical resistojet configuration might have
three mounting wires each O.5mm diameter, 15mm long and'a fuel pipe 3.0mm

outside diameter, 2.5mm inside dismeter, 25mm long and would expect the

conduction losses as shown in Table 7.
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TABLE

Temperaturé' Heat Los;es by Conduction WATTS
°k Stainless Steel '~ Molybdenum

000 | 2.15 8.79

1100 : 2.46 10.0
1200 2.77 11.3

1300 3.07 12.55

1400 - 13.8

1500 - 15.1

The losses for molybdenum are obviously very high end unacceptable,
those for stainless steél are more realistic up to the temperature limit
of IBOOOK. By careful de51gn 1t should be posslble to achieve conduction
losses of the order of 1 watt at 1000°K.

Radiative heat loss is more important fhan conductive losses
especially at high temperatures. A typicel r351stOJet at 1000° K would
radiate approx1mately 50 watts of heat if unlnsulated, which emphas1ses
the need for some form of insulation. Radiation shielding applied to
the body of the r831stoget can reduce these losses to approx1mately 3.5
watts at 1000 K(3 )} however the nozzle which cannot be insulated and will
be at or near the heater temperature will still radiate apprecisble emounts
of heat. An estimatg of nozzle radiation losses was made assuming the
nozzle throat was a black body and the rest éf the nogzle was a grey
body with én_area equal to the exit plane and an emissivity appropriate
to the materisl at that temperature. The calculated losses are shown

in Table 8 for nickel ard molybdenum for a typical resistojet nozzle.
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Heat losses by radiation. Watts.

1000°K

1100°K

1200°K

1300°K

1,00%K

1500°K

Molybdenum

0.17

0.2l

- 0.35

0.48

OO 85

Nickel 0.22 0.32 0.46 0,85 1.13

oo 6).{.-

The high levels éf heat loss by nozzle_radiation is a significant
fﬁctor. By using nozzles with small éxpansion ratios to give a small
exit plane area low radiation losses can be obtained. bIdeally to expaﬁd
tkhe flow into a vacuum an infinite area ratio nozzle is ﬁeeded; héwever,
because of boundary layer growth Which‘ipcreases with nozzle wall length
. and iarge radiationllosses nozz;es are truncated; . 25:1 area ratio in
the present design. For highef temperature operation it may be necesséry
to further truncate the nozzle>to an expansion.rati§ as qu as 5:1 to
reauce radiation losses. | Alternatively it may be possible to reduce
the overall nozzle size whilst maintaining the same area ratio, this
téchpique muist however be applied with caution because of increased
losses incurred in smaller ﬁoézlés due to thick boundary layers. In
trunceted nozzles increased incomplete expansion loss is traded for
higher temperatures and hence higher specific impulse. 
Radiation loss from the body of the reéistojet cen be reduced as

élready indicated by insulation. This can either be solid fibrous

insulating material or for much better performsnce multilayer metal foil

shields are used. Typically the shields would be made of molybdenum or
nichrome, essentially a high_temperaturé low emissivity materigl, and
would be separated by either a thin insulating material or they would be
"dimpled" to space them. Single shields of high reflectance (low

emissivity) gold have been tried, but are very susceptible to damage by
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evaporation of material from the resistojet to'the shield, which

quld dramaticaelly reduce its reflectanoe.- Further rediation loss is
incurred through the fuel pipe, for a fuel pipe without bends the
resistojet-would appear'és a biack body at heatef temperature. To
reduce this loss baffles installed in the fuel pipe act as radiation
shields. : | 4 B -

To illustrate the effects of heat losses on performénce for a power
limited resistojet it is necessary to compare the specific impulse (S.I.)
obtained for different power inputs. Total power input is the sum of
heat losses and power to the gas, which depends on the product of pulse

length, thrust level and pulse rate i.e. impulse per unit time.  Heat

" losses for thermal storage resistojets have been measured by DiXon(36)

and by usihg his results it is possible. to plot S.I. versus power input
for various values of impulse per unit time. This is shown in Figure
57 for two values of impulse 5 x 10_2 and 5 x lO—lmNs/sec which correspond

to duty cycles of 10 and 10 2 at a nominal thrust of 50m¥.  For duty

cycles less than 10"3 the power to the gas can be neglected and only losses

need be donsidered. The nickel resistojet results were used to compile
Figure 57 Which_explains the increase in gradient with increasing power
levei, it is in thié poﬁer (temperature) range that dissocietisen ié
increasihg and having a marked effect on performance. To illustrate the
dominating effect of heat losses on pefformance attained at constant
power the losses measured by Dixon were iultiplied by a factor of 0.9

and 1.1 and Figure 57 redrawn for the 5 x lO-ZmNa/sec case. The effect
is seen in Figure 58, the three lines corresponding %o the heat loss

nmltipiied by the factor 0.9, 1.0 and 1.1. The generai shape of Figure

57 is maintained except the curves are shifted with respect to one

another, at a power level of 5 watts a change of + 10% in the heat losses

chenges the S.I. by -8.5 and a -10% change by + 15.
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For resistojets which are power limited and operated at‘low duty

. cyeles the performance will depend #ritically on the degree of dissociatibn
aﬁé the efficiency of the thermal insulation. ~The conclusions drawn
from Figures 57 and 58 will hold true for 5o£h undissociated andvfully
dissociated ammonia although the shape ofvthe curveé will change and

the effect will be less marked.  Power levels of the order 6f_5 watts
have béen considered realistic for ammonia resistojets and the current
state of the art in thermal insulation enables ténperatures of the order
’of 1000%K to be attained at this power. It is.at these temperatures'
that dissociation increases significantly, therefore small improvements
in thermal insulation can.lead to significént performance iupfovenents.

7.3 Dissociation

In almost eny practical applicatign of pulsed resistojets the
system will be power_limited and the temperature will be determined by
the various loss mechanisms. To dissociate ammonia réguires énergy which
is not subsequently.recovered in the nozzle expansion. However the
average power to the gas is only a small fraction of the total power
supplied (at low duty cycle) therefore for meximum performance (maximum
‘specific impulse) it is advantageous to operate at as high = temperature
as possible and'to promote dissociation. Were continuous operation, or
operation at highbduty cycles required the overall power level would then
be determined by power to the gas and at low power levels it may be
advantageous to inhiﬁit dissociation if thi; is possible. This will
allow operation at higher temperatures with undissocisated ammonia which
" may produce a higher specific impulse than.operation at a lower temp-
erature with partially dissociated ammonia. The amount of smmonia

dissociated in any particulaf-resistojet will depend on‘ten@erature,
material, geometry and possibly pressuré and can best be determined by an

experiment as the present one.
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The effect of promoting aissociation is to lower the.mass flowrate
required for the same thrust at tbetexpense of a higher power consumption.
Itthas,alreaay been mentioned that for.duty ¢ycles of 10—3 or less the
total power consumption is almost independent of the power to the gas,
thus if one can promote more dissociation at & particular power level a
decrease in fuel requirements is obtained at eo expehSe{' An increase
in dissociation at a constant power level cen be obteined in several
ways, one is to improve the thermal insulation and operete at a higher
temperatufe as was demonstrated in the previous section, another is to
use a materisl which promotes more dissociation at the same temperature,
others include altering the geometny of the resistojet but this mgy
incur a penalty in elther pressure drop or transient response.

It is instructive to consider a typical satellite application to
illustrate the significant mass savings which are made when disseciation
occurs in the resistojet. A small satellite (100kg) in near earth orbit
will require gpproximetely 104 Ns yr—l of total impulse(ho) for attitude
control end drag make up. The beneficial effects of dissociation can
- be illustrated by comparing the fuel requirements for 1 year of operation
for undisSociated, dissociated and partially dissociated ammonia. The
partially dissoeiated ammonia case was taken to be the nickel resistojet
to represent_a performance that has been.achieved in practice. FPigure
59 shows how fuel requirements drop with increasing temperature, the fuel .
requirements for the nickel resistojet'appreaches the full dissociatien :

case at high temperatures and the undissociated case at low temperatures.
“However fuel requirements do not represent the only changes in mass, extre
solar cells are required to operate at the higher temperature. To
enable the mass of the solar cells to be taken into account a variasble
system mass is defined which includes the mass of fuel and solar cells

but negiects the mass of the resistojets, fuel tanks and control systems

whose mass will not vary greetly over the temperature rangetconsidered°

- 69 -




The variable sjstem maés will depend on the life of the satellite, the
performance of the resistojet and fhe efficiency of the thermsal
iﬁsulafion. Aséuming an impulse requirement of 10* N.s.yr_1 as béfore
for a 100kg satellite ﬁaving 12 resistojets, for 3 axis control, a
 projected life of 1 year and thermal insglation as described in.the
érevious section, the variable system mass then shows aﬁ increase with
increasing temperature as shown in Figﬁre 60. 'This is because the
solar bell mass increasesvfaster th;ﬁ the decrease in fuei requireménts
as the tempersture is increased, howevéf if a 5 year life is_assumed .
the variable system mass then falls with inoreasing temperature as can
be seen in Figure 61. At & temperature of 1000°K there is a difference
of over 8kg between the fully dissociated and undiséociated case, this
represents a saving of 25% in the variable system mass.
.In the design of_satellites it will not be the temperature of

operation which will be specifically limited but the power level, it is
therefore instructive to compare tﬁe variable system mass for the three
cases considered as a fqnction of power level pef resistojet and not
‘temperature. This is shown in Figure 62 for the 5 year lifetime case,'
which showsvthe same behaviour as Figure 61, but it now becomes easy to
see that it is operation at higher‘power levels wﬁich_will lead to the
lowest mass in this case. As the power level (and consequently
temperature) is increased the fuel reqﬁirements will continue to fall,
however the mass‘of the solar arrays needea to subply the power will
increase more quickly'(radiatioh which is the main loss is proportional
to Th) and a power level will be reached at which the systém mess will
be at a minimum for that particular configuration. The power level
and temperature at which this minimum occurs will depend on mission
requirements, degree of dissociation and the efficiency of the thermsl
. insulstion. t can be seen in'Figure 60 thét system mass rises for both

undissociated and full dissociated ammonia with increasing temperature,
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but falls for the nickel resistojet. The optimum temperature and power

level is therefore lower than 900°K for the two limiting cases but
higher than 1050°K for the'nickel resisto jet. >For,satellités with
short'projgcted lifetimes fhe extré compleiity of resistojets may not

be ﬁarranted to obtain sﬁall mass sévings'over a cold jet system |
especially if the optimum temperaturé of the resistojet is low.and éhe
émmonia is undissociated; .It is for satellites Whose lifetimes are of
the order of 5 to 10 years.that considerable mass savings can be made

by using resistojets operating at high temperatures. It is only by
knowing the performance of the reSistojét and thermal insulation as a
function of temperature and the miséion requirenents that an analysis of

this type, which leads to the concept of an optimum power, can be under-

taken.

To facilitate the prediction of performance of the nickel resisto-
Jet over the temperatﬁre'range'studied, a carpet plot of thrust versus
S.I. has been prepared and is shown in Figure 63. This carpét plot hds

been reduced to the equation:-

F = 2.2 n T173 x 10™* Newtons
where m = mass flowrate gn/sec
T = Temperature oK

The carpet plot and eqﬁation Wili only hold for the particular resistojet
configuration which was used in this work, ény other configuration wilil
need to be investigated experimentally, either directly by measuring
thrust or by predicting the performence from the measured nozzle stagnaticn
conditions és hés been done he}e.

To be considered fof operational use on a satellite a resistojet

system would need extensive testing'to show it could operate satisfact-

orily during the life of the satellite; typically 1 to 10 years. The




'behaviourvof the stainless steel resistojets obviously precludes their
use on an operational satellite. The nickel resistojet performed
repeatabily and reliably in the tests condﬁcted but they only lasted
about 10 hours, however ét‘a mean thrust level of 0.05N this represents

approximately 2 x 103Ns of impulse or the impﬁlse requirements for 1 year

for the satellite considered‘above°

7.4 Qverall Design Considerations for Electrpthermal Thrusters

When a particﬁlar miséibn reQuirement isispecified for a saﬁellite
the total attitude control impulse Will also be determined.and also at |
which thrust level and individuai impulse bit this total impulse.is-
requiredf This requirement is then translated into a‘provisidnal
thruster design at the required thrust level. In the case of ammonie
resistojets the work of T Edwards(19) on the analysis of small-nozzleé
would provide invaluable design information.

However once a preliminary design has évolved it is then necessary
to construct and then~eva1uate the particular design. |

In the inifial design stage one rélies on experience obtained with.
previous designs and parametric data applicable to fherproposed design.
It was with the intention of providing data on émmonia dissociation, to
simplify thruster design, that the présent project was undertéken. It
was decided to start with easily fabricated paterials; stainless steel
'and nickel to gain experience, and then proceed to materials which on past
experience were serious Qontenders for ammonié resistojets (molybdenum,
rhenium, Haynes 25). The results of the short duration tests on the
stainless steels obviously exclude them from further consideration for
use as ammonia resistojets. Similar scale formation has been found on
electrothermal hydrazine thrusters of stainless steel where atomic
nitrogen formed when hydrazine decoﬁposes into ammonia and nitrogen could

have been responsible. Materials which have been considered for the
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construction of electrothermal thrusters are platinum, rhenium,

molybdenum aﬁd Haynes 25. Unfortuﬂately each of these materialslhas

its own particular drawback. Platinum suffers from high temperature
embrittlement, rhenium is very expensive and the énly satisfactory

method of fabrication is by chemical'vapour depositon followed by elecfron
beam Weldihg, but, because it is the only material Whichrretains strength
and ductility to high temperatures (> ZOOOOK) may be the final choice.
Molybdenum is difficult ﬁo fabricate and suffers embrittlement, Haynes

25 is a cobalt alloy which has been used for hydrazine resisto jets
operating at temperaturés up to apprdximately lOOOoK and has shown good
long term properﬁies at these temperatures.. Haynes 25 can be machined
with difficulty, it was not used in the present experiments.because the
materiai was not available in this country and the:equivalént British
alloy was not availaﬁle in the-billet size necessary to construct the
resistojef design adopted here. Larger Eillet sizes were to beAavailable
but not Wifhin the time scale of the present experiments.

Sufficient information is available to design a thruster with
respect to mechanical pgrformance, heat transfer, pulse response and
pressure drop, however very little infbfmation exists on ammonia decdmp-
osition and the actual performsnce of the resistojet would have to 56
measured and could be considerabl& different frqm that calcuiated depending
on the degree of ammonia decomposition assumed and thet actually achieved.

An extension of the work perfonmed here is a parametric study
of ammonia decomposition in resistojets consﬁructed of the materiais
listed above. = Armed with this informetion the thruster designer could
make a much more accurate inifial guess and would also enable a @ore
rigorous design optimisation to be performed. |

During testing of & proposed thruster simultaneoué monitoring of
both thrust end dissociation would give & more complete underﬁtanding of

the processes which lead to changes in thruster performance. For example




'the staihless steel resistojets tested here would have shown an

iﬁcrease in thrust with time as shqwﬁ in Figure 56?_but the reason

for this change is apparent, only when one measufes dissociation. For
pulse testing of'resistojets it has been found difficult to measure low
(0.0SN) transient fhrust but with modification to the skimmer arrange-
ment to allow an in 1ine mounting of a quadrapble mass spectrometer it
would be possible to measure the species present during & 50ms pulse and
relate this to thrust. This modification would also allow the measure-
ment of the change of exhaust gas composition of hydrazine thrusters as
the heat from hydrazine decomposition heated the thruéter'into the
temperature range for decomposition of ammonia.

It can be seen that measurement of exhaust gas species as well as
the more usual parameters (pressﬁre, temperatufe, mass flowrate, thrust
etc.) allows a more complete understanding of the processes faking
place in resistojets and will enable designers £o make better résistojets

whose predicted and actual performances compare more favourably.
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