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Numerical Study of a Novel Monolithic Heat Exchanger for
Electrothermal Space Propulsion

F. Romei and A. Grubisic
University of Southampton, Southampton, SO17 183, U

Abstract

Fully-coupled multiphysics simulations are appliednvestigate a number of candidate heat exchamgégrials in the Super-
High Temperature Additively-Manufactured Resistqj8TAR) thruster. Two mission applications are édeied: a low earth
orbit (LEO) primary propulsion application and acsedary reaction control system (RCS) applicatidnan all-electric
geostationary (GEO) telecommunications platfornghdiemperature operation provides a significantdase in specific impulse
over the state-of-the-art Xenon-resistojets. Int@A8 is investigated for moderate-performancel6© applications, while pure
tantalum and pure rhenium are examined for theemxdrtemperature high-performance GEO applicationul&@tions determine
the attainable performance including heat trandewier-Stokes continuum flow and Joule heatingspts/in both transient and
steady state. Nozzle efficiency, heat exchangeciefifcy, electrical characteristics and other keyfqrmance indicators are
explored.

Keywords: Electrothermal Propulsion; Additive Manufacturingzeometrical Arrangements Design; High Temperature;
Refractory metals.

1. Introduction

Electric spacecraft propulsion has been in devetjnsince the 1960s, with numerous high-value t¢ehenunications
satellites now carrying electric propulsion, pemiaig combined electric orbit raising and statiomei@g functions. This
combined application has been termed all-electnitt presents a highly mass efficient solution fdedems spacecraft. A new
possibility has emerged for geostationary (GEO)tfptens, whereby all-electric systems is augmentgdulilising high-
temperature xenon (Xe) resistojets for the reaatmmtrol system (RCS) [1]. On all-electric spacéciRCS systems still require
hazardous hydrazine propellant in a separate imilpe secondary propulsion system, presentingfgignt cost increase and
integration complexity. A xenon resistojet, opergtin parallel with an all-electric system from amamon propellant, would
remove the requirement for hydrazine systems [@ftHermore, high-temperature xenon resistojetsccauprove the existing
performance of state-of-the-art Xe resistojet ttexssused as primary propulsion for low earth ofltifO) spacecraft 3, 4].
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Fig. 1. STAR prototypethruster in 316L stainless stedl.

Electrothermal heating augmentation provides aifsigmt improvement in performance with respectidd gas propulsion
systems. However, to facilitate GEO mission appilices a significant increase in performance is imegliover existing state-of-
the-art resistojets [5]. The Super-high Temperatdeditive Resistojet (STAR) meets these requiremdint utilising a novel
regenerative monolithic heat exchanger manufactbse&elective Laser Melting (SLM). A proof-of-comtethruster made of
316L stainless steel has been successfully testhijh vacuum with argon propellant [6, 7] (Fig). Whilst this material allows
only a limited operational gas temperature fordation, high-temperature materials are necessabyild a high-performance
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STAR engineering model. A tantalum heat exchangerbbeen successfully produced via SLM, with theesgeometry of the
316L prototype [8]. This latter result shows thia¢ tSTAR thruster geometry is achievable with theterial and provides a
baseline for further investigations using otheraetfory metals in pure metals or alloys.

1.1 Super-high Temperature Additive Resistojet Desoript

An electrothermal thruster accelerates the propetias thermodynamically. Therefore, the higherghe temperature and
pressure, the higher is the exhaust velocity. tepto understand the physical phenomenon, lebaosider the simplest model of
an electrothermal thruster with the following asgtions: (1) a one-dimensional flow; (2) constanedfic heats; (3) the
electrical powerP»,, is transferred to the gas with 100% thermal &fficy, with the propellant gas reaching a finabstgion
temperature??,, equal to the chamber temperati®;. The gas stream is accelerated through a de lbazale, where the static
temperature decreases?®, at the nozzle exit. If the total enthalpy is conserved along the thruster axis, such aprbeess is
adiabatic, then the total enthalpy is given by Eg.where for an ideal gas = ?7»,??, with ??», the gas constant pressure specific
heat per unit mass. Therefore, the total enthalifiyp& equal both in the thruster chamb&}) @nd in the nozzle exit plang?j. It
is also convenient to assume thiat << ??» and??» > ??» and obtain the relation given by Eq.(2) [9]. Tipedfic impulse]s, is
the main thruster performance parameter expresseskedéonds through Eq.(3) whefgis the nozzle efficiencyT, is the
stagnation temperature at the nozzle inlet gqithe sea-level gravitational acceleration. Spedifipulse is related to the exit
velocity, ve, of the propellant. A high-temperature resistojeiximises the stagnation temperature, thereforegheific impulse.
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1.1.1 Materials selection

In the current research, SLM has been used to peodie first additively manufactured resistojethwa monolithic
regenerative exchanger (Fig. 2). This consist®of thin-wall tubes, connected to form an eleetriesistance path, in which
power is dissipated when a potential is appliece ibat exchanger component also includes an inéegcanverging-diverging
nozzle. The first prototype of the STAR thruster 3il6L stainless steel, can operate in the regidil60 K depending on the
mechanical load and environmental conditions. TAARS geometrical design has been developed to be wsth high-
temperature materials to obtain a gas temperatuteeiregion of 2500 K.

Fig. 2. Axial-symmetric schematics of the STAR monolithic heat exchanger concept. The xenon flow path (purple) and the electrical interface are shown

(5]

In the literature, the resistojet heat exchangeasigeshown to provide the highest overall efficierfor the highest gas
temperature is the concentric regenerative typ€elP0In this design, the resistive heating elersatso form the flow channels,
which results in direct heating of the propelldfdr these reasons, the maximum gas temperatulesis the maximum structural
temperature of the thruster. In past research esudvith hydrogen propellant, the design offerecoaerall efficiency of 79%
with an electrical power of 3 kW, reaching a gamgerature in the range 2400 — 2500 K [13, 14].

The only materials capable of both reaching thepemature and thus performance requirement of th&RSfhruster that can
also form an electrical heater are refractory nsedad their alloys. By definition, refractory metdlave a melting point higher
than 1800°C and are characterised by high hardaeseom temperature [15]. Commonly, the refractorgtals consist of
niobium (Nb), molybdenum (Mo), tantalum (Ta), tutegs (W) and rhenium (Re). The only pure materidle a0 work in the
region of 3,000K are Ta, W, Re and Os. Os oxidmlatile and extremely toxic, therefore it is rgreked in its pure state, and it
is instead often alloyed with other metals.

Table 1 shows a comparison between four candidaterials for the STAR application: Inconel 718 gmdle Ta, Re and W.
Parameters for comparison are the melting rangkeomaterialsT i, the maximum operating temperature, MOT, the rzdtale
specific impulse s, and the hot to cold specific impulse gaig;, The specific impulse is calculated using Eq.(3thwhe



assumptions ofy= MOT andn,= 90% Fig. 3 depicts?Sp as a function of the stagnation temperature cafedlusing Eq.(4),
which can be obtained with the ratio of specifipuise calculated in the cold gas (300K) and inhibiegas cases.

Table 1: Comparison between candidate materials and attainable performance.

ParameterUnits Inconel 718 Tantalum Rhenium Tungsten

T, K 1533-1609 3290 3459 3700
MOT K 1350 2640 2800 2960
lep s 60 84 86 89
lep % +53 +66 +67 +68

- 300K
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Fig. 3. Specificimpulse gain with increasing stagnation temper ature. The materialsin analysisare highlighted in orange

Fig. 4 shows the electrical resistance of Incatid [16], Stainless Steel 316 [17], Rhenium [salmhealed] (from COMSOL
material library), Tantalum and Tungsten with puabove 99.9% and 99.99% respectively [18]. Incatielys are high-strength
and corrosion resistant nickel-chromium materialsducommonly up to 1000 K. However, they can opeaattemperatures as
high as 1350 K depending on the ambient and loaditons. Whilst this material can only developtop60 s specific impulse
with the above assumptions, the increased electssstivity is attractive for the developmentafigh performance thruster
LEO applications. In particular, a higher resismmould result in a reasonable supply voltage fgivan power, which is more
convenient from a power supply perspective. Initamg the resistivity of Inconel is quasi-constamth a cold-to-hot ratio of
93%, while for Re, Ta and W it is of 16%, 13% afd fespectively (Fig. 4). The high ratio avoidsuarent peak load at cold
thruster ignition if operating at constant voltageally, Inconel is compatible with iodine progeit [19], which is a promising
alternative propellant to Xe for the future of détecpropulsion [20, 21].
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Fig. 4. Electrical resistivity of selected materialsfor the STAR resistojet heater. The materialsin analysis are highlighted in orange.

Pure Ta, Re and W, are the highest melting poiinactory metals available, therefore attractive tteg STAR application.
Whilst W has the highest melting point among theedd, it also has a high ductile-brittle transittemperature, in particular after
heating above 2270 K, and also has a tendencyattk aturing welding [22]. For this reason, pure Welignination as a heat



exchanger material choice. Pure Re does not présese issues and has been successfully demodsit2600 K with hydrogen
propellant [13, 14]. Ta is another suitable mafewith similar operational temperature, which hesellent resistance to
corrosion and heat. Its implementation to the STARIster is currently in development, and the nooiical component of the
monolithic heat exchanger has been printed suadgssf Ta with selective laser melting [8].

With respect to W, which is accessible at a reddyivow price, Ta is an order of magnitude moretlgosvhilst the cost of Re
is one further order of magnitude. While the cutreomerical study considers pure Ta and Re, ulgiyathe STAR heat
exchanger material will be in an alloy of refragtonetals. In particular, commercially availableoght of interest are Taw, TaNb
MoRe and WRe. The latter is of significant interastRe transfers its higher electrical resistiiitalloys of W (Fig. 4), which is
more suitable for the STAR.

In general, resistojet materials selection is &lased on appropriate testing in a relevant envieoinit should be noted that
the maximum structural temperature of any matelgglends on the mechanical load and on the amhpenitons. The resistojet
is exposed to the vacuum space environment, ordesprised inert monoatomic xenon. Xe used in ieptopulsion has
typically a purity of 99.9995%, with a maximum imfiy of 0.1 PPM. Finally, the only load during op&on is determined by
the degree of thermal stress that the heating geaserFor these reasons, the maximum structurglebetures selected are only
an initial approximation to serve as a base ofrtkiestigation conducted in this paper.

1.1.2 Mission Requirements

The design priority for the STAR thruster is tor@ase the stagnation temperature of the propebatfie maximum possible
level, therefore increasing fuel efficiency. Theuster requirements are defined by two missionaawes, which would benefit
from the STAR thruster [5]. Table 2 shows the regmients on the maximum expected operating pregME©P), the thrust
range, the average electrical power and the spadwunation, which is the maximum allowable timewhich the thruster shall
reach steady state operation in full working terapee.

In this analysis, Inconel has been selected fosthall LEO platform scenario, due to compatibilitith power requirements
while provided reasonable specific impulse improgamwith respect to the current available Xe-regi4s. Ta and Re are
selected instead for the GEO platform scenario.tihhee thrusters are named STAR-Inc, Star-Ta anmsRSRe respectively.

Table 2. Resistojet requirements for two selected missionswith Xe propellant.

Parameter M1: Small LEO platform M2: GEO platform
MEOP, bar 4 4
Thrust range, mN 20-50 50 - 500
Average power, W <50 <500
Start-up duration, s <60 <60

1.2 Methodology

The methodology of investigation is summarized able 3. The dimensioning of the thruster for the¢hcases in analysis
(STAR-Inc, STAR-Ta and STAR-Re), begin with the dimsioning of the nozzle throat. Firstly, 1-D eqols are used in step 1
to provide the throat radius and an initial estenaftthe Reynolds number at the throat, which detes the flow regime within
the nozzle. The throat radius is an input for tRé@&ptimisation (step 2), which determines the moptin diverging nozzle angle,
aqpy, Maximising the specific impulse for a given stajon condition. In this step, the nozzle efficigng,, is calculated and
serves as a baseline for the specific impulse ohitation in the following steps. The obtained nezgeometry provides a
computed mass flow rate, which is used for theofeihg simulations of the full thruster. In steptBe influence of the thermal
insulation and of the radiation shielding are désad. In addition, a stationary solver is useddfind the electrical current
necessary to reach the MOT of the respective naddefstep 4). In step 5, a time-dependent studisésl to depict the heating
time of the thruster at constant current. Finadlyeating cycle example is shown for STAR-Inc. Thétiphysics simulations are
made with the software COMSOL Multiphysics 5.3 ([BuR60). Where not otherwise specified, the sgttiof materials, physics
modules and solvers use default parameters.



Table 3. Summary of the study steps performed on the three cases under examination.

Description Input Output

1-D de Laval nozzle, adiabatic wall, constant dpebieat expansion

1) Nozzle dimensioning PoTo= T Ky r.Re g,
2-D axis-symmetric, adiabatic wall, RANSekurbulent model

2) Nozzle CFD-optimisation lPoTo = Ty Qg F ol sp& hyy
2-D axis-symmetric, laminar flow, stationary

3) Insulation and radiation shielding assessment 1% N N, , insulation

4) Find the current to reach MOT in infinite time @y, 1o, N, , insulation Iy = MOT)

2-D axis-symmetric, laminar flow, time-dependent

Initial condition = cold stationary

5) Find the heating time at different currents solution t (Il )

6) Heating cycle example of STAR-Inc & By, leyce To(1), Ty (1), D(1 o))

2. STAR Nozzle Study

In this section, the nozzle is dimensioned to niketrequirements of thrust at the MEOP. At the saime, the nozzle
diverging angle is optimised to maximise the spedihpulse at given stagnation conditions. Firstlye mass flow rate is
estimated using Eq.(5), with the specific impulsécalated at the MOT of each respective materiab(&@ 1) and using the
required thrust for each mission with a 5% margiable 2). In the assumptions of a 1-D de Laval lgzdiabatic wall, constant
specific heat expansion, the mass flow rate thrahghnozzle can be expressed by imposing the nmsschocking condition
(Mach = 1), which leads to Eq.(6), whergi#Athe throat area andthe specific heat ratio. This relation is useatatculate the
throat radius at the given stagnation conditiore Reynolds number is evaluated at the throat thuat@athe flow regime using
Eq.(7), where the dynamic viscosity of Xe is expegbas a fourth order polynomial valid up to 300[28.
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Fig. 5 shows the design regions correspondingegdwo missions M1 and M2, where the calculatedahradiuses guarantee
a working pressure corresponding to the MEOP atnilagimum thrust level. While a smaller throat wouldt generate a
sufficient thrust at the MEOP, a larger throat vibdlecrease Reynolds number. The dashed iso-Reyhoéss indicate the
laminar-turbulent transition for a pipe flow (Re€2200 — 4000).

Resistojets usually generate a relatively low thiesel and are designed to operate at low chamigssures with small throat
dimensions. For these reasons, the Reynolds nurabdoe low and the viscous losses significant. &ffect can be mitigated by
shortening the nozzle and by increasing the divergeangle [24]. For Reynolds numbers below thesttiam zone, the viscous
effect becomes relevant and can significantly loter nozzle efficiency [25, 26]. This has been proexperimentally for
different nozzle shapes [27]. For this reasongafémperature STAR using Ta, Re or W is not dbréor M1, as the resulting
Reynolds number falls in the laminar region ovex thhole range of thrust (20 — 50 mN). This issu@as present for M2,
Therefore, the analysis is restricted to STAR-Inctlee M1 LEO requirements and to STAR-Ta and STAReR the M2 GEO
requirements.
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Fig. 5. Flow regime estimation with design box (in blue) in the (1sp, F) plane for the two missionsM1 (left) and M2 (right). I so-Reynoldslinesindicate the

nozzle flow regime, where the dashed-delimited area corresponds to the laminar-turbulent transition. Markers locate the maximum specific impulse
attainable using Inconel 718 (diamond), Ta (triangle), Re (square) and W (circle).

2.1 CFD-optimisation

The nozzle has a fixed inlet to throat area rafid®@ and a fixed outlet to throat area ratio 0020he internal geometry is
smoothed with fillets of the same radius as theahrThe converging angle if of 45°, while the dgieg angle,a, is the
parameter to optimise. The selection of the nodierging angleg, is a trade-off between the influence of viscosity the
nozzle wall, and the divergence of the flow. A CBftimization coupled method is performed to deteemihe optimum
diverging angle, given the stagnation conditionsiclv maximises the specific impulse.

The model solves full N-S equations of a comprésdibw, assuming a 2D axis-symmetric geometry andadiabatic wall.
The compressible Navier-Stokes (N-S) equationkénvectorial form are conservation of momentum(&mf mass, Eq.(9), and
of energy, Eq.(10).

r(uxR)u = R - pl + m(Ru + (RWT) - 2/ 3n(R )] + F ®)
N x(r xu) = 0 (9)
rC (uxN)T = Nx(kNT)+ Q+ Q, + W, (10)

Whereu is the velocity vectorQ,, is the viscous healt, is the pressure work contains the heat source and F is the volume
force. In this caseQ = F = 0. The High Mach Number Flow (HMNF) interface is dsgssuming a turbulent flow, which is
modelled with the standard k e model and the built-in Kays-Crawford heat transgarbulence model [28]. At the inlet,
stagnation pressure and temperature, and turbuleamgables are defined. For a fully developed pilpev, the turbulence
intensity, I+, and the turbulence length scdle, are expressed by Eq.(11) and (12) respectiveigreD, represent the hydraulic
diameter of the nozzle inlet. At the outlet, theibdary condition is defined as static presgure0 bar.

I; = 0.16R&"® (11)
h

L; = 0.03D, (12)

The gradient-free Nelder-Mead optimization soleeused to maximise the objective functidnwhich is equal to the specific
impulse calculated with Eq.(5), where the mass ftate and the thrust are defined at the nozzleptaiie through Eq.(13) and
Eq.(14) respectively. These variables are thecstathperature and pressure, and the radial antl@figponents of the velocity
respectively.

2p I'e

= ¢ Qrwdrd (13)
00
2p 1,

F = (14)

O O(rw? + pydrd
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2.2 Computational Grid Convergence

A structured computation mesh is parametrized dsnation of a refinement parametér which is used for the mesh
convergence analysis (Fig. 6). Both the numbemadfal elements and the number of axial elemergspawportional td. The
discretization is refined close to the nozzle wiadl, where the boundary layer is located. In paldr, the radial elements have an
element ratio of 5 (ratio between the first and tadial length) with arithmetic progression. Thember of quadrilateral elements
if of 185 whenf = 1, 4450 wheri= 5 and 17700 whef= 10. The refinement parameter selectefd=$5, which corresponds to a
relative error with respect to the finest solutlmeiow 0.5% for mass flow rate and thrust calculatedntegral at the exit plane
(Eg.(13) and (14) respectively). The relative efourT, p, u andw, calculated as average at the exit plane, fals#8%.
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Fig. 6. Relativeerror of variables measured at the exit plane of the nozzle as a function of the mesh refinement parameter.

2.3 Results

Fig. 7 shows the optimisation results in termsnofzle efficiency, defined as the ratio between ¢benputed and the
theoretical specific impulse, where the latteriieeg by Eq.(3) withy, = 1. Table 4 summarises the results of the opéititis
process in terms of nozzle optimum diverging anglg, theoretical mass flow rate from Eq.(6), computeabs flow rate, thrust,
specific impulse and Reynolds number evaluateeathroat using Eq.(7) with average temperaturedgmadmic viscosity. It can
be noted that the optimum angles are similar. Ehi®t surprising since it is strongly dependantf@Reynolds numbers, which
are also similar as previously discussed.

The calculation of the thrust using Eq.(14), heapecific impulse, is valid if the pressure ternsigficiently small when
compared to the total thrust. If the pressure tisrgignificant, the nozzle operates in a strongemakpanded mode. In this case,
the streamlines at the exit of the nozzle are sibdjeto greater divergence loss, which results lioweer specific impulse. This
effect cannot be evaluated with the geometricalimgsgion of the current model of a truncated nozléhe exit. All three cases
analysed are within the model validity, since thesgure term represents approximately 0.5% ofdta thrust, which suggests
that 99.5% of thrust is due to momentum.
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Fig. 7. Specific impulse efficiency optimisation for thethree casesin analysis, asa function of the diverging angle of the nozzle.



Table 4. Results of the nozzle optimization for the threethrustersin analysis.

Parameter  STAR-Inc (M1) STAR-Ta (M2) STAR-Re (M2)
Ty, K 1350 2640 2800
r, , mm 0.169 0.535 0.535
&, My/s 89.3 638.7 620.1
&, mg/s 86.55 620.7 602.65
F , mN 52.8 530.5 529.8
Isp, S 62.2 87.1 89.6
h,, % 93.3 93.5 93.4
CHN 16.64 16.25 16.45
Reg 4028 5734 5349

3. Multiphysics Study of the STAR Thruster

In this section, the STAR thruster is modelled valeate the electrothermal solution of the wholatrexchanger in the three
cases of STAR-Inc, STAR-Ta and STAR-Re.

3.1 Geometry and assumptions

The STAR high-temperature resistojet computatigeaimetry is shown in Fig. 8. The propellant enfesm the rear of the
thruster (inlet) and flows through the annular osteell of the body. At the point of the nozzle gga the flow is directed into the
inner heat exchanger, composed of four thin-wddétu In order to increase thermal efficiency, leatsfer from the high-power-
density inner four walls to the outer shell of theuster which ultimately radiates heat to spaamirimised. The STAR design,
therefore, includes a vacuum jacket to insulateinher heat exchanger. Furthermore, the desigmdiesl an optional radiative
heat shield, made of thin foils, placed in a vacyacket to minimise the radiative heat transfenfriie inner to the outer part of
the heat exchanger. In addition, a thermal insulfatdher lowers the casing temperature to minintise radiation to space. The

casing is surrounded with a thin metal foil of lemissivity. The influence of the radiation shielgland of the thermal insulation
is discussed in Section 3.3.1.

Casing Nozzle Spacer Thermal Insulator Collar Inlet

Nozzle Tubes: 1,2, 3 and 4 Radiation Shielding

Fig. 8. 2-D axial symmetric geometry of the STAR thruster.

The four tubes of the heat exchanger have a thiska300 pm, 150 pm, 150 pm and 300 pm respegtivelll simulations.
This feature size is achievable with SLM and hasnbealidated with the successful fabrication of $AR-0 316L prototype
and of the Ta heat exchanger. The length of the tighes is set to two times the nozzle length, wihalows from the nozzle
dimensioning (Section 6). The resulting tubes lbngof 15.5 mm for the STAR-Inc thruster and 8fmm for the STAR-Ta and
Re thrusters. The vacuum gap width is set to Intedi the nozzle outlet radius. The diameter of trental insulation is
approximately equal to the full length of the thars The tungsten foil radiation shielding is 30 thitk and wrapped within the
vacuum jacket, at a distance of 1 mm from the i@t exchanger walls and 0.2 mm between each layer



A specific material is applied to each domain shomirig. 8. Where not indicated otherwise, thesdemals are available
within the current version of the softwar¥enon [gas]is used with modified dynamic viscosity and thelrroanductivity
(sourced from [23]) to extend their validity to 30&. Inconel 718 [solid,full hardened]Tantalum [solid] and Rhenium
[solid,annealed]are used respectively for the metal partagsten [solid,Ho et alis used for the radiation shielding foils and for
the casing external boundaries. In the case of STn&Rthe selected thermal insulator material isnRalight — 1200 [29], while
for the other two thrusters is Denka Alcen [30]eThrmer is rated 1200°C made from an opacifieadblef filament reinforced
pyrogenic A}O,, while the latter is rated 1600°C, composed oblggrystalline wool fibre with AIO; (80%) and Si®(20%).

For the thruster simulations, the nozzle flow i$ solved. It is assumed that the heat transfer detwhe nozzle expansion
area and the thruster body is negligible. Therefeag (8) to (10) are solved for weakly compressidw, as such the density is
evaluated at a reference pressprgs po, and is temperature dependent. The flow reginasssimed laminar for all the following
simulations. Joule heating is modelled using thecteical Currents (EC) interface, which is coupleith the HT interface to
evaluate the heat sour@ein Eq.(10). A constant current boundary conditismpplied at one end of each tube, while at theroth
ends the grounding boundary condition is applietle Tnlet boundary is set the mass flow rate reduftem the nozzle
simulations (given in Table 4), while at the outdeundary the stagnation pressure is defipge, 4 bar.

Surface to ambient radiation is applied over theletexterior of the thruster, such as on the caaimjthe nozzle boundaries.
For the nozzle surface, radiation to space is asdumconstant emissivity of 0.3 for Inconel. Suefég-surface radiation is
applied to the internal walls of the heat exchapgesuming a constant emissivity of 0.6, which egponds to the emissivity of
the as-printed component.

3.2 Computational Grid Convergence

The computational grid convergence is conductetherSTAR-Ta thruster, without shielding nor thernmeulation. A free-
triangular computation mesh is parametrized asnatiion of a refinement parametiemwhich is used for the mesh convergence
analysis (Fig. 9). The discretization is physiosicolled and corresponds to an extremely coarsghmenf = 1, and to an
extremely fine mesh wher= 10. The total number of elements is of 11121 mfhe 1 and 63938 wheh= 10. The selected mesh
refinement parameter is f = 6, which guaranteeslaive error to the finest computational grid loé tselected variables within
+2%.

Fig. 9. Relativeerror calculated at theinlet (left) and at the outlet (right) of the heat exchanger.

3.3 Stationary Analysis
3.3.1 Insulation and Radiation Shielding Study

A stationary analysis of the model is used to gfathe effect of the thermal insulation and of tlagliation shielding. Three
test currents, obtained by trial and error, abledat the thruster to nearly the MOT have been irstds analysis. Fig. 10 shows
the STAR-Ta temperature distribution, depictinggniicant increase of the gas temperature prictheonozzle when including
both the thermal insulation and the radiation sling. Table 5 shows in detail the maximum tempeest@chieved for both the
structure,T,,, and for Xe at the nozzle inleky, for different amounts of radiation shield foild,, whereshi andins indicate the
presence (=1) or absence (=0) of the radiatiorldihggand of the insulator respectively.

The results show that STAR-Inc benefits signifitafitom the thermal insulation, providing a peaknpgerature increase of
approximately 200 K, while negligible improvemest dbserved when including radiation shielding. @a bther hand, the
STAR-Ta and STAR-Re, benefit significantly from bahe radiation shielding and from the thermal latr due to significantly
higher operating temperatures. When combined, pheyide a greater increase in peak operating tesyner than the sum of the
two single cases. In fact, the radiation shieldsngore effective at higher temperatures when usiaghermal insulator.



Fig. 10. Temperature stationary solution of STAR-Ta, at a test current of 77 A, showing the increase of maximum temperature when including both
thermal insulation and radiation shielding located in the vacuum jacket.

Table 5. Summary of thermal insulation and radiation shielding parametrisation study.

Thruster Var shi=0 shi=0 shi=1 shi=1 shi=1 shi=1
) ins=0 ins=1 ins=0 ins=0 ins=1 ins=1
STAR-In T 1152 1371 1166 1166 1395 1395
| - 18 TO 1014 1274 1030 1030 1299 1300
test — - - 5 10 5 10
NS
STAR-Ta T 1670 1940 2146 2149 2550 2566
| - 750 T, 1528 1842 1992 1995 2429 2444
test ~ - - 15 30 15 30
NS
T
STAR-Re m 1668 1872 2068 2069 2324 2331
| 700 T0 1544 1773 1940 1941 2211 2217
test — N - - 15 30 15 30

S

From the table above, the radiation shielding iestiered fundamental for STAR-Ta and STAR-Re tlemsstwhile for
STAR-Inc this can be eliminated, reducing the caripy of the assembly. The next series of studiesbased on these selected
configurations. For both extreme-temperature tlengstthe selected number of radiation shieldings fsi 15, since the further
increase in gas temperature using 30 foils is gidxd and does not justify the additional weightlassembly complexity
required.

3.3.2 Stationary Current Optimisation

The required electrical current necessary to heatthruster up to the maximum structural tempeeatsirobtained with a
multiphysics-optimisation study. This uses the Nelfleads gradient-free algorithm, with the objeetfunction expressed in
Eq.(15) to be minimised, with an optimality tolecanof 0.01. The control parameter is the electrazatent, with lower and
upper bounds of 90% and 110% of the respectivectasents used in Section 3.3.1. This study is éumental to evaluate the
ultimate stagnation temperature achievable, thesitaximum attainable specific impulse. The statipmarrent,lq,, and other
parameters are listed in Table 6. (16) are usedatuate the heat exchanger efficiency, includingexpressed as the ratio of the
stagnation gas power calculated at the inlet ofntbezle,P,, and the total input power into the thrusteg, Phe latter is the sum
of the electrical powerP,, and the stagnation power associated to the @dst{P,;.. It has to be noted that the inlet gas
temperature is not fixed as a boundary conditinmdrticular, no boundary conditions are appliethatback of the thruster. With
this assumption, the thruster is perfectly isoldtean the spacecraft, whereas in reality some heatld be transferred to the
spacecraft by conduction through mechanical intex$a

J = (T,/ MOT - 1" 10° (15)
h, = Po _ Po M, To (16)
Pts Pe + l:)O,in Vool r&Cp-lz),in
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Parameter . STAR-Inc (M1).. STAR-Ta (M2)... STAR-Re (M2)
h, [%] 66.5 62.2 59.0
TolK] 1252.9 2424.6 2618.5
P.[W] 13.3 277.6 310.8
It [A] 17.6 77.0 75.5

Toin K] 944 1212 1282

Table 6. Summary of main thruster parametersin the stationary case when T,,= MOT.

3.4 Time-Dependent Analysis
3.4.1 Time to Operational Temperature

While I, is the current necessary to maintain in thermallidgium the thruster, the time necessary to resuath a condition
can be long. The time necessary to reach the opeahttemperature is determined with a time-depehdamulation of the
thruster ignition at four increasing current leyddeginning fromg,. The stationary solution of the thruster in cdlate is used as
initial solution for the time-dependent solver. Thwerent increases to the test value after 1 sraaches the maximum value in
0.1 s. A stop condition, set into the time-depend®@iver, ends each simulation when the maximunrctiral temperaturel,
reaches the MOT. Fig. 11 shows the resulting teaipee increase over time for the STAR-Inc. Duahe peculiar quasi-
constant resistivity of Inconel (Fig. 4), the etaral power is almost constant in time at each ohthe current levels analysed,
and it corresponds to 13 W (at 120 s), 25.3 W, \B7&hd 49.3 W respectively. It can be noted thah Wi, the objective of
reaching the MOT of Inconel is still far from achégl after 120 s of power application. In all theestthree cases the objective is
reached within the start-up requirement of 60 s.

Fig. 12 shows the temperature rising for STAR-Td 8TAR-Re. For the former, the electrical powealeated at the last
time step for each current is 158.6 W at 120 s,.@49 at 120 s, 438.4 W at 55.3 s and 512.4 W &t 85For the latter, the
electrical power evaluated at the last time steézh current is 270.2 W at 120 s, 348.4 W atsl2l21 W at 108.2 s and 477.8
W at 51.1 s. In general, at lower currents, Re thasability to heat faster than Ta due to higheceical resistivity at low
temperature (Fig. 4).
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Fig. 11. Ignition of STAR-Inc from cold gas stationary solution. Maximum structural temperature (solid line) and Xe stagnation temper ature at theinlet
of the nozzle (dashed line) are shown at four current levels. The MOT of Inconel 718 isrepresented with a horizontal dashed line.
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Fig. 12. Ignition of STAR-Ta (top) and of STAR-Re (bottom) from cold gas stationary solution. Maximum structural temperature (solid line) and Xe
stagnation temperature at the inlet of the nozzle (dashed line) are shown at four current levels. The MOT of the two materials are represented with a
horizontal dashed line.

3.4.2 Heating Cycle Example for STAR-Inc

The STAR thruster is characterized by a relatively electrical resistance, requiring high-curresit$ow-voltage. A possible
means of power control consists of a duty cycleunrent limited mode. In the previous section,sitdemonstrated that the
minimal current to heat the thruster to its MQJ,, determines a heating time on the order of hoths is not compatible with
the mission requirements shown in Table 2. Conggtydiigher current, hence power, is necessargach the MOT within the
anticipated heating time requirements. Once theatip@al temperature is reached, the heater mast skvitch off. Therefore, a
pulse width operation is necessary to maintairotijective temperature and a duty cycle is deterchine

In the following example, STAR-Inc is subjectedatpulsed width heating cycle with two test currer@sresponding to about
25W (1=24.4 A) and 50 W (I = 34.2 A). A domairppe evaluates the maximum structural temperafyielhe heater switches
on when the measured temperature falls below 90M®@T, while it switches off when MOT is reachedgFil3 depicts the first
30 seconds of the simulation, showing the struttoraximum temperature, the maximum stagnation teaipee and the
electrical current. The resulting duty cycles areeB9% forP.= 25 W and D = 42% foP.= 50 W, which corresponds to an
average power of 22.3 W and 21 W respectivelyhinfirst case, the peak stagnation temperaturse fieen 1146 K to 1149 K,
while in the second case from 1108 K to 1150 Kmythe two minutes of simulation. In the stationeage, corresponding to a
continuous application df,, the stagnation temperature reaches 1253 K. Tihetan of the power control depends uniquely on
the PPU constraints, which is not subject to troskuw
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Fig. 13. Pulse-width heating cycle of STAR-Inc with two current levels corresponding to approximately 25 W and 50 W of electrical power.

3.4.3 Results
The heat exchanger efficiency in combination with hozzle efficiency provides the total thrustdicafncy, 5, as shown by

Eq.(17). Table 7 compares the specific impulsel titruster efficiency, electric power and diffecerbetween the maximum
structural and the stagnation temperatur£s, calculated in the time-dependent and the statjonases. The time-dependent
cases correspond to the maximum currents evaldeteshch thruster in Section 3.4.1, whgyis the heating time necessary to

reach the MOT.
hs = hyh, (17)

Table 7. Comparison between performance immediately after ignition and the maximum performance achievable corresponding to the stationary
solution.

STAR-Inc STAR-Ta STAR-Re

Parameter
t,=82s t®¥ t, =351ls t®¥ t =5l1ls t®¥

I [s] 56.4 59.9 83.5 85.0 86.7 87.7
h [%6] 26.8% 62.0% 41.3% 58.2% 45.9% 55.1%
P, [W] 49.4 13.3 512.4 277.6 477.8 310.8

DT [K] 239.8 95.6 206.8 1315 183.5 915

4, Conclusions

In the three cases analysed, the temperature abtaimithin one minute is close to the maximum afirg temperature
evaluated with the stationary solution. In pareuls(tn)/Isg() results in 94%, 98% and 99% for the three thrastespectively.
Therefore ] si(0) could be obtained within minutes using a highrent heat-up, followed by a lower current firing aeo aimed at
maintaining the operational temperature. It hadéonoted that the thruster dimensioning, includingrmal insulation and
radiation shielding selection, was not subjectedriocoptimisation process. Rather, this paper egplthe STAR design in the
three exploratory cases of interest. A detailedgtesf the STAR resistojet should aim to increase thruster efficiency in the
region of 70%.

A high-temperature resistojet would provide a digant increase in fuel efficiency with respecttt@ currently available
state of the art Xe-resistojets. In particular, setected missions would benefit of this techno)ddg¥, where the resistojet would
be used as primary propulsion system in small LE®fgems and M2, where a number of thrusters wdnddised as RCS of all-
electric GEO platforms. In this paper, the conadpghe STAR thruster has been investigated usingiphysics simulations with
three selected materials, namely Inconel 718, parand pure Re, with specific assumptions imples@ion the geometry and
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materials. A preliminary dimensioning of the nozaethe requirements of the M1 mission immediatalyhlighted that, at

extreme temperatures, the nozzle would have lowecific impulse efficiency. For this reason, STAR:lis selected for M1,
while the extreme temperature thrusters, STAR-Td 8MAR-Re, are selected for M2. Steady-state stugi®vided the

minimum current necessary to reach the operatiteraperature, while time-dependent studies provithed heating time at
increasing current levels. In all cases, the objedemperature is reached within the start-up tinmarequirement. Finally, a
heating cycle example on the STAR-Inc shows a ptessnode of operation at constant current, whiclts in a quasi-constant
duty cycle.
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Paper highlights:

o A novel high-temperature resistojet design enables all-electric spacecraft;

e A numerical study predicts transient and steady state performance characteristics;

e Specific impulse > 80 s with Xe is achievable with Ta or Re heat exchangers;

e Specific impulse up to 60 s with Xe is achievable with an Inconel heat exchanger;

e Inall examined cases, the resistojet reaches the maximum performance in < 1 minute;



