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is shown that the radiator mass can be drastically reduced by the effective use of propellant
as a coolant at the lower temperature region on the radiator. Resulting thruster weight of
1.5 kg including the radiator is possible assuming 2.1 kW of anode heat load at 150 A of
the discharge current. For the lifetime issue, replaceable cathode system is proposed. The
trade-off study is necessary between the total lifetime and the system weight.
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Nomenclature

A = referential area

Ay = universal Richardson constant
A, = cathode emission area

Cp = specific heat

d = diameter of the cooling tube
dTean = log mean temperature difference
E = Young’s modulus

e = charge of electron

h = heat transfer coefficient

J = discharge current

k = Boltzmann constant

m = mass flow rate

Pr = Prandtl number

Qanode = heat load to the anode
Qcathode = heat load to the cathode
Qconv = convection heat

Qrad = radiation heat

Re = Reynolds number

Tin = inner radius of the cylinder
Tout = outer radius of the cylinder

T = temperature

To = background temperature

ty = inlet propellant temperature
T, = inlet pipe temperature

to = outlet propellant temperature
Ts = outlet pipe temperature

T. = cathode surface temperature
T, = electron temperature

% = discharge voltage

Va = anode sheath fall voltage
Veonv = equivalent voltage drop due to the convection
«a = thermal linear expansion coefficient
€ = emissivity

n = efficiency

A = thermal conduction coefficient
AR = correlation factor for the Richardson constant
v = Poisson’s ratio

1) = work function

Oste = Stefan-Boltzmann constant
oy = stress in 6 direction

0. = stress in z direction
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I. Introduction

owadays available electricity on the orbit is drastically increasing to the tens of kW level. Orbit raising

by powerful electric propulsion has been already realized.! Powerful interplanetary cargo mission is also
anticipated in the near future. Specific mass (kg/kW) of electric propulsion system has not been considered
to be an important parameter because generally the specific mass of solar panel is much larger. However, the
state of art technology such as thin-film solar array? or stretched lends array (SLA)? realizes ultra-lightweight
power source less than 3.0 kg/kW of the specific weight. In this situation, the specific mass of the EP system
is considered to be a significant parameter as well as the efficiency. Arcjets are advantageous in this point,
compensating the disadvantage in their poor efficiency compared to Hall effect thrusters (HETSs) and ion
thrusters. Table.1 shows simple performance comparison between arcjets and HETs. Already the commertial
arcjets such as MR-510 has very small specific system weight (0.61 kg/kW + 3.4 kg/kW for head and PPU),*
but further reduction of the total system weight is required for next generation arcjets. If the specific system
weight becomes less than 1.0 kg/kWe, arcjets with ultra-light solar array will become a promising candidate
to realize various unique interplanetary missions.

Authors have continued research and development activity of long-life, light-weight arcjet as a competitive
candidate for interplanetary cargo mission in ISAS/JAXA since 2011.5 Especially optimum thermal design
is the key issue to minimize the weight of thruster head. As for the lifetime, it seems difficult to prolong
single cathode lifetime to the required duration necessary for interplanetary cargo mission (several thousand
hours). The replaceable cathode system is suggested in this paper.

Table 1. Performance comparison between Hall thrusters and conventional/next generation arcjets.

Hall thruster®  Arcjets(conventional)”®  Arcjets(next generation)

Propellant Xe Ammmonia Hydrogen
Input Power, kW ) 26 15
Isp, sec 2000 800 1000
Efficiency n , % 50 30 30-40
Lifetime, hour 3000 1000 1000 x 4
Specific mass agp 2.0 + 2.0 04+ 1.6 0.2 +0.8
(head + PPU), kg/kW =4.0 =20 =1.0
n / (app + Qpow), W/kg 71 67 75-100

assuming apow = 3.0 kg/kW

II. Thermal Design

A. Anode

The maximum operational temperature of the tungsten anode is considered to be less than 2100 K. The
limiting factor is not the melting of the material, but is internal thermal stress. It is known that thoriated
tungsten or W-4Re-0.35HfC alloy enhances its creep strength compared to the pure tungsten at higher
temperature.” The anode must have suitable area exposed to the outer space because the heat load is mainly
disposed from this hottest part. The outer surface of the anode should be coated by high emissivity material
such as TaC or ZrBs. Axially-long cylinder configuration is preferable to have a sufficient radiation area
without enhancing thermal stress. Since the available size of bulked tungsten alloy is limited, molybdenum
is used as housing body. The temperature at the radiator end where the power cable is connected should be
less than 350 K not to damage power processing unit.'°

The heat load to the anode surface is almost proportional to the discharge current, not to the input
power. One of the simple formulation on the anode heat load is as follows,'!

SkTe

Qanode - J(VA + %

+ ¢+ Veonv) (1)
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Empirically the net anode heat loads run from 9 to 20 V times J, assuming V4 =0to 10 V, kT, /e = 1.4
V, ¢ = 4.4 V for copper and V,o,, = 2V.!! This is the values for liquid-cooled copper anodes and V4 may
be smaller in the case of radiation-cooled anode. As described in the next section, we used 14 V times J as
Qanode to the anode surface in our analysis based on experimental fact.

Most of heat load is disposed from the outer surface in accordance with Stefan-Boltzmann law

Qrad = UsteA(T4 - T(;l) (2)

Simple thermal stress formulation of the inner-hot, outer-cooled cylinder is shown in Eq.3. The largest
tensile stress appears on the inner surface.

aF 1 Tout
=0, = - = 3
e g 1—v <2 lIl(Tout/rin) r?)ut - rz2n> ( )

Sufficient surface area is necessary to discharge the heat load via radiation, but larger diameter configu-
ration is not preferable because the large temperature gradient along the radial direction causes terrific hoop
stress. The large temperature gradient is allowed only along the axial direction. Therefore the thruster head
generally has axially-long lateral surface. Historical 30 kWe arcjet designs have followed this rule.!21314

——rout=0.01 m

—rout=0.02 m

rout=0.03 m

Temperature Difference, K

Figure 1. Thermal stress of inner-hot, outer-cold cylinder. If the yield stress is 300 MPa, allowable temperature
difference between the outside and inside is about 100 K.

Material

As a material of radiation-cooled anode, only tungsten will be the possible choice because the arc attachment
area becomes very high temperature. The physical property of the bulk tungsten strongly depends on its
manufacturing process, especially in its of fracture strength. It is well known that the bulk tungsten is very
brittle material at room temperature except for single crystal tungsten. Its fracture strength is drastically
decreasing at higher temperature. According to the literature,!® the fracture strength of “pressed and
sintered” tungsten is about 287 MPa at 1" = 1650 K, but it becomes only 65 MPa at T = 2200 K. It should
be noted that there is a large deviation of the fracture strength. At T' = 2700 K, it varies from 24.5 to
78.5 MPa among literatures.!® Several tens of MPa is considered to be a threshold of the cracking in this
temperature range.

B. Cathode

The heat input model to the cathode is relatively ambiguous compared to the case of the anode. It seems
that Qcathode is independent from J or total input power. Hugel pointed that (Qcathode/J = 1-5 W/A)
from his experimantal data.'® In this case, as the discharge current increases, Qcathode /J usually decreases.
According to the experimental measurement by Tahara et. al.,!” the cathode tip temperature (= 2000 K) was
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not changed against 90-150 A of the discharge current. This implies that Q.qthoqe Mmight not be affected by
the discharge current. It seems that the arc discharge heats up the cathode tip until the sufficient amount of
thermionic electrons are derived. At any rate, the cathode surface has to become high temperature regardless
the input power. Even in the case of very small power arcjet, the cathode tip temperature will become more
than 1000 K in order to emit sufficient electrons. The relationship between the discharge current and the
cathode surface temperature is simply described by Richardson-Dashmann equation;

¢
kT,

J = ArAoA.T? exp(—+) (4)

where Ag = 1.20 x 10% A/m?K? and Ag = 0.5. For sustainable operation, the arc attachment must be
diffusive (not spotty). In the diffusive condition, experimentally observed current density is a few kA /cm?
for ThO5-W cathode.!! Figure.2 shows the relationship between the surface temperature and the required
emission area for 150 A of the discharge current. If the cathode diameter is limited to several mm, more
than 2400 K of the tip temperature is required.

1000
E 100 \\ :
Fl \
2
= 10 ;
z | \\
ot
= 2000122002400 2609 28003000
0.1 ' |
Surface Temperature, K

Figure 2. Required area for electron emission at J = 150 A operation.

Material

Thoriated tungsten (ThO,-W) is widely used material because of its low work function and high melting
point. Lay03-W is alternative non-radio active candidate!81920 | but the long-term durability in steady-state
operation is not well verified.

It is known that ThO,-W cathodes tend to have a very concentrated hot point on the tip of the cathode.
On the other hand, La;O3-W cathodes have its hottest region in wide area.'® Therefore, the temperature
gradient along axial direction of the cathode tends to be smaller with LasO3-W cathodes.

The advantageous point of ThO,-W cathodes is their high fracture strength. The fracture strength of
ThO,-W is more than double of that of pure tungsten.'® For this reason, ThO»-W is somtimes used as an
anode material.

C. Thermal Analysis Model

A thermal analysis model arcjet is shown in Fig.3. This model refers JAXA 15 kW water cooled arcjet
(Fig.4)?! although the detail components such as screw bolts, seals or propellant injection ports are omitted.
Throat diameter of the anode is 2 mm and the anode exit diameter is 22 mm. The conical-tip cathode
diameter is 6 mm and the length including copper holder is totally 48 cm. Estimated total weight of the
thruster head is 2612 g including radiators. The mass breakdown is shown in Table 2. Anode radiator is
the heaviest part because large area is necessary to keep the acceptable temperature at the cable connection
point.

FEM analysis was conducted by Patran2011/Nastran2012 platform. Figure 5 shows the thermal load
and boundary conditions. It is confirmed that this scheme well worked to explain the temperature profile of
actual radiation cooled thruster RAT-III?? within the error of 100 K. Thermal load to the anode body was
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determined from our experimental fact as shown in Fig.6, the proportionality factor in Eq.1 is considered
to be 14 V regardless of mass flow rate, now we assumed J = 150 A operation and Qgnoge = 2100 W. As
for the cathode, we assumed Qcqthode =150 W based on 1W/A of heat load per discharge current. Both
of radiation to the ambient space (3 K) from outer surface and inner enclosure radiation (e.g. cathode
to insulator) were considered. Note that the setting of the internal enclosure radiation is very important
although old-era thermal analysis omitted this procedure. Experimental fact showed that the most of heat
load to the cathode tip is transferred to the inner insulator surface. In our case, the temperature rise of the
cathode cooling water was a few degrees, which might not be corresponding to the total heat flux to the
cathode tip. Figure 7 shows the resulting temperature profile. The highest temperature is 2300 K at the
cathode tip, and the temperature of inner anode is about 2200 K. This is considered to be almost allowable
upper limit. In other words, this design is almost optimum in terms of the weight. Figure 8 shows thermal
stress (Mises stress) profile. The difference between the inner and outer surface of the anode is less than 50
K. Largest stress is recognized at the inner anode surface. Most of heat load was dissipated from anode and
housing surface and only a little fraction of the heat was dissipated from anode radiator. Table.3 shows the
heat flux at the connection point of the radiators. It is confirmed that only 160 W is disposed from anode
radiator and 11 W is disposed from cathode radiator.

Figure 3. Cut view of the model case arcjet. (top: zoom view, bottom: whole view)

Table 2. Mass breakdown of the modelcase arcjet

#  Name Material Mass
#1  Anode Tungsten 720
#2 Cathode Thoriated Tungsten 70
#3 Housing Molybdenum 219
#4  Insulator Boron Nitride 88
#5 Base Plate Molybdenum 14
#6 Cathode Base Copper 137
#7 Cathode Sleeve Molybdenum 84
#8 Anode Radiator Copper 914
#9 Cathode Radiator Copper 364

Total 2612

6

The 33"¢ International Electric Propulsion Conference, The George Washington University, USA
October 6-10, 2013



Figure 4. JAXA 15kW water cooled arcjet in operation
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Figure 5. Thermal load and boundary conditions. Qg noqe = 2100 W and Q.qthode = 150 W is assumed.
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Figure 6. The relationship between the discharge current and the anode heat loss judging from the temperature
rise of the cooling water. The slope is independent from the mass flow rate in the range of 0.05-0.2 g/s.
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Figure 7. Temperature profile of the model case arcjet (top: whole view, middle: discharge chamber, bottom:
radiator) Note that different color map is used for each figures.
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Figure 8. Mises stress profile of the model case arcjet (arbitrary unit)

Table 3. Heat flux and temperature at the connection face to the radiators

Anode Cathode
Heat flux, W/m? 160 11
Temperature, K 860 425

D. Weight reduction by propellant cooling

Anode radiator is the heaviest part although it only discharges 160 W of the heat load. One might think
the convection cooling by the propellant at the tail part of the radiator will be effective, but there are little
literature available pointing out the possibility quantitatively. Fig.9 shows that Q¢on per area becomes larger
than @,q when the surface temperature is less than 600 K where we assumed typical forced convection of
gases (h=10W/m-K) or liquid fluids (h=100W /m-K).

Of course, it is known that the performance enhancement by regenerative cooling is hardly realized?? in
this level of high power arcjets because the gas enthalpy is negligible compared to the input electrical power.
Also, it is not possible to realize the anode nozzle cooling by the propellant flow because the mass flow rate
necessary for the cooling is typically much larger than that for designated thrust generation.

In this study, we compared 3 candidates of propellant, hydrogen, nitrogen and gas ammonia at a tank
pressure of 0.3 MPaA. Physical properties are summarized in Table.4. At first, required temperature rise of
the propellant (¢2 —t1) was calcurated. If ¢2 is larger than the temperature of the radiator connection point,
it is impossible to alternate whole radiator by propellant cooling. According to the simple parallel flow heat
exchanger model, the required length of the coolant passage was calculated as shown in Table.5 and Table.6.
Convection area was calculated by Eq.7. Heat transfer coefficient is calculated by Dittus-Boelter’s equation
(Eq.9). The coolant passage assumed here is 3 mm in the outer diam and 1.6 mm (1/16”) in the inner
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diam. It is easy to alternate cathode radiator by the convection cooling of any propellant, but GN, and gas
ammonia are not suitable to alternate the anode radiator completely. It will be possible to alternate the half
of the anode radiator by Ny or ammonia convection cooling. Note that if one assume the use of the phase
change of ammonia, the cooling capability is drastically increasing. However, many problem exist such as
thermal spike etc. Since only hydrogen is the promising candidate to alternate whole cathode and anode
radiator system due to its high specific heat and high heat transfer coefficient, the mass reduction in this
case is calculated as shown in Table.8. Even if the weight increment of the propellant passage (orifices or
manifolds) is taken into consideration, the specific mass will become less than 0.1 kg/kW assuming 15 kW

of the input power.

Qconv = Athmean
JT. _ Ty —ty) = (Th = 1))
mean In((Ty —t2)/(T1 — t1))
t2 = 3004 Qconv/(cp* M)
>\ 0.8 0.4
ho= 50.023R}*Pr

1000000 ;
o~ /'
§ 100000 -
g 10000 / —
Y /7 :
Eg’ 1000 / ——radiation(e=0.3)
‘g 100 ——convection(h=10W/m-K)
C
Ju convection(h=100W/m-K)
5 10
T

1
0 500 1000 1500 2000
Temperature, K

Figure 9. Heat rejection per area by radiation and convection cooling.

Table 4. Physical properties of propellants as a coolant of the arcjet.

GH, NHj3(gas) GN
Specific Heat, J/g-K 14.6 2.65 1.08
Thermal Conductivity (T' = 300 K), 0.186 0.026 0.028
Prandtl Number (T = 300 K) 0.69 0.72  0.92
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Table 5. Required temperature rise and heat exchange area for convective cooling as an alternative of the
cathode radiator.

GH2 NH3 (gas) GN2

m 0.1g/s
Qcathode 11w
dT, K 7.5 41 102
A, cm? 0.42 3.6 11
Tube Length, cm 0.8 7 23

Table 6. Required temperature rise and heat exchange area for convective cooling as an alternative of the
anode radiator.

GH2 NH3 (gas) GN2

m 0.1g/s
Qanode 160 W
dT, K 110 603 1478
A, cm? 2.65 - -

Tube Length, cm 9.3 - -

Table 7. Required temperature rise and heat exchange area for convective cooling as an alternative of an-
ode/cathode radiator by gas hydrogen.

GH,
m for cathode 0.02 g/s
m for anode 0.08 g/s
Qcathode 11w
Qanode 160 W
dT in the cathode path, K 37.7
dT in the anode path, K 137
A (cathode path) , cm? 1.8
A (anode path) , cm? 3.3
Tube Length (cathode path), cm 3.6
Tube Length (anode path), cm 6.6

Table 8. Modified mass breakdown with propellant cooling approach.

Initial total mass 2612 g

Reduction of anode radiator 914 g

Reduction of cathode radiator 364 g

New total mass 1334 g
11
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ITI. Lifetime Issue

It is said that the life-limiting issues of arcjets are mainly three points: 1) Cathode erosion, 2) Constrictor
closure, 3) Insulator degradation.’ Constrictor closure is one of the biggest problem for relatively low-power
arcjets, but is not a severe problem for 15 kW arcjet because the closure rate is negligible to the original
throat diameter (2-3 mm). Insulator degradation is resolved by minimizing the contact area between the
high temperature regions of cathode and insulator. The cathode erosion is identified as the major life
limiter. The operational characteristics of arcjets are strongly affected by the gap distance between anode
and cathode. The definition of the end of life (EOF) is usually about 1000-1500 hours, where the operational
point departs from the designated operation point. Many fundamental studies are conducted in 1980s, but
it seems difficult to prolong the lifetime drastically. Here we propose the use of cathode replacement system.
As shown in Fig.10 it resembles the revolver of the gun. The key issues of the replaceable cathode system
are as follows; 1) reliable cable connection to the cathode, 2) gas seals 3) robust actuator design. As for
the first issue, commercial high power connectors are available (ex. Multi-Contact EBB14/EBS14). For the
second problem, multiple piston seals will be used taking care of the long-term durability. In the current
design, the temperature inside the cathode sleeve is 800 K. Therefore, the length of the cathode sleeve should
be prolonged to have an adequate temperature for piston seals. For the third point, actuators should not
be located just behind the thruster head because there is severe heat load or electromagnetic interference.
Drive force should be transmitted mechanically (gears, rack-and-pinion and so on) from actuators located
at a distance.

Apparently the application of this system results in the increase of the total weight. Our design requires
500 g for the cathode revolver and 300 g per space cathode (including cathode radiator) as an increment of
the thruster mass. In order to keep an advantage of light-weight arcjet, the number of the spare cathodes
should be less than 4. Therefore, the effort to prolong the single cathode lifetime is still important. The
use of hollow cathode is studied in our group.?! Although this is just a proposal, several thousands hours of
operation time necessary for typical interplanetary mission to the Mars will be achieved by the coupling of
long life cathode (1500 hours per cathode) and this replacement system with 4-5 spare cathodes.

Figure 10. Cathode Replacement System.

IV. Summary

Authors have continued research and development activity of long-life, light-weight arcjet pursueing a
competitive candidate for interplanetary cargo mission in ISAS/JAXA since 2011. Analytical survey was
mainly described in this paper and the following conclusion is obtained.

e As a result of the careful thermal design based on the result of water-cooled experiment, it was found
radiaton cooled 150 A class arcjet which has 1300 g of thruster head + 1300 g of radiators is possible.

e Reduction of the total weight is possible by the propellant cooling approach on a radiator. Especially
gas hydrogen is the most promising candidate. In this case, resultant specific weight of 0.1 kg/kW is
possible. Nitrogen or ammonia will reduce the radiator weight partially.

e Lifetime issue can be solved by using cathode replacement system, but the use of many spare cathodes
12
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causes the unallowable system mass increment. Careful trade-off study is necessary between the total
lifetime and the system weight. Efforts to prolong the lifetime of single cathode are also important.
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