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During the last decade, electric propulsion systems have been established for orbit
maintenance of satellites. More than 150 spacecrafts are now equipped with almost
400 thrusters for this purpose. The current decade will see the use of electric
propulsion for primary propulsion. The purpose of this paper isto determine optimal
mission parameters for these tasks. Depending on the mission profile, ion thrusters,
Hall thrusters, thermal arcjets or MPD thrusters are preferable. All electric
propulsion systems have in common that they can be operated in a wide range of the
specific impulse and that the thrust efficiency and therefore also the specific power
of the propulsion system depend strongly on the specific impulse. The optimal
specific impulse for a particular mission depends, therefore, on the kind of thruster
and the chosen propellant. This paper shows that for MPD, ion, Hall ion and thermal
arcjet thrusters the optimal specific impulse for a particular mission can be
determined by an optimization which is based on the rocket equation. Using, in
addition, a simple cost function, the influence of the cost factorsis explained. Finally,
the results for a few missions for which electric propulsion systems for primary
propulsion have been selected are discussed.

Nomenclature achieving misson

a [m/s] parameter mes  [Kd] propulsion system dry

b [s/m] parameter mass (incl. power supply)
Ce [m/g effective exhaust velocity Pel [W] electrical power

e [C] elementary charge T [N] thrust

ff, functions TR [s] transport rate

g function va  [m/g] Alfven velocity

g examples of function g E [Jkg] specific energy

Kk factor Dv  [m/q velocity increment for mission
m  [kg/s] propellant flow rate ar [Wikd] spec. power of propulsion
mes  [kq] payload & structure mass system

mo  [kg] initial vehicle mess aps [W/kg  specific power of power
mp [k propellant mass for upply
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hpc efficiency of power
conditioner

ht thrust efficiency

Nt max maximum (theoretical)
thrust efficiency

Ms payload and structure
mass fraction

t [9 trip time

t ,*’,, normalized trip time

Introduction

Nowadays it is no longer questionable that electric
propulsion systems are serious competitors for
primary propulsion with respect to orbit transfer,
moon or interplanetary missions. Depending on
the mission profile, different eectric thruster types
(thermal arcjets, MPD, ion and Hall ion thrusters)
are being discussed, have been investigated or
developed and some have even been space
proofed for these purposes.*™
Since the early 70s, the advantages and disad-
vantages of eectric propulsion versus chemical
propulsion for transfer missons have been dis
cussed in many papers’®’ as well as the compatri-
son between the different types of electric thrust-
ers.”™ In genera, only the rocket equation in
these papers is varied and applied to different
thruster types and different mass distributions,
without specia regard to optimizations.
All of the thruster types taken into consideration
have in common that the effective exhaust veloc-
ity can vary greatly, whereby, however, the
thruster efficiency then aso changes. In this pa
per, for each thruster type and appropriate pro-
pellant the optimal effective exhaust velocity for a
certain velocity increment of the misson will be
ascertained. The flight time at a maximum pay-
load capacity should be as low as possible. In the
older, valuable works of Langmuir,* Irving,*® and
Suhlinge™® and in a USAF sudy,” such
optimizations have aready been made, though
under the assumption of a constant specific power
ar of the propulsion system. However, the spe-
cific power

aF:hPChT(Ce)aPS @

depends on the efficiency of the power condi-
tioning unit hpc, the specific power of the power
system aps and the thruster efficiency ht. aps is
defined as the ratio of eectrica power and the
sum of power supply mass, power conditioner
mass, and motor mass. While hpc and the specific
power of the system aps can be seen as indepen-
dent of the specific impulse as long as the motor
mass is much lower than the power supply mass,
this is not the case for the thruster efficiency hr.
For all the eectrical thrusters considered here, the
thruster efficiency and therefore also ar srongly
depend on the effective exhaust velocity ce
Therefore, it is absolutely necessary to introduce
this dependency into the rocket equation for op-
timization purposes. This has aready been done
and published in a previous paper™® and it was
shown that the Langmuir-Irving Optimization™*3
is aborderline case.

Since the costs of orbital mass transfer are not
only determined by the amount of payload but also
by the transfer time, a transport rate has been
defined and is included in the optimization. Espe-
cidly for manned missions the trip time should be
minimized not only because of cost but aso for
safety reasons. In the previous paper,'® an instru-
ment was provided for a quick evauation of the
optimal range of the thruster parameters for a
certain mission profile for ion and MPD thrusters.
During the last ten years, Hall ion thrusters and
therma arcjets have aso shown performance
data which make them interesting candidates as
primary propulsion systems.* *’ Therefore, within
this paper it is shown that the methods which have
aready been developed for ion and MPD
thrusters can also be applied for Hall ion thrusters
and high power thermal arcjets. For three exam-
ples of recent missions Deep Space 1,* SMART-
12 and MUSES-C? the predicted optimal effective
exhaust velocity is compared to the vaues for
which the sdected thrusters have been qualified.
A new method for thermal arcjet thrusters is aso
introduced.

Optimization Based on the Rocket Equation

For the evaluation of athruster system, the attain-
able velocity increment is of great interest. The



connection between the attainable velocity incre-
ment Dv, the required flight time t, the payload
and structure fraction ms on the one hand and the
propulsion system characterized by the effective
exhaust velocity ¢, and specific power ar on the
other hand is provided by the rocket equation. For
rockets with energy sources separate from the
propellant, i.e. mainly dectrica thrusters, it can be
written in dimensionless form:
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where \/2a .t isa characteristic velocity which

can be derived from the specific energy e of the
propulsion system (e=art).** The payload and
structure  mass fraction is defined as
ms=m g/mgwith my as initid mass of the
spacecraft and m_s as sum of the payload and
structure mass. To compare electric propulson
systems with chemica rockets the total mass is
divided as follows:

M= M_s + Mps + Mp ©)

with the propellant mass mp, and the mass of the
propulson system including the power system
Mps.
The propulsion system has to be optimized so that
amaximum payload mass fraction ms, a minimum
flight time t and a maximum velocity increment
Dv can be achieved. To obtain the conditions for
these requirements, the rocket equation 2 is solved
for ms, t and Dv respectively and partidly
differentiated with respect to the exhaust velocity
Ce~ An invedtigation of the second derivation
reveded that, as required, a maximum and a
minimum are being dedt with respectively. By
subgtituting the rocket equation 2 into al three
equations obtained, they can be brought into the
same form.® This signifies that the minimal flight
time, maxima payload fraction and maximal
velocity increment yield one and the same condi-
tion and are, therefore, reached at the same time.
Furthermore, in this condition, the term dependent
on the specific power ar can be separated, i.e. it
can be represented in the form g=f, where g is a
function only of ar and ¢, whereas f is a function
only of ms and Dv/ce.

C_eﬂaF — Q Dv/c, I‘T[S—l (4)
- 2+ . e (1_ en,/ce)(mLsem/ce_l)
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The function f, which is independent of the pro-
pulsion parameter ar, can be displayed with Dv/ce
as an abscissa and with the payload and structure
fraction ms as a parameter, which is done in Fig.
1. From this figure it can be clearly seen that
thereis no optimization possible for f and g vaues
between 1 and 2, respectively. For further
discussion the function g has to be derived which
is a function of the specific power of the propul-
sion system. The specific power ag strongly de-
pends on the thruster type and propellant choice.
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Fig. 1: Function fvsAv/c, with the payload plus
structure mass fraction |, 4 as parameter

High Power Thermal Arcjets, lon, Hall on
and MPD Thrusters

For ion, Hall ion and MPD thrusters as well as for
high power therma arcjets, the degree of ioniza
tion is close to one or at least constant within a
wide range of operation. Consequently, the reac-
tion losses of the beam do not sgnificantly
change. On the other hand, the thermal losses in
these thrusters are low compared to the thrust
power and to the other losses and/or do not sig-
nificantly change. Therefore, the thrust efficiency
ht defined as thrust power divided by total power
input can be approximated by the formula

hT:hT,max; (5)



used aready by Stuhlinger for ion thrusters
ht max IS an asymptotic value for ce® ¥ which
includes primarily the therma and the nozzle
losses. The second factor on the right hand side of
Eq. 5 represents the quotient of the kinetic energy
of the beam divided by its enthalpy. The velocity
va is cdled Alfven velocity. It is the average
velocity a particle would reach in the case that the
sum of the reaction energy, heat of fusion and
heat of evaporation were changed into kinetic
energy:

V \/2e$DE +gI|EI|_+2r +r (6)
7]

with m, : average atomic mass, ap: degree of
dissociction, a,;: degree of ionization of the
grade, Ep [eV]: dissociation energy, E;; [eV]: av-
eraged ionization energy of the i grade, re [Jkg]:
specific heat of fusion, re [Jkg]: specific heat of
vaporization. In Table 1 the Alfvén velocities for
various propellants for full ionization (only first
stage) are listed.
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Fig. 2. Alfvén velocity as function of the average
atomic weight (without electrons)

In Fig. 2, it is clearly visble that the Alfvén ve-
locity strongly depends on the average atomic
mass and on its location within the periodic table
of eements as it was found by Buhler.”® Low
values are achievable for high atomic masses and
for akali metads. For ion and Hall ion thrusters the
aomic weight of the propellant should be as high

as possible in order to achieve a high thrust level.
In this case, as can be seen from Fig. 2, the
Alfvén velocity is aso lowest, which means the
thrust efficiency or at least htmax is high. In the
case of MPD thrusters, the propellant selection is
not dominated by the request to achieve a high
thrust level but by the demand to increase the
effective exhaust velocity and improve the
thruster efficiency. For achieving high specific
impulses, the average atomic weight of the pro-
pellant should be low with respect to the thermal
thrust portion. The magnetic thrust portion does
not depend on the propelant choice. For self-field
MPD thrusters, it can be shown'® that the effec-
tive exhaust velocity c. is restricted to the Alfvén
velocity, if the therma thrust portion is low com-
pared to the MPD thrust. Both imply the choice of
a light-weight propellant. On the other hand, to
improve the magnetic thrust the current | has to
be as high as possible because the magnetic thrust
is proportional to . This means that the power
has to be supplied a a low voltage. Therefore,
propellants with low arc voltage levels are prefer-
able. In order to achieve high efficiencies the
Alfvén velocity should be low. Taking dl these
arguments into account, argon and aso akali
metals are a good choice for MPD devices.
Whether, for example, hydrogen is of interest
depends mainly on the magnitude of the thermal
thrust fraction. For therma arcjets the atomic
mass of the propellant should be as low as possi-
ble to achieve the highest specific impulses pos
sible’® In order to maximize efficiency the current
level of operation should be minimized because
the anode loss, which is dominant for these
devices, increases linearly with the current. Tak-
ing dl these arguments into consderation,
hydrogen, which offers a high voltage levd, is the
best propellant choice for therma arcjets although
its Alfvén velocity is the highest.

The factor k in the ansatz Eq. 5 makes it possble
to consider the average losses which occur during
the production of anion in a certain thruster. The
term kva, therefore, can be described as effective,
“thruster specific” Alfvén velocity. A propulsion
system consisting of a certain thruster and pro-
pellant is therefore characterized by htma and
kva. Approximation 5 corresponds quite well to



Table 1: Molecular weights, ionization (E;) and dissociation energies (Ep), heat of fusion r,
heat of vaporization rg and Alfvén velocity va (for complete first ionization) for the most
important propellants

Propdllant Molecular mass (Ep |Ei1 Ei> re re Va [km/s]
cold fully [eV] [[eV] [[eV] [Jkg] [Jkg]
diss.

Hydrogen, H, 2 1 2.26 [1359 |- 578*10"° |460v10° |[55.1
Methane, CH, | 16 3.2 345 [13.12 |- 586*10° [548*10° |[315
Helium, He 4 4 - 2448 (544 - 2.0910* 34.24
Ammonia, NH; |17 425 [304[1383 |- 339*10° [137*10° [27.63
Hydrazine, NoH, | 32 533 [306 (139 |- 396*10° |[1.28*10° |24.75
Water, H,O 18 6 32 [136 |- 3.34*10° [226*10° [23.28
Lithium, Li 6.94 6.94 - 539 |[7562 [664*10° |2.13*10 13.76
Nitrogen, N, 2802 1401 [492 (1453 [2959 |[257+10° |1.99*10° 16.32
Oxygen, O, R 16 258 (1361 3511 [1.38*10° [213*10° 19.69
Sodium, Na 23 23 - |514 [4729 [113*10° [586*10° |7.00
Potassium, K 39.1 39.1 - 434 [3181 [59*10° |2.29¢10° 4.87
Argon, Ar 3095 [3995 |- |1576 |2762 |303*10* |157*10° [872
Xenon, Xe 131.3 (1313 |- 1213 | 21.2 2.34*10 9.63*10" 424
Cesium, Cs 13291 |13291 |- 389 (251 155¢10° |5.02*10° 2.58
Mercury, Hg 20059 [20059 |- [1043 [1875 [117*10*° [301*10° [3.25
the measured efficiencies of plasma and ion en- 10 ! ! ! . !
gines. 00 1o (xe) S AFMPDILI) !
In Fig. 3, some experimenta results of MPD, ion, 028_ 3 Hallion (Xe) 6 HIPARC(H2) ]
high power thermal arcjet and Hal ion engines . . 2 I
approximated with Eq. 5 are plotted (see Table2). 5 ool Thh g
The experimentally verified areas are shown with g =
athick line. Introducing Eq. 5 into the left hand g 3 ! i
sde of Eqg. 4 one gets the function g (kva,Ce) 2 . I
which is valid for ion, Hall ion and MPD thrust ers T o= I
and high power therma arcjets as a special case iy g MRS oo — I
of g(ar, co): (o).:—;_ Wlthxenipainmtdlyveified aren | m— i

g, = 2 = 2 () ’ * fecivoatastveloiyc :([)km’s} ® ”

1 +& 883e 0 gebv 0 Fig. 3: Thruster efficiency vs. effective exhaust
kv O eDv @ gk velocity for different thrusters (see Table 2)

Plotted against Dv/ce with the thruster type and
mission dependent parameter kva/Dv, one obtains
the set of curves displayed together with the
function f in the upper part of Fig. 4.

The solutions for an optimized thruster are the
points f=g,. Due to the limitations of g: Ofg <2
and the lack of f-values in the region 1<f<2. The
optimization islimited to O f, g<1. Furthermore,

from Fig. 4 it is obvious that Dv/c. is in generd
also restricted and with increasing kva/Dv the
area of Dv/c, in which an optimization is possble,
gets smaler. Another important result can be
derived: with an increasing dependency of ht(ce),
i.e. with risng kva/Dv for a given misson, the
optima specific impulses become greater. The
corresponding flight time of a misson can be
achieved by introducing the ansatz Eq. 5 into the
optimization condition 4 and using the rocket



equation 2 for eiminating the payload and struc-
ture mass fraction. By introducing a normalized
flight time

t

tf =hpcaps hT,maxW (8)
we achieve
*_‘\1. Ce Dv/ c, é 1 l‘:l 1‘:1
t)=j—2(1- ™% - =
o g oy %O

&L, 0, kv, 07U
Xge—== ¢—=0

ghvg eDvgy
Equation 9 shows that the normalized flight time
t,* isonly afunction of Dv/ce and kva/Dv and can
therefore be integrated into Fig. 4.
Figure 4 describes the fidd of all possible optimal
values for a certain mission in the case of an ion,
a Hal ion, an MPD propulsion or a high power
thermal arcjet system in the form of a nomograph.
With a given thrugter type, i.e. with a given kva
and htma, @ given power supply with aps
andhpc, and a given mission, i.e. Dv, the optimal
exhaust velocity ¢ and the minimd flight time t
can be
determined for a certain payload fraction, for
example.

Thermal Arcjet Thrusters

Beside the case of the high power thermal
devices which have already been discussed in the
previous section, the degree of ionization and aso
the fraction of the thermal losses of a thermal
arcjet change by varying the effective exhaust
velocity ce. Therefore the ansatz Eq. 5 cannot be
used. But

Frnction Fhrve g,

2 1 L —Av/ec.
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Fig. 4 Nomograph of the quantities
Dv,t |, mg, and c, for the optimized rocket
equation for high power therma arcjets, ion, Hall
ion and MPD thrusters

for therema arcjets the effective exhaust velocity
Ceisalinear function of the specific power Pg/m
within a wide range of operation. Therefore, in
this case the ansatz can be made

c,=a+b(P, /m) (10)

Parameter a represents an exit velocity which
corresponds to the energy content of the propel-
lant which is not directly influenced by the arc. In
the case of a thruster which is not regeneratively
cooled, a corresponds to the cold gas thrust and

Table 2: Different thruster typesand propellants [with approx. (5)]

Thruster Propellant | kv, [km/g] Va [km/s] K[-] | hrma[] | Ceareaexp. veri- Ref.
fied[km/g]
ION Ar 36,99 8,72 4,242 084 40-60 20
ION Xe 19,67 4,24 4,639 093 30-40 20
SPT Xe 7,01 4,24 1,653 06 13-23 21
SF-MPD Ar 3,06 8,72 0,351 0,27 311 5
AF-MPD Li 1,88 13,76 0,137 0,56 29-35 2223
HIPARC H, 1,199 551 0,022 0,29 12-21 4




therefore increases as the size of the thruster and
the power level increase. With increasing regen-
erative capacity of the thruster which is the high-
est for Marc 6 and with increasing heat capacity
of the propellant, a also increases (see Table 3).
The parameter b represents the incline of the
curves in Fig. 5. It depends greetly on the one
hand on the propelants which can be seen from
curves 1-3 being highest for hydrogen which
offers high exit velocities even a low specific
power levels. In the case of NHz or N;H, the
curves are steeper due to the greater
improvement

16.0 1 1 1 1 1
1 Artus(NH3)

- 2 Artus(N2H4)
3 Artus(H2)

4 March (H2)
5 HIPARC (H2) L
6 NASA (N2H4)
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specific power P g /nt [¥mg]
Fig. 5: Effective exhaust velocity ¢, as function of
specific power for different thermal arcjet thrust-

ers and propellants (see Table 3)

during dissociation. For these two propellants b
differs only dightly because it is very close to the
Alfvén veocity. b generaly increases with in-
creasing Alfvén velocity and decreasing molecuar
weight because c. srongly depends on the
effective molecular weight. On the other hand, an

increase of the regenerative cooling capacity
makes b smaler which is obvious from the very
low value of Marc 6.

For the thrust efficiencies using ansatz 10

2 2 2
T ¢ _b c,

hT: = =

= = 11
2mP, 2P,/m 2c,-a )

follows.

In Fig. 5 the effective exhaust velocity c. of dif-
ferent arcjets listed in Table 3 is plotted against
the specific power. Figure 5 makes it clear that
the effective exhaust velocity increases with the
increasing thruster size due to an increase of spe-
cific power. The HIPARC thruster is optimal for
high power levels (100 kW). Only for the low
power level can it be handled with ansatz 10. For
high power operation ansatz 5 has to be applied.
This part is included in the previous section. For
the power levels shown in this section, it has to be
recognized that the thrusters are not optimized.
Figure 6 shows the thrust efficiencies calculated
for these propulsion systems. The experimentally
verified area is plotted with a thick line, the thin
line represents the curves which are obtained by
using ansatz 10 and Eq. 11. The linear ansatz fits
into the experimental results very well beside the
very low and very high c. region for a certain
thruster. The very low values are not of any tech-
nical interest. At very high ce-values, the fact that
Ce NO longer increases with rising specific power
in a linear manner is a dgn that the gas is nearly
fully dissociated and in addition the fraction of
ionization is no longer increasing at the same rate
as it does in the lower c. area. For high power

Table 3 Variousthermal arcjet thrusters[with ansatz (10) in the case of
HIPARC only the data for medium power operation (<39kW) isincluded

her €]
Thruster | Propellant a b Experimentally verified| Experimentaly verified| Ref.
[km/s] | [gkm] Ce area[km/g| Pq area[W]
ATOS-2 NH; 2,75 | 6,74E-02 4,356 900-1600 24
Artus NoH,4 249 | 6,60E-02 4,2-52 1000-1600 25
ARTUR H, 446 | 4,00E-02 7,2-9,3 1000-1800 24
Marc6 H, 7,97 | 2,09E-02 10,2-122 5000-9150 24
HIPARC H, 444 | 297E-02 8-12 24000-39000 4
NASA NoH,4 474 | 2,60E-02 6-7,1 1000-2500 26
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and propulsion system dependent parameter
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thermd arcjets the point can even be reached
where as with MPD thrusters the gas is nearly
fully ionized and the degree of ionization no longer
changes by increasing c.. In this case the behavior
of the device can be handled using ansatz 5.

1.0

099 1 Artus(NH3)

0.8+ 2 Artus(N2H4)
3 Artus(H2)

4 Marc6 (H2)
5 HIPARC (H2)
6 NASA (N2H4)

thrust efficiency [ ]

approximation
experimentally verified g ||

T T T T T
0.0 25 5.0 75 10.0 125 15.0
effective exhaust velocity ¢ ¢ [km/s]

Fig. 6: Thrust efficiency h+t as function of effec-
tive exhaust velocity for different thermal arcjet
thrusters and propellants (see Table 3)

Introducing Eq. 11 into the left hand side of the
optimization condition in EQ. 4, the function g, (&
Ce) can be obtained, which is vadid for therma
arcjets in the boundaries discussed above:

a Dv

1- 2——
_C-2a Dv ¢ (12)

= - e
1

Ce-a l-ig
Dv c,

Plotted against Dv/ce with the propulsion system
and mission dependent parameter alDv, one ob-
tains the set of curves displayed in Fig. 7.

Asin the case of the function f, no g, values exist
between 1 and 2. The function g, becomes sin-
gular for Dv/ce=Dv/aor c. = a This point is not of
any importance; only the region of cs>a is of in-
terest because a corresponds to the effective cold
gas thrust. Therefore, the upper part of Fig. 7 for
022 is not of any interest and one can concen-
trate on the region f,g,<1. In the upper part of the
nomograph, the functionsf and g, are plotted with
the payload and structure mass fraction ms or
rather a/Dv as parameters. It can be seen from
this figure that for a certain misison, i.e. Dv=congt,
the required optimal exhaust velocity Ceopt, IN
order to even be able to conduct an optimization,
increases with a and therefore with the thruster
Size.

Asin the case of the thruster typesin the previous
section, a normalized trip time t |, can aso be

derived for thermal arcjet thrusters from the opti-
mization condition 4 with respect to Eq. 12 using
the rocket equation 2 for eliminating the payload
and structure fraction ms:

=S @&l a0y
! DV e D//Ce D/ Ce ]-uu
with the normalized trip time defined as
* b
ty=hpcaps—t (14
Dv

From Eq. 13 follows that the normalized trip time
is only a function of aDv and Dv/ce and could
therefore be integrated into the nomograph in Fig.
8. This nomograph describes the field of all pos-
sible optimal vaues for a certain mission in the
case of athermal arcjet propulsion system. With a
given propulsion system, i.e. with given values a,
b, aps and hpc for a certain mission, i.e. Dv, the
optima exhaust velocity Ceqnr and the minimal
flight time t min can be determined for a certain
payload fraction, for example.
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Fig. 8: Nomograph of the quantities Dv, t*, ms
and c. for the optimized rocket equation for
therma arcjet thrusters

Optimization of a Transport Rate

Not only are the performance data of the propul-
son sysem and the rdiability important for
missions, but ultimately the costs play a decisive
role. An attempt will be made to modd these
costs with a relatively smply defined transport
rate which should become maximum and to in-
clude this transport rate in the misson optimiza
tion.

If the payload and structure mass m_s are related
to the tota propulson mass at the onset of the
misson (propulson system mass mes plus pro-
pellant mass mp) times flight time t, one obtains
the following definition of atransport rate:

TR=— s _
(mps+mpl
Using Eqg. 3 the transport rate can be expressed
as

(15

TR = Ms 1
- ma)t (16)
which means that TR is only a function of the
flight time t and the payload and structure mass
fraction ms. Subdtituting t in Eq. 16 with the

rocket equation 2 provides TR as a function of
Ms, Ceand Dv:

TR= 212': Ms (ms e e- 1) 17)
G m e

Therefore, the necessary conditions for a maximal
trangport rate for a certain mission (Dv) are that
the partia differentiations with respect to c. and
Mms be zero. Since the transport rate TR is only
dependent on ¢, over t (ce), the condition TTR/ce
is satisfied if fit/flce = 0. The resulting equation
was deducted in the preceding section in the
rocket equation optimization as Eq. 4. Since the
specific power ar is not a function of the payload
fraction ms, the condition fTR/ffms = 0 yidds the
following smple equation for the payload mass
fraction ms:

m =1- 1/1- e e | (18)

For a given misson and propulson system, the
specific power ar and the velocity increment Dv
are fixed and the transport rate only depends on
the exhaust velocity c. and payload and structure
mass fraction ms. An investigation of the second
derivative shows that the transport rate is maximal
when both conditions are satisfied. Substituting
Eq. 18 into Eq. 4 provides

. far _, (Dv/cpl)eDV“eJl- e (19)
ar fc, (l- eD’/%)[(l- \/1- e G )em/ce_ 1J
9

frr

With the additiond Eq. 18, the function f = frr has
become dependent only on Dv/ce and is no longer
dependent on the mass fraction ms, as in the case
of the optimization of the rocket equation.

High Power Thermal Arcjets, lon, Hall lon
and MPD Thrusters

It has been shown in the previous section that for
high power thermal arcjets as well as for ion, Hall
ion and MPD thrusters the function g becomes g,

(see Eq. 7). The function frr(Dv/c,) can now be
plotted together with g(Dv/ce) with kva/Dv as
parameter which in contrast to f(Dv/c,,m ) no
longer represents a set of curves (see Fig. 10). So
for a given propulson sysem and misson the
intersection of frg with g (Dv/ce, KV a/Dv) yields



one solution for an optima specific impulse. Ac-
cording to Eqg. 18, the function ms(Dv/cg was
aso plotted into Fig. 9, so that one immediately
obtains the corresponding payload mass fraction
value ms. In the same figure, the normalized flight

time t*m,u (Dvice) is displayed. The normalized

flight time has been calculated with the use of
Egs. 1,2,7,8,18 and 19 as

tin :(ce/Dv)?’(eD”ce'l)«/l- ™' . (20

For a given misson Dv and a given propulson
system (kva, htmax, @ps, hec), the exhaust veloc-
ity Ce, the payload and structure mass fraction ms
and the flight time t can be determined from Fig.
9 and Eq. 8 so that the transport rate is optimal.
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Fig. 9: Diagram of Dv, c,, Mg, and t 7, for

high power thermd arcjets, ion, Hall ion and MPD
thrusters for the case of an optimized transport
rate

Thermal Arcjet Thrusters

In the case of athermal arcjet thruster the func-
tion g becomes g, (see Eqg. 12) which is plotted in
a set of curves g, (Dv/ce) in Fig. 7 with aDv as
parameter. In the same way as for the thrusters
dedlt with in the previous section, the functions
frr(Dv/ce) (EQ. 19) ms (Eq. 18) and t 1, can be

integrated in one graph. This is displayed in Fig.
10.
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Fig. 10: Diagram of Dv, Ce, ms and t *1g ; for
thermd arcjet thrusters for the case of an opti-
mized transport rate

The normalized flight time t 75, can be calcu-

lated from the optimization condition 18 substi-
tuting ms with the help of the rocket equation 2
and using, in addition, the optimization condition 19
and Egs. 12 and 14

_ (eD//ce . 1)"L(]_- m ) e/ - 1J 1)
gﬂz\/_ g em/ceL/m_ 1
e @

For agiven misson Dv and a given therma arcjet
propulsion system (a, b, aps, hpc), the exhaust
velocity Ce, the payload and structure mass frac-
tion ms and the flight time t can be determined
from Fig. 10 and EQ. 14 so that the transport rate
isoptimdl.

TR,

Comparison of Resultsfor Different
Thruster Types

In this section, the results of the different optimi-
zations are compared for selected thruster types,
which are listed in Tables 2 and 3. The corre-
sponding efficiencies are displayed in Figs. 3 and
6. As power supply, a nuclear reactor like the SP-
100*" was selected with a specific power of aps =
33 W/kg. This reactor was chosen in regard to
interplanetary missions. To alow for a better
comparison, the same aps was aso used as the
basis for the therma arcjet thrusters. This corre-
sponds to a mean vaue for solar power supplies.



For dl thrusters, the efficiency of the power con-
ditioner was chosen with hpc = 0.9.

Optimized Rocket Equation

Firgly, the results for the high power thermal
argjets, ion, Hall ion and MPD thrusters (Table 2)
are shown. The optimized exhaust velocities ce
and the payload and structure mass fractions ms
for two velocity increments, Dn= 4km/s and
9km/s, as a function of the flight time, are shown
inFigs 11 and 12.

The optima exhaust velocities ¢, decrease with
decreasing flight time t (Figs. 11a and 12a). Fur-
thermore, they decrease dightly with increasing
velocity increment Dn. It is obvious that the op-
tima exhaust velocity not only strongly depends
on the thruster type but also on the propellant. The
difference between argon (No. 1) and xenon (No.
2) with the same ion thruster is more than 10km/s.
It shows that the optimal exhaust velocities ce
depend not only on the maximum attainable
thruster efficiency ht ma but aso on the factor
kva in ansatz 5, which is a sort of loss factor. The
highest values result for the argon ion thruster
(No. 1) and the lowest for the self-field MPD
thruster (No. 4) and the high power thermal arcjet
(No. 6), dso with argon as the propellant. Both
follow the same curve. But so far, the exhaust
velocities of the SF-MPD thruster have only
achieved the optimal vaue for low trip times. For
long trip times an improvement of the c. is
required. In contrast, the high power thermal
arcjet thruster shows optimal effective exhaust
velocities for long trip times. The required optimal
exhaust velocities are clearly higher for the AF-
MPD thruster (No. 5) with lithium compared to
the self-field device and it is even higher for the
Hdl ion thruster (No. 3) but clearly lower
compared to the ion thruster with the same
propelant (Xe). It is clearly visble that only for
low velocity increments Dv and very long trip
times can the optimal exhaust velocities be
reached with an applied field MPD thruster with
lithium as propellant. Over a wide range of
missions the ce-values attainable with this device
are much too high. In comparison, the Hal ion
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thruster, the effective exhaust velocity is high
enough only for short trip times. Besides the self-
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Fig. 11: Effective exhaust velocity c. (@) , payload

and structure mass fraction ms (b) vs. flight time

t for thrusters in Table 2 for a velocity increment
of Dn=4km/s

field MPD and the high power thermal arcjet, with
optimal exhaust velocities ¢, the thruster types are
very distinct. Thisis not the case for the maximal
payload and structure mass fraction ms. The
xenon ion and Hal ion thrusters both attain the
best payload fraction because of their superior
htmax In the region of operation, the Hal ion
thruster for the short trip times and the Xe ion
thruster for the long trip times.

For the therma arcjets (Table 3) the results for
the same velocity increment (4 km/s and 9km/s)
are displayed in Figs. 13 and 14.

It is apparent in Figs. 13 and 14 that for a specific
Dn requirement for every thruster an optimal ex-
haust velocity can be given only within a smal
flight time area. This flight time area shifts for a



specific thruster with increasng Dv towards
longer flight times. It can aso be shown that the
optima effective exhaust velocity increases as
theDv requirement increases.?® It can essentially
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Fig. 12: Effective exhaust velocity c. (a) , payload

and structure mass fraction ms (b) vs. flight time

t for thrustersin Table 2 for a velocity increment
of Dn=%m/s

be remarked that due to the flat t,* curves,
uncertainties in determining parameter a have a
strong influence on Ceopt (Se€ Fig. 8).

Optimization for a Transport Rate

The results for the optimization of the transport
rate for the six selected thrusters in Table 2 are
displayed in Fig. 15 as a function of the velocity
increment Dv. The picture of the results compared
to those of the optimization of the rocket equation
has changed completely: the optima exhaust
velocities ¢ increase with rising Dv (Fig. 15a) and

asymptotically  approach  the  optimization
boundary, which is determined by the intersection
of the | ;1 curve with the abscissa in Fig. 9. The
minima exhaust velocities given by the optimi-
zation procedure and which would be attained at
Dv=0 are equal to the kv, valuesfrom ansatz 5.
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Fig. 13: Effective exhaust velocity c. (@), payload
and structure mass fraction ms (b) vs. flight time
t for thermal arcjet thrustersin Table 3 for a
velocity increment of Dn=4km/s

This can be explained with Fig. 9. Dv=0 aso
means that Dv/c~0, and therefore g must be
equa to 1. For g=1, Eqg. 7 can only be achieved
with an exhaust velocity equal to kva. The ex-
perimentaly verified regions where an optimiza:
tion is possible are plotted with thick lines in Figs.
15a-d. For the applied field MPD thruster the
optima effective exhaust velocities considered
here with the whole Dv region are far below the
vaues which can be achieved with this lithium
thruster.®
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From Fig. 15a it is vishle that, for example, the °
Hal ion thruster SPT-100 only offers optimal s
effective exhaust velocities for velocity in- £
crements between 2.2km/s and 8km/s. If higher
and lower Dv-values are required, the optimal

exhaust velocities cannot be achieved as they are

too low for low Dv's and too high in the case of d)

high Dv’'s. Therefore, if one wants to use this 10'4 - - - i
thruster for a low Dv-misson (<2.2knm/s) the 2 1m0
lowest possible ¢, should be used, in the case of a 10" ‘2‘ ,ﬁ%&’éﬁﬁ I

high Dv-mission (>8knvs), the highest c. would be
the best choice. These considerations lead to the
thin lines in Fig. 15a For the regions with a
constant effective exhaust velocity the transport
rate only depends on ms. Therefore, Eq. 18
represents the only optimization condition and can - - : - -

transport rate [ 106]

be used for caculating ms (thin lines in Fig. 15h). _ o veeayinoemenios]
The corresponding flight time in this case can be Fig. 15: Effective exhaust velocity c. (a), payload
calculated from the rocket equation 2 and leads to and structure mass fraction ms (b), flight timet
the thin lines in Fig. 15c. (c) and transport rate Tr (d) vs. velocity incre-
ments for the transport rate optimization for
thrustersin Table 2
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Also, the curves for the payload and structure
mass fraction ms (Fig. 15b) show behavior dif-
ferent from those of the preceding rocket equation
optimization (Figs 11 and 12). The ms vaues for
the optimized region fal seadily from 1 to an
asymptotical value determined by the maximal
ratio of Dv/ce (see Fig. 9 and Eg. 18). The best
payload fractions are achieved for the argon ion
thruster (No. 1) dueto its very high exit velocities,
the worst for the self-field MPD thruster (No. 4)
and the high power thermal arcjet (No. 6). The
corresponding mission flight timest , plotted in Fig.
15c, show quite a changed character. The lowest
trip times can be achieved by using the sdf-field
MPD thruster (No. 4) for low velocity increments
up to 2.2kmv/s and the Hall ion thruster for high
Dvs.

The optimization rate is defined so that it is large
when a short flight time as well as a large payload
fraction are achieved. Figure 15d makes it clear
that for veocity increments up to 3.5kn/s, the
Hall ion thruster offers the highest transport rate
due to its low loss factor. At velocity increments
higher than 6km/s, the xenon ion thruster clearly
takes over this good position due to its very high
efficiency value. The sdf-fieddd MPD thruster,
which in contrast to the Hall ion thrusters and ion
thrusters has not yet been optimized, is so far only
preferable for very low velocity increments.

For three recent missions, Degp Space 1 (ion
thruster Xe), SMART-1 (Hall ion thruster, Xe)
and Muses-C (ion thruster, Xe), the effective exit
velocities of each chosen thruster are included in
Fig. 15a The effective exhaust velocities agree
quite well with the chosen operating points for the
missions despite the smple transport rate model.
Here the point must be made that the ion thrusters
for both missions do not completely agree with
thruster 2. Because the thrust efficiency
dependence on exit velocity is not available or
accessible to us for these devices, the correct
calculation could not be performed.

The results for the optimization of the transport
rate for the six selected thermal arcjet thrusters in
Table 3 are displayed in Fig. 16. The experimen-
tdly verified regions where an optimization is
possible are plotted with athick line. Figure 10 has
already shown that the optimal effective exhaust
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Fig. 16: Effective exhaust velocity c. (@), payload
and structure mass fraction ms (b), flight time t
(c) and transport rate Tr (d) vs. velocity incre-
ment for the extended transport rate optimization

for thrustersin Table 3
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velocity for a specific Dv requirement now only
depends on the parameter alDv. The same is true
inview of Eq. 18 for ms. The bigger aiis, in other
words the faster the exit velocity which
corresponds to the energy content of the
propellant which is not directly influenced by the
arc, the larger the c. required for an optimization
and the larger the ms. This means that improving
the regenerative cooling capacity results in an
increase of the payload and structure mass frac-
tion. Fig. 16a shows how the optima exhaust
velocity decreases as the velocity increment in-
creases within the optimization region. An opti-
mization of the Marc 6 thruster with small velocity
increments for example is not possible because
the optimal c. can no longer be achieved. This
means that for a small velocity increment, the
largest possible ¢ should be chosen. If one, on the
other hand, wants to use a thruster for a misson
with a larger Dn requirement than its optimization
area covers, it should be operated with the
smallest possible c. because then the higher effi-
ciency (see Fig. 6) increases the transport rate.
These consderations led to the thin lines in Fig.
16a. For the regions with a constant effective
exhaust velocity the transport rate only depends
on ms. Therefore, Eq. 18 represents the only
optimization condition and can be used for the
caculation of ms (thin lines in Fig. 16b). The
corresponding flight time in this case can be cal-
culated from the rocket equation 2 and leads to
the thin lines in Fig. 16c. Generdly spesking, the
transport rate sinks as the velocity increment in-
creases because the flight time (see Fig. 16¢) as
well as the payload and structure mass fraction
(see Fig. 16b) dradticaly snk. This behavior is
visble in Fig. 16d. Figure 16 shows that the
smdler and likewise optimized thruster Artus is
superior when the Dv requirement is small
(<3km/s). For Dv>6km/s Marc 6 is superior dueto
its good regenerative cooling capacity. At this per-
formance level, HIPARC can only be included in
the comparison to a limited extent because it only
has a relatively low regenerative cooling capacity,
in which respect its stage of development and that
of the thrusters Artus and Marc ae not
equivalent.
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In Fig. 17 the trangport rates of only four of the
thrusters (two from each of the two groups dis-
cussed) are compared. Although the exhaust ve-
locity which Marc 6 exhibits in the Dv region
investigated is too low (compare Fig. 16q), its
transport rate is superior to al the other thrusters
when the entire region in considered. This is due
to sgnificantly shorter flight times which can be
achieved. Here the large potential of the thermal
arcjetsis obvious.
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Fig. 17: Transport rate as a function of velocity
increment [km/s] for selected thrusters

Through its optima exhaust velocity, the high
power arcjet HIPARC has dready distinguished
itself in the Dv region that is of interest for many
missions. If it is possible to significantly increase
HIPARC's efficiency through regenerative cool-
ing and optimization, it would be of great interest
for transfer and interplanetary missions.

Despite the high payload ratio that can be
achieved with these thrusters, the Xe ion
thruster’s transport rate is significantly lower than
that of Marc 6 because the flight time is very long
due to the low thrust density that these thrusters
exhibit. Significant improvements are no longer
possible for these devices. For sdf-fiedd MPD
thrusters it is valid to say that their efficiency as
well as their effective exhaust veocity must
improve to make these devices competitive.



Conclugons

The purpose of this paper was the inclusion of the
dependency of the specific power ar on the ex-
haust velocity ce into the flight misson parameter
optimization and to show the tendencies of the
results, not to give detailed solutions, for which the
meass fraction division, for example, would not be
refined enough. The results clearly show the
strengths and weaknesses of individua thrusters
and the influence of the propdlant choice. In
comparing the individua thrusters, one must keep
in mind that the thrusters are in various stages of
development. In some cases, there are aready
optimized and qudified thrusters (for example the
Xe ion thruster, Hall ion thruster and low power
arcjet and Marc 6). On the other hand, the regen-
erative cooling capacity of the HIPARC, for ex-
ample, is far from exhausted and there are only
simple laboratory models of the MPD thrusters.

In the case of the applied field MPD thruster,
lithium is certainly not the best propellant choice
because the effective exhaust velocity gets too
high. If the exhaust velocity could be lowered, the
transport rate would improve.”® Certain important

aspects in choosing the optima thruster are not
included in the optimization, such as the attainable
thrust dendty lifetime, reliability and possble
contamination. Despite the numerous smpli-
fications, it could be shown for a number of cur-
rent misson examples that the optima effective
exhaust velocities could be predicted fairly well.
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