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ABSTRACT

KREM is a computer model designed to study and evaluate the
performance of conceptual spacecraft designs utilizing nuclear:
electric propulsion systems for orbital transfer missions. The
code features an interactive input environment so that the user
may easily specify the parameters available for characterization
of a given mission study. Empirical models for an argon
magnetoplasmadynamic (MPD) and a hydrogen arcjet thruster
system are included in KREM. There are also two types of
nuclear power sources represented. In addition to the thruster
and power systems, the user may specify the target orbit and
inclination, one-way or roundtrip transfers, the payload mass,
power level and analysis mode. The variety of analysis options
available allows KREM to solve for the minimum transfer time,
the optimized transfer, or analyze a variety of missions at once.

In order to evaluate and demonstrate the operation of KREM,
analyses of vehicle performance for a reference low Earth orbit
to geosynchronous orbit mission were conducted for both the
MPD and arcjet thruster systems. Overall, the MPD thruster
required less total mass to complete the reference mission
throughout the entire range of operation as compared to the arcjet
thruster system. However, the arcjet thruster achieved lower
transfer times up to levels of approximately 1300 sec specific
impulse. This is the result of the higher efficiency and thrust
levels of the arcjet thruster in this operational range. Beyond
this point, the MPD thruster demonstrated both lower transfer
times and lower system masses.

NOMENCLATURE

Ce = exhaust velocity, m/s

g = gravitational acceleration, 9.81 m/s?
h = orbital radius, km

Isp = specific impulse, s

Isp opt = optimized specific impulse, s

M = mass, kg

Mo = initial vehicle mass, kg

Mpay = payload mass, kg

Mprp = propellant mass, kg

Mpwr = power system mass, kg

Mthr = propulsion system mass, kg

Mprp = propellant mass flow rate, kg/s

= available system electrical power, kWe
T = mission transfer time, s

Tnt = roundtrip mission transfer time, s
Ttrans = oneway mission transfer time, s

TF = tankage fraction

v = circular orbital velocity, km/s

Vg = characteristic velocity, m/s

apwr = power system specific mass, kg/kWe
Gthr = propulsion system specific mass, kg/lkWe
av = velocity increment, kmy/s

A9 = inclination change, deg

Tppu = power processing unit efficiency

Npwr = power system efficiency

Nthr = propulsion system efficiency

Hg = gravitational parameter, 3.98601 x 105 km?/s2
Hpay = payload fraction

INTRODUCTION

Increased interest in the utilization of near-earth space is seen in
the emphasis of many research and development programs. The
development of the Space Station is only one example of the
tremendous effort and importance placed on earth orbital
operations. In addition, operational programs such as the Space
Shuttle and the various unmanned launch vehicle programs
throughout the world illustrate the importance of the
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development of near-earth spaceS.

An integral part of orbital operations is the raising of payloads
from the low Earth orbits (LEO) provided by ground launch
systems to their operational orbits by orbital transfer vehicles
(OTV's). With the development of the SP-100 space nuclear
power system, nuclear electric propulsion (NEP) can play a
major role in future missions of this type!l. One possible near
term application of NEP systems is incorporated into the SP-100
reference mission3. This mission would employ a spacecraft
powered by an SP-100 nuclear power system and utilize an
arcjet thruster system for propulsion. A reference mission of
this type would provide invaluable experience not only in the
operation of the SP-100 but also in the use of low thrust, electric
propulsion systems for orbit transfer.

The KREM computer code is the product of a three month
project undertaken to develop an easy to use tool for evaluating
the primary mission parameters concerning OTV's employing
NEP systems. KREM features an interactive input environment
that allows the user to specify the parameters necessary for the
characterization of a particular mission of interest. It provides
two electric thruster models, two nuclear power system models
and allows the user to specify orbit and inclination, payload
mass, one-way or roundtrip transfers, power level and a variety
of analysis modes. The different analysis options can solve for
the minimum transfer time, the optimum transfer mission or
evaluate a variety of missions at one time.

ANALYTICAL AND EMPIRICAL MODEL
DEVELOPMENT

The KREM computer code includes analytical and empirical
models for the characterization of NEP OTV's and their
subsystems. Operational models include the rocket trajectory,
propulsion system and power system. KREM also contains
performance models which solve for the minimum time and
optimized transfers for a given mission.

Rocket Trajectory Model

The rocket trajectory model used in KREM is an ideal model for
the transfer of electric propulsion vehicles. The model is limited
to representing vehicles that do not achieve escape from Earth
orbit. The bulk of this model was adapted from previous studies
on the operation of NEP OTV's with only superficial changes
made in nomenclature and definition!.4.

The primary variable used to describe the transfer of a vehicle
from one orbit to another is the AV; the velocity increment
required to perform the necessary change in vehicle energy. For
low thrust vehicles the AV can be determined by the following
equation;

T+ AB

. ) ]0.5

where V, and V, are the final and initial orbital velocites,

respectively. The orbital velocities are calculated from the orbital
altitude by the equation;

AV=[V§+VT-2V2V1cos( M

()]

where h is the orbital altitude measured from the center of the
Earth.

Once the AV has been calculated, the mass of the propellant
required for the mission is defined as;
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The initial vehicle mass is the sum of the subsystem masses
shown in the following equation.

DAO = hdpay +

MW+MW+(1+TF)MW )

Using equations (3), (4) and (5), the following relation can be
derived which defines the mass of the propellant required for a
given transfer.
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Similarly, a relation can be derived for the mass flow rate;
. 2P
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where 1;,. includes the power processing unit (PPU) efficiency

Nppu: Expressions for both the one-way and roundtrip transfer

time can be developed as functions of the primary variables used
to describe the vehicle and mission. Equation (8) below
provides an expression for the one-way transfer time.
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Based on the previous derivation and some additional
assumptions concerning the payload delivery, an equation for
the roundtrip transfer time is shown in equation (9).
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The tankage fraction for the different thruster systems is a
function of propellant type and mass. The values for the tankage
fraction of each propellant were found to not vary greatly at the
levels of propellant mass normally required for the orbital
transfer missions analyzed by KREM. For simplicity, values
were taken from the literature which represented the normal
range of operation for both the MPD and arcjet thruster
systems*. For the MPD thruster using argon as propellant the
tankage fraction is 0.05. For the arcjet thruster using hydrogen
as propellant the tankage fraction is 0.15.

During the derivation of the rocket trajectory equations, many
assumptions were made. The subsystems of the spacecraft are
assumed to contain all necessary structure, thcrma.!.. operational
and diagnostic control systems. The tankage fraction includes
all propellant storage, control and feed systems. The power and
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specific impulse were held constant during the mission
simulation. Additional assumptions which apply to the roundtrip
transfer derivation are; 1) the AV and specific impulse are
constant and the same for both phases of the transfer, 2) the
payload is delivered at the end of the first phase, and 3) the
vehicle returns immediately after payload delivery. Other more
detailed parameters and effects were not considered in the
development of the rocket trajectory model. Examples of these
include mass estimates of vehicle avionics, secondary and
backup systems, required structure to integrate the vehicle
subsystems, complications in the flight dynamics such as
atmospheric drag, the gravity gradient, and perturbations due to
the Earth, Moon and Sun.

Previous studies have estimated that the effects mentioned above
are minimal and their exclusion yields results within 5% of the
actual values®. The user may vary the payload mass in order to
compensate for the masses not currently included in the model.
However, their absence does not significantly change the
fundamental trends of the calculations performed by KREM and
the exclusion of the more detailed parameters is in keeping with
the purpose of the code to be a quick and easy to use analysis
tool rather than an exact model for a given mission.

Propulsion System Models

KREM contains empirical models for two types of electric
propulsion systems: both an argon magnetoplasmadynamic
(MPD) thruster and a hydrogen arcjet thruster. The primary task
of the thruster models is to evaluate the thruster efficiency and
specific mass as functions of the specific impulse.

The data for the MPD thruster was obtained from values
available in literature and from experimental programs for a set
of thrusters using argon as propellant and optimized to operate
over the entire range of operation!+4. The operational range of
the MPD thruster extends from approximately 500 to 5000 sec
specific impulse. A plot illustrating the efficiency model is
shown in Figure 1.
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Figﬁre 1. MPD thruster total efficiency as a function of specific
impulse.

It should be noted that this is the overall efficiency of the thruster
system and includes the PPU efficiency. For the MPD thruster a

value of Nppu = 0.88 was used. The function was modeled with
a second order polynomial using a least squares fitting technique
for use in KREM. The expression for the MPD thruster
efficiency is shown below in equation (10).

2
Mormps =018 +116E-4 I - 1.22E-8 1 (10)

The model was produced by Fitter 2.0, a general least squares fit
computer code developed at Texas A & M University?. The
specific mass is not taken as a function of the specific impulse
and is constant at 7.0 kg/kWe over the entire range of operation.

The data for the efficiency and specific mass of the arcjet thruster
was taken from literature and was developed from theoretical
projections of the frozen flow efficiency of an arcjet thruster
with hydroi n as propellant operating at a pressure of 10 atm
(1.01 MPa)*. The data was modified to account for the throat,
nozzle and PPU efficiencies and is shown in Figure 2. A value
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of Mppu = 0.92 was used for the arcjet thruster. The specific

mass of the arcjet, as with the MPD thruster, is constant and
taken to be 5.0 kg/lkWe. The operational range of the arcjet
thruster is limited to specific impulses from 600 to 1800 sec.

Due to the complex nature of the function, it was found that the
least squares fitting technique used to model the MPD thruster
efficiency was inadequate for the arcjet thruster efficiency.

Rather, a splme fitting technique was used to obtain an
empirical model®. The model takes the form shown below;
F(x) = Aj + B; (x - x;) + C; (x - ;)2 + Dj (x - x;) (11)

for(i = 1, N ) where the coefficients ( A, B, C, D ) are

the spline coefficient arrays based upon the actual data points
used for the fit.

Power System Models

KREM includes models for two types of nuclear power
systems. The first is the SP-100 space nuclear power system
under development in the United States. Ths:froject is being
conducted by a triagency consortium co of the National
Aeronautics and Space Administration (NASA), the Department
of Energy (DOE). and the Department of Defense (DOD). The
second system is the ERATO space nuclear power concept that
has been the subject of investigation by the Centre d'Etudes
Nucléaires de Saclay (CNES) and the Commissariat a I'Energie
Atomique (CEA). These systems were chosen since they
represent two very different power concepts which may be
available for electric propulsion vehicles.

The current reference design for the SP-100 is a fast spectrum
nuclear reactor using lithium as the primary coolant?, It is
coupled with a thermoelectric power conversion system which
features a conical heat pipe radiator. The SP-100 is scalable and
is designed to generate electrical power in the range from 10
kWe to IMWe. The system is targeted for operation in the mid
to late 1990's.

By contrast, the ERATO system is an example of a different
approach for s; ace based electrical power generation by using a
Brayton cycle’10. The nuclear reactor is cooled with a lithium
primary coolmg loop which transfers heat through a heat
exchanger to the secondary helium loop. The helium is expanded
through four turbines in parallel to produce electrical power.
Waste heat is dumped to space via a heat pipe radiator. The
ERATO project encompasses power systems which produce
power from 20 kWe to 200 kWe.

The mass of both nuclear power systems as a function of power
" was modeled with polynomial fits using the least squares fitting
technique described prevmusly The data for the fits was
obtained from literal 0, The equations used in KREM for
both the SP-100 and ERATO systems are shown below.

SP-100: M= 7.81E+2 + 2.19E+l P + 3.49E-3 P*

- 6.18E6 P’ 12)
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ERATO :M= 1.54 E+3+9.87 P+ 832E3 P> (13)

A comparison of both models is shown in Figure 3.
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Figure 3. Comparison of the power system mass as a function
of electrical power for the SP-100 and ERATO space nuclear
power systems.

The specific mass of each power system was calculated as the
ratio of the power system mass to the operating power based on
the empirical models above. The system efficiencies were found
not to vary significantly over the range of operation and were
taken as constant, ideal values of 0.07 for the SP-100 and 0.25
for ERATO.

Analysis Models

There are several options available for the type of analysis that
KREM can perform. The code can solve for the minimum time
transfer as well as for the optimized transfer as a function of the
vehicle subsystem efficiencies, specific masses, transfer time

specific impulse. The remaining options allow the user to
analyze either one or a series of missions. The algorithms for
these options are described in the following sections.

The performance option solves for the minimum transfer time of
a given mission. Based on the user input, KREM iterates on a
mission profile by evaluating the transfer at different specific
impulses. The code automatically steps through the calculations
until it finds the minimum transfer time. This value can be found
for either the shortest payload delivery time (one-way transfer)
or the shortest roundtrip transfer. Once the minimum time is
found the results of the calculations for the rest of the mission
and vehicle parameters are routed to the output files.

The economy option solves for the mission transfer that yields
the optimum payload fraction for a given mission. The
optimization was derived from data that relates the ratio of the
AV to the characteristic velocity to the optimized ratio of the
exhaust velocity to characteristic velocity as a function of
payload fraction?. The data is represented by the equation
below.

C 2
1+ (g2
S In b (14)
% %

=1
by * (7))

Using a least squares fitting technique, and solving for the
optimized ratio of the exhaust velocity to the characteristic
velocity, equation (14) can be represented for a given payload
fraction by a polynomial of the form shown in equation (15).

(-—)”*b( ) ¢ (- )

(13)

Noting the definitions of C, and V) , equation (15) can be
rearranged to yield an expression for the optimum specific



impulse as a function of AV and the primary parameters used to
characterize the OTV.

Ce =g Isp' (16)
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Substituting equations (16) and (17) and the polynomial
coefficients into equation (15) yields an equation for the
optimized specific impulse as a function of the power and
thruster system efficiencies, the power system specific mass, the
transfer time and the AV.

Ly op = 010463 (20, @ T)*% 005471 (AV)

sp opt

- 001208 (2 0 T AV (1

For the optimization KREM begins evaluating the mission by
choosing a specific impulse (the minimum for the thruster
system specified) and calculating an initial estimate of the
ransfer time. The optimum specific impulse is then calculated
and compared to the initial specific impulse. If the two values
do not fall within the convergence criterion the code replaces the
initial specific impulse with the optimized value and repeats the
calculations. The code utilizes this iterative procedure, stepping
through the values of specific impulse, until convergence is
achieved.

The specified and analysis options provide the ability to
evaluate a mission in which the specific impulse or a range of
specific impulses is designated by the user. KREM continues
the calculations, dumping the vehicle and mission data to the
output files until the limitations set by the user are reached.

EVALUATION OF VEHICLE PERFORMANCE

KREM was used to evaluate a variety of conceptual vehicle
configurations by comparing their performance in transfer time
and total system mass as functions of several vehicle and
mission parameters. For this comparison a reference LEO to
geosynchronous orbit (GEO) transfer mission was defined. The
reference mission specifies the launch point as the nominal orbit
designated for the Space Station, 500 km altitude at a 28.5
inclination®. Table 1 contains a complete list of the parameters
used for the reference mission.

Table 1. Reference Mission Parameters

Transfer option: Roundtrip
Power system option: SP-100
Power system output: 100 kWe
Payload mass: 10,000 kg
Initial orbit altitude: 500 km
Initial orbit inclination: 28.5 deg
Target orbit altitude: 42,000 km
Target orbit inclination: 0.0 deg
Total AV: 5.9254 km/s

The first study entailed a comparison of the performance of the
MPD and arcjet thruster systems. The results of the comparison
are shown in Figure 4 which plots the roundtrip transfer time as
a function of specific impulse. Additionally for comparison, a
plot at a power system output of 500 kWe 1s also shown. The
results indicate that the arcjet thruster achieved the lowest overall
transfer times for a given reactor power at low to moderate
specific impulses ( < 1300 sec). This is due to the higher thrust
and efficiency of the arcjet system in this operational range.
However, at higher levels of specific impulse, the MPD thruster
produced lower transfer times.

The results for the arcjet thruster also indicate an apparent
maximum value in the arcjet thruster performance curves at
approximately 1800 sec specific impulse. The results of
additional simulations predict that the arcjet thruster transfer time
continues to increase beyond this point. Therefore, the apparent
peak at 1800 sec is a false maximum due only to the shape of the
arcjet thruster efficiency curve (see Figure 2). The data beyond
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1800 sec was not plotted in Figure 4 since it is beyond the
physical operating range of the thruster.
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Figure 4. Performance of the MPD and Arcjet thruster systems
for the reference mission; roundtrip transfer time as a function of

specific impulse.

Figure 5 illustrates the relationship between the total system
mass and the specific impulse for both thruster systems for the
reference mission. Throughout both simulations the MPD
thruster remains the lower mass system. However, the

difference is not large and at higher specific impulses the values
for the thruster systems tend to converge.
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Figure 5. Total system mass as a function of specific impulse.

Table 2 summarizes the performance of both systems for the
reference mission. Data for both the minimum roundtrip transfer
time (performance option) and the optimized mission (economy
option) are shown. Comparing the roundtrip and payload
delivery times of both options, the optimized mission yields
shorter payload delivery times at the expense of slightly longer
roundtrip times. This is due to the fact that the performance
option in KREM is solving for the minimum roundtrip time and
not the minimum payload delivery time.

Table 2. Reference Mission Performance Parameter Summary

Typeof | Roundtrip Time | Payload Delivery | Specific Impuise
Thruster (days) (days) (sec)
Amiet 190 % 943
Performance
Q1 o0 T 13 1090
At 0 ) 847
e
O VED ) W4 695

Several additional studies were performed comparing the
transfer time as a function of specific impulse. These studies



included examinations of the dependence of transfer time on
system power and AV. For example, Figures 6 and 7 are plots
of the roundtrip transfer time versus the specific impulse as a
function of reactor power for both the MPD and arcjet thruster
systems, respectively. Figure 8 illustrates the same data as a
function of mission AV.
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Figure 6. Roundtrip transfer time versus specific impulse as a
function of power for the reference mission using an MPD
thruster system.
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Figure 7. Roundtrip transfer time versus specific impulse as a
function of power for the reference mission using an arcjet
thruster system.
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Figure 8 Roundtrip transfer time versus specific impulse as a
function of mission AV for the reference mission using an MPD
thruster system.

As would be expected, the mission time drops with increasing
power and increases with increasing AV. However, the
decreasing roundtrip time due to the increase in power
approaches an asymptotic value as shown in Figures 6 and 7.
Figure 9 illustrates how the roundtrip time levels off as the
power continues to increase suggesting that some practical limit
may exist beyond which the mission does not significantly
benefit with increasing power.

The relationship between the power level and the total system
mass is depicted in Figure 10. The mass curves vary almost
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linearly with increasing system power. This effect tends to
reinforce the conclusion based on the previous graphs
concerning the limits of vehicle performance with increasing
system pOwer.
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Figure 9. Roundtrip transfer time as a function of system power
for both the MPD and arcjet thruster systems.
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Figure 10. Total system mass as a function of system power for
the reference mission.

SUMMARY

The KREM computer code was developed to aid mission
analysis of NEP vehicles in orbital transfer operations. The
code is not intended to provide an exact evaluation of mission
and vehicle parameters. Rather KREM was developed to allow
the fundamental trends of mission performance for various
conceptual vehicle designs to be compared quickly and easily.
The code features argon MPD and hydrogen arcjet thruster
models as well as two different nuclear power system models.
The user is allowed to specify the target orbit altitude and
inclination, one-way and roundtrip transfers, the payload mass,
the power level, and in the case of the analysis option, a range
of specific impulses for vehicle evaluation. KREM also
provides options for solving for the optimized and minimum
time orbit transfers.

In order to evaluate and demonstrate the ability of KREM to
perform mission studies, a reference LEO to GEO mission was
defined. The reference mission was then used as a basis of
comparison for both electric thruster systems. Overall, the arcjet
thruster provides the best performance by demonstrating lower
transfer times with only slightly higher system mass as
compared to the MPD thruster in the low to moderate specific
impulse ranges (< 1300 sec). For the optimized reference
mission, the arcjet thruster delivers a 10,000 kg payload to GEO
in 82 days and returns to the launch orbit in a total mission time
of 203 days with a total system mass of 33 metric tonnes. By
comparison, the MPD thruster requires 214 days for payload
delivery, 428 days for the roundtrip mission and 35 metric
tonnes total system mass. The superior performance of the arcjet
thruster for the optimized mission is due to the fact that the
optimum specific impulse for the arcjet thruster is at a slightly
higher level than the MPD thruster. At this level, the arcjet
thruster has a lower system mass and higher thrust and
efficiency.



Vehicle performance was also evaluated to determine the
influence of such factors as system power level and mission AV.
In general, the system performance improved with increasing
system power. However, at higher power levels, the
improvement was not as significant due to the increased system
mass. As would be expected, the transfer time increased with
increasing AV.

In conclusion, the results of the KREM analyses provide an
efficient method for comparing various thruster and power
system technologies for a wide variety of mission requirements.
The accuracy of the models included in KREM, although not

exact, allows for conclusions to be drawn on the performance

and suitability of different technologies for orbital transfer
missions.
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