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Foreword

The design process for determining the mass increase for the substitution of low-enriched uranium
(LEU) for high-enriched uranium (HEU) in space nuclear reactor systems is an optimization process
which must simultaneously consider several variables. This process becomes more complex
whenever the reactor core operates on an in-core thermionic power conversion, in which the
fissioning of the nuclear fuel is used to directly heat thermionic emitters, with the subsequent
elimination of external power conversion equipment.

The increased complexity of the optimization process for this type of system is reflected in the work
reported herein, where considerably more information has been developed for the moderated in-core
thermionic reactors.
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THE IMPACT OF THE USE OF LOW OR MEDIUM ENRICHED URANIUM
ON THE MASSES OF SPACE NUCLEAR REACTOR POWER SYSTEMS

EXECUTIVE SUMMARY:

At the request of the Presidential Office of Science and Technology Policy (OSTP), a brief
study was done by the Department of Energy's Space Reactor Power Systems Division of the impact
of using other than highly enriched uranium (HEU) in the design of space nuclear reactor power
systems. A presentation of the preliminary results was made to OSTP on February 10, 1994 (Ref.
1). Subsequent to that presentation, more detailed calculations have been performed by contractor
personnel to confirm those results. This report outlines the methodology and reports the findings,
which support the conclusions of the earlier presentation.

The findings can be generally stated as follows:

)

Use of Uranium enriched to significantly less than 93% U-235 (medium-enriched
uranium [MEU], defined as approximately 35% U-235, or low-enriched uranium
[LEU], defined as <20% U-235), always results in a mass penalty for the reactor core
for a given power.

The amount of the reactor core mass penalty depends on the reactor thermal power,
and on whether the reactor operates with a fast or thermal spectrum. '

Payload shielding mass increases because the reactor becomes larger in volume and
requires a larger diameter shield for a given spacecraft configuration.

The total system mass, which is composed of the reactor core, shield, power
conversion and radiator masses, will also increase by the same amount
(approximately) as the core and shield, assuming that the power conversion system
and the radiator heat rejection temperature and heat rate remain the same.

System re-optimization for minimum system mass for MEU and LEU reactors,
particularly for thermionic reactors, generally results in different system operating
parameters than for HEU systems.

HISTORICAL BACKGRO F HEU USAGE:

The Use of HEU In Space Nuclear Reactors

Since the early 1960s it has been realized that the application of nuclear reactors as space
power sources provides the greatest potential for lowest mass energy sources at high power levels.
The first U.S. space nuclear reactor system to be designed, built, and launched into earth orbit was



the SNAP-10A nuclear power source, a highly-enriched uranium-fueled (93% U-235) reactor which
was launched on April 3, 1965. The reactor was coupled to a thermoelectric conversion unit and
achieved a nominal 500 We output with a thermal conversion efficiency of ~5%. It operated
successfully and as designed until a spacecraft voltage regulator component failed after 43 days of
operation; this malfunction resulted in reactor shutdown. Following the shutdown, the nuclear
power system and spacecraft were boosted to a high earth orbit, where they remain today.

Russian activity in space nuclear reactor power has been extensive. From December 1967
through March 1988 the Former Soviet Union is known to have launched 37 space nuclear reactors
utilizing highly-enriched uranium fuel. Of these, two are believed to have been launch failures and
two others have re-entered the earth's atmosphere. The remaining 33 were boosted into higher earth
orbits, where they also remain today.

The U.S. and Russian designs have always assumed the use of HEU for space reactor power
sources because the energy cost of launching a spacecraft with a given payload is so great that HEU
has been a clear fuel of choice for a minimum launch weight configuration.

The Use of HEU in Naval Reactor

Highly-enriched uranium has been chosen for other applications where size and weight are
of great importance, e.g., as in Naval submarines and, to a lesser degree, Naval surface vessels.
Indeed, the advantages accruing to HEU in this application are so great that Naval reactor fuel has
typically utilized enrichments in excess of the usual 93%. This use of HEU (or better) has been true
not only for U. S. Naval vessels, but for nuclear reactor powered vessels of foreign navies as well.

The Evolving U. S. Nuclear Non-proliferation Policy

With the formulation of national policies dedicated to non-proliferation of weapons-grade
fissile fuel, and the use of low-enriched uranium fuel in U.S. commercial nuclear power reactors and
low-powered research reactors, the Executive Branch, through the President's Office of Science and
Technology Policy (OSTP), is reviewing the effect of mandating the use of LEU for non-
proliferation reasons in U.S. test and research reactors, and in space nuclear reactor power systems.
(Civilian power reactors, which have no stringent constraints on reactor size or mass, are typically
thermal-spectrum reactors with about 4% enriched uranium fuel).

Accordingly, the OSTP has requested reviews of the effect of replacing the HEU in the
design of a proposed new research reactor (the Advanced Neutron Source), and in the design of
future U.S. space nuclear reactor power systems. In response to the latter request, a short study has
been undertaken by the DOE of the neutronic effects and of the impact on the power system masses
which result from using LEU or MEU in nuclear reactors designed for electrical power production
in space.



As introduction to this study, it is instructive to understand the enabling role of space nuclear
reactors in space missions, and the corollary process of system design and mass minimization which
leads to the selection of system parameters for those power systems. An understanding of the
optimization process will help to illustrate the effects of replacing the fissile fuel isotopes of
U-235 with non-fissile isotopes of U-238.

INTRODUCTION
Space Missions Enabled by Space Nuclear Reactors

Certain classes of space missions can only be enabled by nuclear reactor power systems.
They are characterized by:

o High power requirements, usually above the 10-40 kWe range, for relatively long
times (a power requirement characteristic of high-power communication satellites).

o Power requirements typically above 1-10 kWe which cannot be met by solar power
devices, either because the required solar collector panel area is too large for launch
vehicle transport or because the insolation is too low (e.g., beyond Mars orbit or in
planetary shadow).

Power requirements for below ~1 kWe can typically be met either with radioisotope
thermoelectric generators (RTGs) in the case of deep space missions, or with solar panels for orbits
nearer the sun. Figure 1 illustrates the approximate (and overlapping) regimes of applicability for
reactor, solar, and RTG power systems.

The Design Process

The design of a space nuclear reactor power system is a complex process which must
consider several competing effects in the evolution of a system with minimum weight to meet
mission requirements for power, lifetime, and safety. It is possible, in a very general way, to
generate curves of specific weight vs. power level (kg/kWe vs. kWe) when approximate analytical
expressions can be derived for the system components and to then choose the mimimum point of the
summed curves for the composite system design. An alternative, and more exact, way for any given
design is to generate a series of individually mass-optimized design points around the power level
requirement and choose the minimum mass point from such a derived point-wise curve. Frequently,
the total system mass minima are broad and relatively flat curves, and are not overly sensitive to
slightly off-minimum design point selection. References 2 and 3 are examples of codes for such
uses.

A number of specific reactor designs have been proposed for space nuclear-electric power.
They are generally characterized as either fast-spectrum reactors (e.g., the SP-100 design) or as
moderated, thermal- to epithermal-spectrum reactors (e.g., SNAP, TOPAZ, STAR-C, or Nerva
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designs). The reactor power systems can be further characterized by whether they use static
thermoelectric or thermionic power conversion systems or whether they use dynamic power
conversion systems (e.g., Brayton or Rankine cycles). The substitution of LEU for HEU in the
different systems increases the masses by different percentage amounts and usually requires a
reoptimization process of the system operating parameters in order to minimize the increase. For
example, in the case of a moderated in-core thermionic reactor, the diameter of the fueled emitters
will change with the substitution of LEU for HEU in order to minimize neutron resonance
absorption in the U-238.

General relationships can sometimes be deduced concerning reactor mass and shield mass
and their relation to total system mass. A 1988 study by an Air Force/DOE evaluation panel for
small space reactor systems (Ref. 4) examined a number of HEU-fueled reactor designs. The mass
trends for reactors in the 10-30 kWe power range, shown in Appendix A, indicated that in this power
range the radiation shield mass was ~166% of the reactor core mass, and that together they made
up about ~59% of the total system mass.

The Selection of Fast vs. Moderated R rs for a Power m

In the design process, the selection of whether a fast reactor or a thermal system will best
satisfy the power system designer's needs is generally determined by the electrical power required.
For higher power levels (above 100 kWe) the high specific power (kWt/1) of fast reactors makes
them the only type that can be considered. The crossover point from a fast reactor to a thermal
reactor occurs over a range of output power typically at or below the 40 kWe level, as determined
by DOE-funded studies at Rocketdyne (RD) and other contractors. The RD studies (Ref. 5) indicate
that at 40 kWe, a fast spectrum thermionic element reactor is smaller and lighter than a moderated
design. Table 1 below illustrates the comparisons of a 40-kWe fast core with thermionic fuel
elements (TFEs) vs. a 40-kWe moderated core also using TFEs.

TABLE 1

MASS COMPARISONS FOR AN HEU-FUELED THERMIONIC 40-kWe REACTOR

Fast Spectrum  Moderated Spectrum

Reactor Core

Diameter, cm 47.5 57
Height, cm 48 54
No. of TFEs 72 134
Core Mass, kg 894 1266
Shield Mass, kg 1445 1700
Radiator Mass, kg 388 335

Other conclusions drawn by RD are that control is simpler (lower burnup, no burnable poisons
needed, in-core control rods are not needed) and that the benefits of a moderated core increases with
































































