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Abstract
Safe, reliable, low-mass bimodal space power and propulsion systems could have numerous
civilian and military applications. This paper discusses potential bimodal systems that could be
derived from the ALERT space fission power supply concept (Ranken 1990). These bimodal
concepts have the potential for providing 5 to 10kW of electrical power and a total impulse of 100
MN-sat an average specific impulse of 770 s. System mass is on the order of lo00 kg.

INTRODUCTION
Safe, reliable, low-mass bimodal space power and propulsion systems could have numerous
civilian and military applications. Two concepts are described in this paper that could evolve from
the ALERT space fission power supply-a direct derivative of ALERT and a concept that will be
referred to as the "Heatpipe Bimodal System" W S ) . Both concepts have compact cores and use
heatpipes to transfer heat from the core to unicouple thermoelectric converters. The primary
difference between the two systems is that the ALERT-derivative core is fueled with uranium
carbide plates, whereas the HBS is fueled with a combination of uranium nitride and uranium
dioxide fuel pins. A baseline electric power level of 5 kWe is chosen to match anticipated neartern space power requirements.

ALERT DERIVATIVE;
The selection of the A L m T design as the starting point for a bimodal system was based on the
desire to keep the system mass as low as possible. The ALERT concept features a fast neutron
spectrum feactor having a high fuel density, very compact UC core, with the high temperature
operationat capability required for heating hydrogen to 2000 K in order to achieve the required 770
s value for the ISP. This design approach not only ensures low core and reflector mass, but also
reduces the required shield diameter and, hence, shield mass. In the initial design of the ALERT
space fission power supply, as described by Ranken (1990), the core was cooled by
sodidniobium heat pipes placed within the core in a concentric circular configuration. Heat
generated in the core was removed via the heat pipes and transferred around the system
neutrodgamma ray shield to thermoelectric unicouple converters mounted directly on the heat
pipes. A more recent version of the ALERT design approach was described at the 1993 Space
Power Workshop (Ranken 1993). In this version, shown in Figure 1 for a power level of 1 to 2
kWe, the sodiudniobium heat pipes are brazed to the inner and outer diameters of an annular con=
can containing plates of the UC fuel sandwiched between refractory metal plates in a cylindrical
stack. Three reasons for proceeding to this revised design were to: 1) to insure good thermal
contact between the fuel and heat pipes, 2) minimize negative effects of any potential fuel cracking
caused by thermal cycling quirernents, and 3) produce a fuel configuration more readily adaptable
to hydrogen cooling in order to facilitate future broadening of the design to include bimodal
operational capability. Thermal contact and the amelioration of potential fuel cracking are achieved
by brazing the refractory metal heat conduction plates to the inner and outer walls of the core can

with a vanadium or vanadium-based braze. Thermal stresses in the heat conduction plates are
accommodated by radially slotting them alternately from the outside and inside diameters. Thermal
stresses in the fuel, as well as any fission-gas-induced fuel swelling that might occur, are
accommodated by segmenting the fuel plates into wedge-shaped sections.

In adapting the reactor design shown in Figure 1 to current estimates of future Air Force
requirements for bimodal systems, it was necessary not only to introduce hydrogen cooling
capability, but also to increase the power capability to 5 kWe. The projected configuration for the
bimodal adaptation is shown in Figure 2 and Figure 3. It can be seen that the overall configuration
is not greatly different from the ALERT power-only version shown in Figure 1. However, a
number of substantial design changes have been introduced. The most obvious of these, shown in
Figure 2, is an increase in the number of heat pipes from 18 to 52. Each heat pipe must now carry
2.6 k W of thermal power to the conversion system. This amounts to an axial heat transport
requirement in the vapor space of the heat pipe of 2.2 kWkm2, a value well within the capability of
sodium vapor heat pipes operating at 1125 K. Because thermal power density in the cose has been
substantially raised, the maximum fuel temperature in the power production operational mode has
increased to 1400 K. This will not be a problem in terms of fission gas induced fuel swelling
because the total burnup experienced by the fuel will be limited to 0.6%.

Na/NblZr Heat Pipes

FIGURE 1 Revised ALERT Reactor Design with Drum Control.
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FIGURE2. Core and Heat Pipe Arrangement for 5 kWe Bimodal ALERT Reactor.
Design modifications necessitated by the introduction of hydrogen include the introduct*m of
propellent heating channels, the change of the refractory metal heat conduction discs and core can
from molybdenum to tungsten, and the introduction of an extra core can brazed to the tungsten can.
The propellent channels are illustrated in Fig. 3. They total 100 in number and are partially lined
with tungsten sleeves that extend up from the bottom heat conduction disc approximately 30% of
the length of the core. The purpose of these sleeves is to prevent direct contact of flowing
hydrogen with the UC fuel at temperatures above 1400 K. This is to prevent prevent removal of
carbon from the UC and consequent formation of free uranium. At temperatures below 1400 k
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FIGURE.3 Cutaway Side View of 5 kWe Bimodal ALERT Core Configuration.
fining of the UC will not be necessary, so the tungsten tubes are not required to extend into the
upper regions of the core where fuel temperatures wilI be below 1400 K in the propulsion
mode.(”he hydrogen is assumed to be at a temperature of approximately 300 K when it is
introduced into the top of the reactor.) The propellent channel design allows static hydrogen to be
in contact with the UC at temperatures of 2000 to 2200 K. This is permissible because an

overpressure of methane will very quickly form at the static hydrogen/UC boundary to prevent
substantial carbon loss. The problem of carbon depletion and consequent uranium loss caused by
fuel reaction with flowing hydrogen can also be resolved by adding 5 to 10 volume % ZrC to the
UC fwl, or by adding approximately 0.1% methane to the hydrogen propellent (Storms 1994).

The change from molybdenum to tungsten for the thermal conduction plates and core can was
brought about by the need to operate the fuevrefractory metal combination at temperatures as high
as 2200 K during the propulsion mode. Because the required propulsion can be as long as 250 h,
substantid reaction would occur between UC and molybdenum. Reaction between tungsten and
UC mder these conditions is expected to be minimal because of the very small amount of total
involved and because the tungsten proposed for this application is the high quality W/Ta single
crystal alloy produced by the LUTCH organization in Russia. This material is manufactured in
plate, rad, and tube form and has properties of welding, forming, high temperature and stability,
and corrosion resistance that are much superior to wrought, arc cast, or chemically vapor deposited
tungsten (Niiolaev 1994).
The requirement for an extra core-can liner brazed to the tungsten core can results from the need
to protect the heat pipes from the cold hydrogen entering the top of the reactor (which could result
in h z h g the sodium working fluid in this region) and from direct contact with the hot fuel at the
bottom of the reactor, which could result in heat input overload. The core-can liner is separated
from the core can by a gap of 0.1 mm. This gap is filled with helium when the reactor is in the
power-only operating mode. When the hydrogen propulsion mode is required, the helium is
vented to space through a valve of the type used for satellite positioning control; thus isolating the
core- liner (and the heat pipes that are brazed to it) from all but radiative thermal contact with the
core can. This thermal switch can be tailored to permit approximately the same heat input to the
heat pipes during the propulsion mode (when the reactor is producing substantially more thermal
power) as in the power-only mode, thus allowing uninterrupted electrical power production.
Criticality calculations have shown that the reactor core shown in Figures 2 and 3 will have several
8 excess reactivity for a fuel diameter of 20 cm and length of 28 cm if it is reflected radially, and at
one end with 7 cm of beryllium. The propellent exit end of the reactor is not reflected. Table 1
lists the masses of the 5 kWe bimodal system for the case with a 3.6 m diameter dose plane located
at 10 m and a maximum allowable dose of 5x1OS rad and lx101~n/cm2( E l MeV) during a 10
year mission. The mass of the power processing unit is not included because it tends to be mission
dependent. For purposes of reference, the masses of the power-only ALERT systems of
comparable design are shown for 1 kWe and 2 kWe electrical power levels.
TABLE 1.

ALERT System Mass Estimates (kg).

1 kWe Power

2 kWe Power

5 kWe Bimodal

Reactor

80

80

215

Shield

115

125

150

Heat Transfer and
Power Conversion

15

35

130

Control and Structure

45

55

90

255 kg

295 kg

585 kg

Total

W E BIMODAL S

v

The ms is designed to use existing hardware and technology. Advantages of the system
include full electric testability and the use of recently tested fuel technology. Several hundred
kilowaoms of ’ heat can be removed from the HBS core without changing the core design, allowing
the same e m design to be used at electric power levels exceeding the 5 kWe baseline requirement.
The primary disadvantages of the baseline HBS are its inability to provide high thrust levels and its
potentidly higher system mass compared with ALERT. Derivatives of the HBS could be used to
p v i d e high thrust, although system m a s would increase.
A schematic of the HBS is shown in Figure 4. The HBS core has a radius of 0.095 m and is
surrounded by a 0.12-m thick beryllium reflector. The inner 0.065 m of the HBS core is filled

with 0-W-rndiameter WN02 fuel pins, and the outer 0.03 m of the HBS core is fded with 0.01m diameter M o m fuel pins. The ratio of clad thickness to pin diameter is conservative compared
with those used in the Thermionic Fuel Element Verifcation Program (TFEVP), the TOPAZ II
Program, and the SP-100 Program. The small system radius and high radial reflector worth
facilitate designing the system to remain subcritical during all credible launch accidents. The
negative reactivity worth of losing the reflector (or of control drums in the refltxtor) may offset the
positive reactivity effect of core flooding or compaction, reducing or eliminating the need for incore d e t y rods. Depleted uranium nitride fuel pellets serve as axial reflectors, insulators, and
gamma shields on both ends of the molybdenuduranium nitride fuel pins. Beryllium oxide pellets
serve as axial reflectors on the cold end of the tungsteduranium dioxide fuel pins. The uranium
nitride pins are quite similar to pins tested under the SP-100 program (Makenas et al. 1994), and
the uranium dioxide pins are quite similar to those tested under the TOPAZ II program (Wold et al.
1994). Extensive experience with tungsten clad UOz has also been gained under the TFEVP
(Houts 1994) and previous programs. The fueled length in the uranium dioxide pins is 0.37 m
(roughly equivalent to that of the TOPAZ II), and the fueled length of the uranium nitride pins is
0.30 m. Core mass is 100 kg, and overall reactor mass is 200 kg. The fuel geometry and small
cofe radius help reduce shield mass, and the 5 kWe system m a s will be under lo00 kg.
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FIGURE 4. Schematic of the Heatpipe Bimodal System.
There is one heat pipe per hexagonal assembly in the HBS. In the UN section of &he core, the
molybdenum cladding is bonded to the molybdenum heat pipe to provide good thermal contact. In
the Uo;! section of the core, the tungsten fuel clad is bonded to a tungsten tube containing a
molybdenum heat pipe located within its walls. The tungsten tube is radiatively coupled to the
molybdenum heat pipe. During propulsion, the heat flux seen by the heat pipe is roughly
equivalent to that seen during power mode, and the double wall reduces hydrogen permeation into
the heat pipe. During power operation there will by some asymmetry in the fuel radial temperature

prof* in both the M o m and the W / U a regions because heat is only removed from one section
of the fnel clad. However, the temperam asymmetry will not be severe because of the low power
density, Ln the combined power and propulsion mode, heat removal from the fuel will be nearly
symme&ic because of the hydrogen propellant.

Fuel pin diameter is constant throughout the core, and will be on the order of 0.01 m.
Development cost for the initial system could be reduced by sizing the pins to use uranium nitride
pellets that were fabricated under the SP-100 program or to accomodate electric heaters (for full
e k c ~ d heated
y
system tests) that were developed under the Russian TOPAZ 11program. A
sigd%cmtadvantage of H B S over most cermetcore designs is that in addition to full electrically
heated festing of the power subsystem, full electrically heated testing (at reduced thrust) of the
propulsion subsystem is also possible.

Heat Pipes transfer heat from the HBS core to unicouple thermoelectric converters operating at
1275 K. This type of thermoelectric converter has been used extensively by the space program,
demonstrating an operational life of decades. HBS system efficiency is on the order of 6%.

During the propulsion mode, hydrogen first cools the reflector and then (if needed) the nozzle.
Hydrogen then flows over the M o m section of the core where it is heated to 130(1-1400 K and
enters if plenum. The hydrogen then flows back across the W/v@ section of the core where it is
heated to around 2000 K before being expanded through a nozzle and exhausted into space.
The HJ3S power system is optimal for electric power generation in the 5-20 kWe range and for
thermal propulsion at specific impulses up to 800 s and thrust levels up to a few hundred N.
Above a few hundred N peak uranium dioxide temperature is a concern. A high-thrust HBS could
be feasible if the UO2 fuel pellets were replaced by a WNO2 or W/UN cermet, and hydrogen
flowed dkctly through the cennet. The cennet would still be contained within a cylindrical clad to
ease fabrication and testing of the system.
CONCLUS IONS
At least two systems with attractive performance characteristics can be evolved from the basic
ALERT design. Both systems have a mass less than lo00 kg and are capable of providing 5 kWe,

a minimum thrust of 80 N, and a minimum specific impulse of 770 s. The ALERT Derivative may
be the lightest practical system that has the stated power and propulsion characteristics. The HBS
uses recently tested technology, and both the power and propulsion modes can be tested
electrically. Bimodal power and propulsion systems may prove useful to numerous civilian and
military missions.
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