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Abstract

The neutronic characteristics of the open-cycle
Gas Core Nuclear Rocket (GCR) are studied. In the
first portion of the paper, a parametric analysis is
performed which investigates how kqy varies as a
function of several design parameters. The
parameters varied include the temperature and
composition of the fucl and propellant, as well as the
moderator thickness. In the second portion of the
paper, the neutronic model is coupled with a
thermal-hydraulic modcl that solves the 2-D stcady
state conservation equations of mass, species, axial
momentum, radial momentum, and energy. The
ncutronic sotution of onc particular design is studied
in detail, including the spatial variation of power
density, neutron flux, and neutron energy spectra.
Finally, the effect of using altcrnate fuels and
propellants is examined.

Introduction

In the Gas Corc Nuclear Rocket (GCR), a
fissioning plasma heats a low-Z propellang
{primarily by radiation), which is exhausted through
a choked nozzle. In the open-cycle GCR there is no
physical barrier between the fuel and propellant;
therefore, the flow field must be constructed in a
manner which minimizes fuel/propellant mixing.
The open-cycle GCR has the potential to deliver
astoundin% rocket performance. Poston and
Kammash! 1] found that if the fucl and propellant
can be prevented from mixing, a 3000 MW reactor
can produce a specific impulse of 3160 s with a
thrust of 125 kN (assuming a maximum wall heat
flux of 100 MW/mz). However, when
fuel/propellant mixing was added to this modcll2},
the specific impulse dropped by approximately a
factor of two. The limit on rocket performance was
not imposed by heat transfer or fluid flow issues, but
by neutronic considerations. To obtain a critical
design, the power had to be lowered or the fuel mass
flow rate had to be increased. thus causing a drop in
specific impulsc.
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This study was initiated in order to better
understand the neutronic characteristics of the open-
¢ycle GCR, and consequently, how to better achieve
criticality. In the first portion of the paper, a
parametric analysis is performed which investigates
how kg varies as a function of the fuel/propellant
composition and temperature, as well as moderator
thickness. Each region of the reactor, including the
fucl and propellant, is assumed to be homogenous,
which makes it easicr to isolate the dependence of
Kegr on each parameter. In the second portion of the
paper, the neutronic model is coupled with a
Thermal-Hydrautic (T-H) model. The T-H model
solves the 2-D steady state conservation equations of
mass, specics, axial momentum, radial momentum,
and energy. To obtain a complete solution, the
thermal-hydraulic and neutronic solutions are
iterated until a consistent power density is obtaincd.
The neutronic solution of one particular design is
studied in detail, including the spatial variation of
fission rate, neutron flux, and neutron energy
spectra. In the final portion of the paper, the effect
of using alternate fuels and propellants is examined.

Analvsis

A complete thermal-hydraulic/neutronic model
of an open-cycle GCR has been developed.  This
paper examines only the neutronic aspects of the
system; the thermal-hydraulics have been discussed
in previous papers by Poston and Kammash. Some
requirements of the neutronic medel are:

Upscattering

Many Energy Groups
Highly Inhomogenous Mesh
Output Tailoring

The code chosen for this analysis is the transport
neutronics code TWODANT. Fifty group cross
sections were obtained from EG&G Idaho for a wide
range of materials and temperatures(3], including
isotropic and linearly anisotropic differential
scattering matrices. For all cases presented in this
paper. first order anisotropic scattering is included,
and a quadraturc order of Sp=4 is used. The
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Fig. 1. Schematic of the open-cycle gas core nuclear rocket computational model.

materials considered in this analysis arce listed in
Table 1.

Table 1. Materials considered.

Region Materials
Fucl U-2351J-233.Pu-239
Propellant H,D,He
Moderator BeO
Vessel Ti

The neutronic analysis of the open-cycle GCR is
performed in two stages, The first phase of the
rescarch qualitatively studies the neutronic behavior
of a homogencous cylindrical open-cycle GCR. A
parametric analysis is performed which examines
how k-¢ff varies with the density and temperature of
the fucl and propellant. A reactor with homogenous
fucl and propellant regions is used so that the cffects
of varving density and temperature can more casily
be isolated,

The sccond portion of this paper involves the
linking of the thermal-hydraulic and neutronic
modcls. The thermal-hydraulic niodel that is used to
perform this analysis obtains a numerical solution of
the Navier-Stokes, cnergy, and species diffusion

equations as a function of design and operational
parameters. A schematic of the model is shown in
Figure 1. The fucl and propellant enter the reactor
with a constant mass flow rate, the propellant
surrounds the fuel in the shape of a cylindrical
annulus. The propellant enters the reactor with a
user-specified velocily profile, which includes: the
inlet and wall mass flow rates, the bufler zone
dimensions, and the injection velocity and angle of
wall flow, If the maximum wall heat flux is recached,
the propellant flow through the wall is increascd to
provide transpiration cooling. In addition to the
flow rates; the system dimensions, matcrial
limitations, power, and boundary conditions arc used
as code input. The T-H medel is described in detail
in Poston and Kammash{4].

The T-H and ncutronic models are linked in the
foltowing manner. First, a T-H solution is produced
assuming a constant and uniform neutron flux, thus
the power density is directly dependent on fuel
density. The T-H model produces a TWODANT
input file based on he fucl/propellant densitics and
temperatures at cach node. Next TWODANT is run.
and upon completion TWODANT generates an edit
file containing the neutron flux times the
microscopic fission cross section. This file is used in
return by the T-H model to calculate the power



density. This iteration continues until the power
density and flux converge 1o their respective
asympiolic vatues.

Results and Discussion

Homogeneous Reactor

To begin. a parametric analysis is performed on
a cylindrical homogencous reactor design. The
composition and dimensions (L=fucl axial
dimension, R=fucl radins) of the anchor point for the
parametric analysis are listed in Table 2.

Table 2. Homogeneous Design.

Region Material ~ Thick. (cm)  Temp. (K)

Fucl U-235  L=200,R=100 50,000
Propellant H 20 10,000
Modcrator BeO 30 1,260

Vessel Ti 10 not spee.

The composition of the pressurc wvessel has no
significant impact on the solution except for mass
{provided that the moderator is thick cnough o
dominate the neutronics), thus titanium was selected
for its high strength to weight ratio. In reality, many
other factors will be used in determining the ideal
pressure vessel material.

The first parameter varied is the fuel density,
The multiplication factor k-cff is plotted versus fucl
density in Figure 2. The fuel density is normalized
to (divided by) the density at 50,000 K and 1000
atm. K-cff increascs significantly as the density
increases up to about a factor of five, This shows the
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Fig. 2. Fuel Density Varied,

importance of operating the reactor at as high of
pressure as possible.  Unfortunately, it is not very
likely that pressurcs much greater than 1000 atm
could be achieved in the near future. The increase in
k-efl levels off between density factors of 5 and 15,
and then begins to rise again. This second risc
occurs because at densities this high, the open-cycle
GCR begins 1o resemble a bomb more than a
propulsion device..

To study the effect of propellant temperature and
density on k-eff, three cases were tested. First, the
density of the propellant was varied whilc holding
the temperature constant (in effect varying the
pressure in the propellant region only). The effect of
changing the density of 10,000 K hydrogen is plotted
in Figure 3. As the density factor increascs from 0 to
2, there is a sharp drop in k-eff. This is because the
hydrogen is serving as a poison to the nuclear

- reaction.  The hydrogen is not dense cnough (o

moderate the neutrons, however it is dense cnough to
hinder the migration of thermalized necutrons from
the moderator to the fuel. To make matters wotsc,
many of the hydrogen atoms are at higher cnergies
than the thermalized neutrons, so  there is
considerable upscattering.  Notice that as the
propellant density increases above a factor of 5, k-eff
begins to ingreasc. At this point the hyvdrogen is
dense enough to somewhat moderate {(at lcast to
epithermal encrgics) and reflect the neutrons, and
the reactor is shifting from a thermal to a
epithermal/fast reactor,
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Fig. 3. Propellant Density Varied (const. temp,).

In Figure 4 the temperature of the propellant is
varied while holding the density constant (once
again effectively changing the pressurc).  The



purpose of this plot is to demongtrate the cffect that
upscattering has on the solution.  As expected, k-cff
drops sharply as the temperature of the hydrogen is
increascd.
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Fig. 4. Propcllant Temp. Varied (const. density).

Figure 5 plots  k-eff  wversus  propellant
temperature (at constant pressure=1000 atm), thus
combining the effects seen in Figures 3 and 4. Al
temperatures less than 3.000 K, increasing the
temperature boosts  k-cff because the benefit of
decreased density outweighs the detrimental effect of
increcased upscattering.  Between 3,000 K and
20,000 K the upscattering dominates, causing k-efl
o drop, but beyond 20.000 K k-cff begins to rise
again.  Unfortunately, most of the hydrogen in a
high performance GCR has a temperature between
10,000 K and 20.000 K, which is the arca of lowest
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Fig, 5, Propellant Temperature Varied.

k-cff on the chart.

Finally, thc homogenous reactor design was
used to evaluate modcrator worth.  K-eff is plotted
versus moderator Lhickness in Figure 6. The
modcrator worth s very high up 1o a thickness of 40
cm. Increasing the moderator thickness to morc
than 40 cm has little cffect because any ncutron that
requires such a large of distance to modcrate will
most likely not make it back to the core. 1t also must
be noted that any increasc in moderator thickness
has a very large impact of rcactor mass, especially
since the moderator begins at a radius of 1.5 m.
Thercfore, for the base case a moderator thickness of
30 ¢m has been chosen.,
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Coupled T-H/Ncutronic Solution

The input parameters of the design chosen for
the coupled thermal-hydraulic/ncutronic analysis are
listed in Table 3.

Table 3. T-H/Ncutronic Input Parameters.

Reactor Power (MW) 500
Reactor Pressure (atm) 1000
Propellant Flow Rate (kg/s) 3.0
Fucl Flow Ratc (kg/s) 1.0
Inlet & Wall Temp. (K) 2200
Core Length 2.00
Fucl Radius at Inket (m) 120
BulTer Zone Outer Rad. (m) 1.35
Ouler Wall Radius (m) 1.50
Modcrator Thickness (cm) 30
Fucl Material U-233
Propcllant Maicrial H




The iteration between the T-H and neutronic models
proceeded as described in fhe Analysis section. The
solution converged in less than ten iterations without
rclaxation (less iterations would be required if under-
relaxation was utilized). The key results of the
combincd T-H/neutronic model arc listed in Table 4.

Table 4. T-H/Ncutronic Results,

Fuel Outlet Temp. (K) 34,800
Prop. Outlet Temp. (K) 5,920
Specific Impulse (s) 1380
Thrust (kN) 542
Ave. Fuel Density (#/m3) 6.315+24
Fucl Loading (kg) 37.4
Prop. Loading (kg) 48.0
Multiplication Factor, k-cff 852

Figures 7 through 11 display two-dimensional
contour plots for temperaturc, mole fraction, fuel
number density. neutron flux times fission cross
scction, and power density. On these plots, the
radial position R=0 corresponds to the centerling,
while R=1.5 1s the ouler wall. The axial position
Z=0 represents the core inlet, and Z=2 is the end of
the corc regiomn.

The temperature is plotted in Figure 7. There is

a localized region of hot fucl near the inlet, and then
temperaturcs in the fuel region begin to drop
downstrcam due to an influx of hydrogen. The
hydrogen lowers the overall {cmperature because of
its lower temperature and its relatively high specific
heat. Figure 8 contains a contour plot of fucl mole
fraction. The mole fraction drops rapidly as the flow
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Fig. 7. Temperature Contour Plot,
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moves downstreamt, due to both convective and
ing.  Unfortunately, the convective
mixing becomes much more pronounced as the
power level increases. The most important result of
the T-H model is the fuél number density, which is
plotted in Figure 9. The fuel density does not drop
as quickly as mole fraction duc to the drop in
temperatures as the flow move downstream. In {act,
the highest density region turns out to be closer (o
the exit than the inlet. Figure 10 plots the ncutron
flux times the microscopic fission cross section - or
the fission inducing flux. This could also be thought
of as a plot of thermal neutron flux (although in U-
233 many fissions occur in the epithermal range as
well), with the darkest regions representing the
highest thermal neutron flux . Figure 10 shows that
only a small number of the thermal neutrons are
rcaching the fuel. The fission inducing flux is high
at the boundaries (near the moderator) and drops
rapidly as the neutrons encounter the propellant.
Careful examination of Figure 10 reveals the effect
of propellant temperature on upscattering. At the
upper left comner of the plot, whére hydrogen
temperatures are low, the thermal neutrons penetrate
further into the core than in the upper right corner,
where temperatures are higher. The other barrier to
thermal neutron penctration is the fuel itself, which
explains why the fission inducing flux is higher in
the lower right quadrant than the lower left
quadrant. Figure 11 plots the power density, which
is proportional to the fuel number density times the
fission inducing flux. Hot spots appear along the
axial boundaries due to the proximity of the
moderatot.
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Fig. 8. Fuel Mole Fraction Contour Plot
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To get a more detailed look at the flux distribution,
the radial flux profile at the axial center of the core
is displaycd in Figurc 12 At the midplanc the
fucl/propellant interface is at about .7 m. and the
moderator begins at 1.5 m. As cxpected, the fast
ncutron flux is highest in the fucl region, where the
fissions take place. The thermal flux is highest
along the inncr cdge of the moderator and drops off
quickly in both directions. Figure 12 vcrifies that
the thermal neutrons are not reaching the fucl. The
slight increasc in epithermal flux moving from 1.5 m
to 1.0 m is duc mainly to upscattering.
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Fig. 10, Flux times oy Contour Plot

The final task is to evaluate the above design for
diflcrent combinations of fuiels and propellants. The
results for each combination tested are in Table 5.
In Table 5, only the nuclear propertics of cach
matcrial arc changed from case to case. In cach case
the fucl 15 assumed to have the thermodynamic
propertics of U-235, and the propellant is assumed to
have the thermodynamic properties of hydrogen.
This assumption is reasonable for the fuel, but not
for the propellant. The effect of the assumption will

be discussed later.
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Table 5. k-cff for Various Combinations

Fuel Prop. k-eff
1]-235 H 534
-233 H 852
Pu-239 H 154
U-235 He 879
U-233 He 1.001
Pu-239 He 938

The advantage of using U-233 in a GCR is
demonstrated by looking at the fission cross sections
of each fuel. Figure 13 shows the microscopic
fission cross section of U-235, U-233, and Pu-239 at
thermal and epithermal energics.  U-2335 has its
highest cross scctions at the lowest cnergics. Pu-239
has some very large cross scctions between 3ev and
Sev, but also has no significant cross sections above
fev. U-233 is similar to U-235 at thermal encrgies,
however the fission cross section becomes quite targe
between lev and 2ev.  These energics are very
significant because of the temperawrc of the
propellant. If the propellant is hydrogen, which has
cssentially the same mass as a neutron, then
hydrogen/neutron collisions will tend to bring the
neutrons and hydrogen atoms to the same energy.
Considering that 11,500K corresponds (o an energy
of lev, and that much of the hydrogen is at a

temperature greater than 10,000K, then many of the
thermal neutrons will upscatter to cnergies greater
than lev. This explains why U-233 is the best fucl
choice for this design (of course ignoring many other
factors including cost).

Using helium as the propellant instead of
hydrogen causes a significant improvement in k-eff,
At equal temperatures, helium moves at half the
speed of atomic hydrogen; therefore, there is much
less upscattering. Not surprisingly, the improvement
when changing from hydrogen to helium is most
dramatic in U-235, which depends most on thermal
neutrons 10 produce fissions. Unfortunately, the
property of helium (heavier mass) that makes it
better than hydrogen neutronically, has a detrimental
cffect on rocket performance. The specific impulse
is inversely proportional to the square root of the
mass; thus, the specific impulse will drop
approximately by a factor of two when changing
from hydrogen to helium. Censequently, in most
cases the best choice of propellant will be hydrogen.
The only way to exactly predict which propellant is
superior would be to solve the T-H model using the
thermodynamic properties of helium, instead of
assuming that the propellant has the thermodynamic
properties of hydrogen and the nuclear propertics of
helium.
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Conclusions

The neutronic characteristics of the open-cycle
gas core nuclear rocket arc studied. The qualitative
effects of fuel/propellant temperature and density on
neutronics are studied by analyzing a homogenous
reactor. Particular attention is applicd to the effects
of neutron upscattering (due to the high temperature
propellant) on achieving criticality. The
multiplication factor is found to be lowest for
hydrogen temperatures between 10,000 K and
20,000 K. A coupled thermal-hydraulic/neutronic
solution is studied, and several different matcrials
are considered for use as the fuel and the propellant.
From a ncutronic standpoint, the best fuel and
propellant combination of those studied is U-233 and
helium. However, U-233 and hydrogen yield the
best overall rocket performance.
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