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This Dissertation presents a detailed thermalhydraulics analysis of the unit-
cell derivative of the Nuclear Light Bulb (NLB) rocket engine. The NLB
engine is a gas core nuclear rocket first proposed in the 1960’s by the then-
United Aircraft Research Laboratories (UARL); its unit-cell derivative consists
of a low-temperature moderator/reflector as well as segmented propellant

channels, both proposed with the intent of increasing the keff of the system.

The results of this work can be grouped into two major areas: (1) thermal and
neutronics analysis of the engine, and (2) investigation of the feasibility of the
engine over a wide range of operating conditions. This work is believed to
comprise the first comprehensive analysis of the unit-cell NLB derivative.
The unit-cell derivative, although first proposed in the early 1970’s, has never
been analyzed in detail, and most associated parameters are based on an
assumed thermal and neutronics behavior of the engine. No significant work
has been performed with regard to the engine since termination of gas core
research efforts in 1973, so the feasibility of the concept was never proven.

The research work is based on an analysis of the unit-cell for three thermal
power configurations: 500 MWth, 5 MWth, and 50 kWth. For each thermal
power configuration, a total of three operating pressure cases are analyzed:
250, 500, and 1,000 atm. The thermal analysis of the engine in (r) geometry,
along with determination of rocket performance parameters, is performed by
GNRATR-1D, a FORTRAN 77 code developed by the author. The main
purpose of GNRATR-1D is to provide an uncooled temperature distribution

T(r) across the rocket engine, as well as major rocket performance parameters.
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Based on the temperature distribution provided by GNRATR-1D, appropriate
atomic densities of the materials in the engine are calculated, and then
provided to the neutron transport code ONEDANT for determination of the
actual volumetric heat generation rate Qg’”’(r) and keff.

The thermalhydraulics analysis, conducted by coupling GNRATR-1D and
ONEDANT, indicates that the unit-cell NLB rocket engine is feasible in the 50
kWth configuration. The physical properties calculated for that configuration,
such as fuel and propellant temperature, exit velocity, and specific impulse,
are in very good agreement with the properties that the original UARL
designers were expecting. Thus, the results of this Dissertation work can be
used to validate the assumptions and expectations of the original designers,

who were never able to complete their work due to termination of funding.

The 50 kWth configuration is taken as the baseline configuration for detailed
analysis, as it is considered both potentially feasible as well as corresponding
to the original UARL designers’ goals for NLB engine technology. The
temperatures characteristic of the 50 kWth configuration correspond to those
proposed by the original UARL designers for NLB applications; the 5 MWth
and 500 MWth configurations were incorporated to investigate resultant NLB
parameters over a wide range of temperatures. The uncooled T(r) results
indicate the need for incorporation of cooling mechanisms in the silica wall
and moderator/reflector regions. Silica wall melting could be prevented by a
combination of film cooling from the buffer gas and propellant sides, and
internal cooling of the wall with less than 1.0 kg/s mass flow rate. The solid
moderator/reflector would be maintained below melting by film cooling at
the propellant/ moderator interface.

A comprehensive set of temperature distributions, Qg’”’(r), and rocket
performance parameters are provided for all nine thermal power/pressure
combinations. Thrust is found to decrease with thermal power, while specific
impulse increases. The calculated thrust for all three thermal power
configurations is approximately 1 kN, due primarily to the very low

propellant channel cross-sectional area.
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Thus, nuclear energy is really the only source that can provide the required
power levels and long durations that would be characteristic of manned bases,

journeys of exploration, and commercial endeavors in space.

The use of nuclear energy in space involves utilization and conversion of the
thermal energy liberated by nuclear reactions. This is the mainstay of the
benefits of nuclear power in both terrestrial and space applications - more
energy (millions of times more) is liberated and placed at our disposal by
nuclear reactions that by any other form of energy. The large amounts of
thermal energy are released during the splitting of heavy nuclei such as U-235
or U-238 in a fission reaction, or during the formation of light He-3 or He-4
nuclei in a fusion reaction. The fission reaction is currently the better
understood and more feasible of the two, so it forms the basis for nuclear

reactors in space.

Nuclear energy has been of most interest in two areas of épplication: power
generation and propulsion. Both utilize the thermal energy liberated in a
fission reaction and convert it to a second, more desirable form of energy.
Power generation involves conversion of the thermal energy into electric
energy (electricity) which can be used to provide power for the spacecraft
instrumentation and appliances, provide life-support functions to the
astronauts, or just be stored in batteries until the need arises for large
amounts of energy (for example, during an expedition to a planet’s surface).
Thus, power generation enables the normal functioning of the spacecraft
throughout its journey.

Propulsion, on the other hand, can best be characterized as enabling the
spacecraft to get to its destination; it provides the spacecraft with motion and
enables its movement forward, backward, or sideways. Two different modes
of nuclear propulsion are known and understood today: Nuclear Thermal
Propulsion (NTP) and Nuclear Electric Propulsion (NEP). Both rely on
nuclear fission to provide the primary source of energy. NTP involves







conversion of the thermal energy released in fission directly into mechanical
energy, namely the provision of thrust. NEP involves conversion of the
thermal energy into electrical energy, which is then used to accelerate ionized
particles across a voltage gap. This Dissertation concentrates on the principles
and theory behind NTP; a detailed discussion of NEP concepts can be found in
[Sutten, 1992] and [Hill & Peterson, 1992].

1.2.1. Nuclear Thermal Propulsion (NTP)

Based on Newton’s third law of motion - “for every action there exists an
equal and opposite reaction” - thermal propulsion involves the ejection of a
hot propellant (gas) through a rocket nozzle, which acts on the spacecraft with
an equal but opposite force, thus sending the spacecraft in a certain direction.
The effectiveness of a propulsion system is expressed by the “rocket equation”
[Sutton, 1992]:

iy o3 2YRT chamber
exit (Y _ ].)Mw ’

(1.1)

where vexit represents the nozzle exit velocity of the propellant [m/s], M,y the
propellant molecular weight [g/g-mol], y the ratio of specific heats, and
Tchamber the propellant chamber temperature [K]. Thus, a higher propellant
exit velocity (and therefore a higher spacecraft velocity) is achieved with
higher Tchamber and lower My,.

The lowest possible value of My is associated with the lightest element,
hydrogen (H;). Hydrogen, which is in gaseous form even at room
temperature, has been widely used as the propellant of choice in both
operating chemical rockets (where it is in the form of liquid hydrogen - LHj)
as well as in nuclear rocket engines. The main difference is that in nuclear
rockets, Hy is the only required propellant, whereas in chemical rockets the
additional requirement of the oxidizer results in a much larger My, than for
nuclear systems. The limiting factor on the performance of rocket engines to
date, however, has been the magnitude of Tchamber- This value, which cannot







exceed the reaction temperature, has been on the order of 2,500-4,000 K for
chemical propellants [Sutton, 1992]. Nuclear reactors, depending on their
design, have been associated with potential propellant chamber temperatures
of 3,000-100,000 K [Angelo and Buden, 1985; Bennett, 1990; Bennett et al., 1994].
Thus, the use of nuclear reactors for space applications is extremely
interesting in the field of space propulsion, where they can provide
significant performance benefits over even the best chemical propulsion
systems [Borowski, 1990; Borowski, 1991].

1.3. Space Nuclear Thermal Propulsion Research

The research area of application of nuclear reactors for space propulsion is
relatively new in terms of visibility and development of systems. Nuclear
propulsion research was initiated in the 1950’s [Alperin and Sutton, 1959;
Penner, 1961; USAEC, 1967], but due to a never established long-term space
exploration goal (where nuclear propulsion would provide the greatest
advantages) and without a commitment to a mission, no actual application of
space nuclear propulsion reactors ever materialized. The fascinating subject of
designing nuclear reactors to provide propulsion, as well as the inherent
possibility of very high performance parameters, has kept the research alive;
new propulsion reactor designs have been proposed, widening the
possibilities for space exploration. The work presented in this dissertation
attempts to contribute in a small way to that goal - furthering the knowledge
base related to NTP.

L4.F ¢ this Dij )

This Dissertation focuses on analyzing the feasibility of one particular NTP
concept: the gaseous core Nuclear Light Bulb (NLB) rocket engine. Emphasis
is placed on analyzing the thermalhydraulics characteristics of the unit-cell
NLB engine, consisting of a single reactor cavity surrounded by segmented
propellant channels and a low-temperature moderator/ reflector.







Since the majority of NLB-related research work was carried out in the 1960’s
and was terminated prior to final design and development, a comprehensive
analysis of the concept was never performed [Clark and McLafferty, 1970]. This
became the motivation behind the research work presented in this
Dissertation. The goal is to present a comprehensive thermalhydraulics
analysis of the unit-cell NLB engine and indicate whether the concept is
feasible with today’s technology.

1.5. Si ¢ the Dij .

This Dissertation is structured to facilitate reader insight into the technical
and historical background of the NLB concept and also of the methodology of
analysis developed by the author. The Dissertation starts with Chapter 1,
which contains an introduction to NTP and summarizes the focus and
structure of the Dissertation. Chapter 2 presents the NLB rocket engine in its
baseline configuration, and outlines the original designers’ ideas. Chapter 3
focuses specifically on the unit-cell NLB engine and identifies the original
assumptions which were the motivating factor for the in-depth analysis
performed here. Chapter 4 presents the basis for originality of this research
and outlines the research goals. Chapter 5 presents the proposed methodology
of analysis. Chapters 6 and 7 provide the heat transfer and neutronics theory
pertinent to this research. Chapter 8 presents the pertinent rocket propulsion
theory. Chapter 9 discusses the structure and features of the GNRATR-1D
thermalhydraulics code. The results of the thermalhydraulics analysis in (r)
geometry are given in Chapter 10. Chapter 11 provides the results of the
spectral analysis of radiative heat transfer in the silica wall. Chapter 12
provides the results of a film cooling analysis of the solid moderator/reflector
regions. The conclusions of this research work, including a feasibility
assessment of the unit-cell NLB engine, are presented in Chapter 13, while
the author’s recommendations for any potential future work are given in
Chapter 14.

A series of Appendices (A-L) to this Dissertation provide listings of pertinent
computer programs and associated input/output files.







CHAPTER 2
THE NUCLEAR LIGHT BULB ROCKET ENGINE

2.1. The Gaseous Core Reactor Concept

The concept of the Gaseous Core Reactor (GCR) was first proposed in the mid-
1950’s in conjunction with studies on advanced missile concepts. The
possibility of using GCR technology was first seriously discussed at Los
Alamos Scientific Laboratory (LASL) [Everett and Ulam, 1955; Longmire et al.,
1958]. The possibility of virtually unlimited fuel and propellant exit
temperatures was the motivating factor behind all GCR research work.

The principle behind the GCR is relatively simple: suspend a gaseous highly
enriched uranium fuel cloud in a critical configuration, and pass hydrogen
propellant in close proximity to maximize heat transfer. Fluid mechanic
confinement, i.e., circulation of a light gas around the uranium core, is used
to maintain the very hot fuel in a critical configuration and away from the
solid walls. The light gas can either be the hydrogen propellant itself, or an
intermediate (chemically inert) buffer gas such as neon or argon [Latham and
Rodgers, 1972b]. The former arrangement, which allows for physical contact
between the fuel and the propellant, is referred to as an open-cycle GCR,
while the latter, enhanced with some additional features, is generally referred
to as a closed-cycle GCR. The flow profile of a closed-cycle GCR is generally
referred to as “vortex-stabilized,” as the fuel is intended to be suspended
within a buffer gas vortex.

2.2. NLB Rocket Engine Background

The closed-cycle Nuclear Light Bulb (NLB) rocket engine is based on an idea
developed at the United Aircraft Research Laboratories - UARL (now the
United Technologies Research Center - UTRC) by G.H. McLafferty during the
late 1950’s. The actual research work started in 1959, and consisted of
investigating the characteristics of generalized vortex-stabilized engines, with







the work later expanding to include NLB-related research. The bulk of the
work concentrated on the fluid mechanics investigation of vortex flow, since
this was judged to be the primary potential show-stopper for both GCR
concepts.

From 1967 onward all work was shifted to the NLB design, since it was
determined through experimental and theoretical work that the fuel
retention characteristics of the vortex-stabilized open cycle concept were lower
than would be required with respect to economical considerations [McLafferty
and Bauer, 1967]. The NLB design thus became the focus of the UARL gaseous
core nuclear rocket program, and numerous experimental and theoretical
results were obtained. A baseline configuration for the NLB rocket engine was
assumed, and a wide range of parameters were derived for the assumed
configuration [McLafferty and Bauer, 1967].

2.3. The NLB Rocket Engine

The NLB concept relies on the transfer of energy from a fissioning uranium
fuel to hydrogen propellant by way of a buffer gas and a transparent fused
silica wall. The proposed layout of the NLB concept, shown in Figure 2.1,
involves fluid mechanic confinement of the uranium fuel by a vortex flow of
buffer gas such as neon or argon. The buffer gas is injected from the
transparent wall with an axial and tangential velocity component; it swirls
around the fuel and ultimately passes along the axial centerline into a
recirculator. The mixture of buffer gas, uranium fuel, and any fission
products is then cooled by heat exchange with low-temperature bypass buffer
gas [Rodgers and Latham, 1972].

As a result of the cooling, the nuclear fuel is condensed, centrifugally
separated from the buffer gas, and collected in a fuel crucible zone. The fuel is
then processed and prepared for re-injection into the cavity. The buffer gas
component is cooled by rejection of heat to the primary hydrogen propellant,
and is then pumped back into the transparent wall to drive the vortex. The
heat-exchange loops of the NLB engine are discussed in more detail in
Section 2.4 of this Dissertation.
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Figure 2.1: General layout of the NLB concept [Latham, 1990].







As a result of the recirculation of the fuel/buffer gas mixture, the NLB engine
is intended to utilize only fresh fuel at any given time, thus reducing the
amount of fission product poisons and minimizing the beginning-of-life
(BOL) fuel mass. In addition, removal of the highly radioactive fission
products from the reactor cavity could potentially reduce the consequences of
a reactor accident either in Earth or other planetary orbit [Latham, 1990;
Gauntt, 1992a].

2.4. NLB Rocket Engine Layout

Based on the layout shown in Figure 2.1, UARL developed a reference NLB
rocket engine design. The design consisted of seven reactor cells, each with a
separate fissioning core, transparent silica wall, and hydrogen propellant
channel. The seven-cell design is shown in Figure 2.2, with cutaway views of
the whole engine and of one cell. The forward portion of the engine would
house the necessary heat exchangers, plumbing, pumps, and fluid separators,
while the rear portion would contain the seven reactor “unit cells” immersed
in a BeO moderator matrix and surrounded by a graphite reflector region. The
choice of seven cells, as well as the dimensions of the NLB engine, was a
“more-or-less arbitrary” decision [McLafferty and Bauer, 1967].

A more detailed technical drawing of the NLB engine is presented in Figure
2.3. The main heat exchangers are the Hp-buffer gas exchanger, facilitating the
rejection of heat by the cavity-recirculated neon to the primary hydrogen
propellant, and the Hz-H exchanger, which facilitates heat rejection by the
secondary Hj loop (used to cool the transparent wall) to the primary H> loop
(the propellant). A detailed flowchart for the various coolant, buffer gas, and
fuel loops, heat exchangers, and pumps is shown in Figure 2.4 [Latham, 1990].

A close-up view of the seven-cell NLB engine is shown in Figure 2.5
[McLafferty and Bauer, 1967]. The cells are spaced relatively close together to
reduce the total neutron leakage while at the same time allowing moderation
of the neutrons leaving an individual cell [McLafferty and Bauer, 1967].
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Figure 2.5: Close-up view of the seven-cell NLB engine
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Each of the seven cells of the baseline NLB engine is contained in a hexagonal
matrix of BeO, with tie rods at each apex for structural strength. The seven
cell hexagons are surrounded by a graphite reflector region. An enlarged view
of one hexagonal cell is shown in Figure 2.6. This “slice” view corresponds to
one-sixth of the total (r-8) layout of the NLB engine, and shows in detail the
components of the cell and the enclosed fuel cavity. The cell consists of three
120° segments joined together with three struts. The struts contain radial
tubes which transport the buffer gas from the axially-oriented feeder tubes to
the injection pipes inside the fuel cavity. The propellant cavity is lined with
thin beryllium tubes coated with aluminum to maximize the reflectivity
[McLafferty and Bauer, 1967].

2.2. NLB Performance Data

The intent of the NLB engine was to provide large specific impulse and high
thrust, which would enable fast transit times to the Moon or Mars. The
engine was designed to be boosted to high earth orbit (HEO) by a Saturn I-C
chemical rocket and then started up to achieve the necessary escape trajectory
[McLafferty and Bauer, 1967]. Because of the lack of computing capability, all of
the performance parameters associated with the NLB were derived from a set
of assumed baseline values which are discussed in the following paragraph. It
is also important to note here that an NLB engine was never developed; the
design features of the NLB discussed here were, for the most part, never
verified or proven.

The performance data was derived from an assumed fuel radiating
temperature of 8,333 K and an assumed propellant exit temperature of 6,667 K
(assumed equal to 80% of the fuel temperature) [McLafferty and Bauer, 1967].
Based on an assumed fuel temperature of 8,333 K and an assumed fuel surface
area of 16.6 m2, a baseline thermal power of 4,600 MW, was derived. Using
the total thermal power and the hydrogen enthalpy at the assumed exit
temperature, a hydrogen flow rate of 2.72 kg/sec per cell was derived
[McLafferty and Bauer, 1967]. Propellant inlet and exit velocities were derived
in a similar manner (all based on assumed baseline parameters).
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16







The specific impulse of the engine was derived to be approximately 1,870 sec,
with a thrust of 409,000 N (92,000 lb¢). For all the UARL calculations, a
uniform operating pressure of 50.65 MPa (500 atm) was assumed. Along with
the reference engine characteristics, a set of parametric analyses was
performed at UTRC to evaluate a range of performance characteristics. Power
levels between 730 and 160,000 MW}, were proposed, as shown in Table 2.1,
providing calculated specific impulses of 3,100 sec and thrusts of 9,500,000 N.
The data, however, is based on assumed fuel and propellant temperatures,
operating pressures, and dimensions, and therefore serves more as an
illustration of the designers’ goals than an accurate indicator of NLB
performance characteristics. One needs to keep in mind that the fuel radiating
temperatures were assumed first, and then were used in a simple correlation
to calculate the total thermal power of the engine. In addition, specific
impulse and thrust were calculated on the basis of limited hydrogen data.

TN {5 it g e

The NLB concept is an extremely complex system which even today poses
numerous engineering and technical challenges in terms of design and
development. During the 1959 - 1973 period, UARL concentrated on proof-of-
concept studies to determine the feasibility of the design and identify any
potential “show-stoppers.” The studies consisted of experimental and
theoretical analyses, and concentrated mostly on the fluid mechanics aspects
of gas confinement by vortices, which were judged to be the most important
problems associated with the NLB concept.

Analytical studies and small-scale experiments began in the early 1960’s and
involved cold flow (fluid mechanics only) and hot flow (coupling of heat
transfer to fluid mechanics) demonstrations. A simulated fuel gas, UFg, was
injected into an argon (Ar) vortex and fuel partial pressures, velocities, and
densities were measured. Tests were also performed using radio frequency
(RF) heating which achieved simulated fuel temperatures of 9,500 K and at
the same time provided adequate fluid mechanic confinement of the
simulated fuel by Ar buffer gas [Gauntt et al. 1992b].
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TABLE 2.1
Estimated NLB rocket engine power levels and performance parameters
[Latham, 1990]

Thermal Power Fuel Temperature Isp Thrust

[MWth] K] [sec]  [kN]

730 5,000 1,120 ' 98

2,500 7,000 1,570 245

4,600 8,333 1,870 410

10,000 10,000 2;150 785

22,000 12,000 2,500 1,470

51,000 15,000 2,700 3,140

160,000 20,000 3,100 9,420

NOTE: The reference NLB parameters (i.e., encountered most often in literature) are highlighted in boldface.
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Experiments like the ones mentioned previously were deemed as
demonstrating that a plasma with temperatures in excess of 9,500 K could be
confined by a vortex flow. Altogether, approximately 200 experiments of all
kinds were performed at UARL, most of them geared toward the fluid
mechanic confinement proof-of-concept [Latham, 1990; Gauntt et al., 1992b].

In addition to the fluid mechanics experiments and theoretical validation,
significant results were obtained in the area of determining the thermo-
optical properties of the materials involved in the NLB design. Data for fuel,
buffer gas, transparent wall, propellant, and seed opacities was presented in
numerous UARL reports. Since most of the work was performed in the late
1960’s and early 1970’s, the methodology used generally consisted of simple
zero-dimensional calculations, as evidenced in [McLafferty and Bauer, 1967].
The underlying goal, however, was to establish a proof-of-concept and
validate the feasibility of the NLB engine; the research work was planned to
take as much time as needed, and future advances in computational
capabilities, as well as materials science, were counted on to solve any
significant problems [Latham and Rodgers, 1972].

2.Z. Progress of NLB Research Work

The bulk of NLB-associated research was carried out at UARL between 1959
and 1973. During that time, the concept was introduced, preliminary studies
were performed, and numerous experimental validations were carried out. A
number of the experiments were carried out at UARL facilities (the DC- and
arc-heater assemblies) while others were performed at the Los Alamos
Scientific Laboratory (LASL) - the latter involving subcritical UF6. Along with
the experimental and theoretical validation of the NLB concept, numerous
studies were conducted involving parametric analysis of engine performance,
its comparison to open-cycle concepts, and possible variations to the reference
NLB engine. Full-flowing critical tests were planned for mid- to late-1970s,
with engine development in the 1980’s [McLafferty and Bauer, 1967].
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The critical, full-flowing tests were viewed as the intermediate step toward
the development and ground testing of a full-scale NLB engine. A major
portion of 1971 and 1972 was spent at UARL outlining and organizing for the
critical tests, which were planned to be carried out within the cavities of
existing research reactors. A summary of the then-planned tests is the subject
of the introductory sections of Chapter 3.

The planned NLB concept tests never materialized, because in 1973 the space
nuclear propulsion program was terminated as a result of restructuring of the
nation’s space exploration goals. Emphasis was shifted from long-term, long-
range planetary exploration and colonization to Earth-orbit flights -- namely
the reusable Space Shuttle launch vehicle. This resulted in the termination of
all GCR design and experimental work. A small portion of NLB-associated
research was maintained as a result of a Congressional initiative toward
application of gaseous core technology for terrestrial power generation, but
even this ended in 1976 [Latham, 1990]. With that came the end of NLB
research; a total of 165 technical reports were issued, most of them authored
by UARL [Latham, 1990].

Research on the NLB concept was dormant until 1989, when President George
Bush initiated the Space Exploration Initiative (SEI). With the envisioned
journey to Mars in the period 2010-2020, the original NLB research team at
UARL (now UTRC) revived the NLB studies. A number of workshops were
held between 1990 and 1992 concentrating on advanced concepts for space
nuclear propulsion, and the NLB engine again became of interest to NASA
and the Department of Energy (DOE) [Borowski, 1991]. In 1991, UTRC and
Sandia National Laboratories (SNL) proposed “in-reactor” testing of the NLB,
with the goal of continuing where the original research left off in 1973 and
conducting a series of critical, flowing experiments at Sandia facilities [Gauntt,
1992a]. To that end, analytical approximations of the fluid mechanics,
neutronics, and heat transfer parameters were carried out in preparation for
the actual experiments [Gauntt et al., 1993]. The experiments were planned to
take place in the SNL Annular Core Research Reactor (ACRR); a proposed
layout of the experimental assembly is depicted in Figure 2.7 [Gauntt, 1992a].
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The goal of the SNL/UTRC in-ACRR experiments was to determine the
feasibility of fissioning plasma confinement; a cloud of UFg plasma was to be
suspended in an argon flow, with the ACRR providing the “driver” flux.
Cooling of the vertical test assembly was to be provided by axial helium flow.

28, Current S ¢ the NLB Rocket Engi

Research into the NLB concept was restarted in 1991 in the form of
UTRC/SNL co-operation; by 1994, however, due to the demise of the SEI and
termination of the NASA Nuclear Propulsion Office, no organized research
effort remained. The planned SNL/UTRC in-ACRR tests were postponed
indefinitely. As of this writing, the work presented in this Dissertation
comprised the only active (albeit very small-scale) NLB-related effort. In
terms of a feasible space nuclear propulsion design, the NLB engine still
requires significant amounts of research and experimental validation, which
will inevitably require large amounts of funding and a clearly defined
mission. At this time, neither funds nor missions are in abundant supply, but
this should not preclude further analysis of the NLB concept. Any additional
insight into the engineering feasibility of the NLB will either mean fewer
obstacles toward a full-scale flight-capable engine, or will point out important
feasibility problems related to the design. To that order, a particular derivative
of the NLB engine is introduced in the next chapter, and a methodology to
analyze its thermalhydraulics behavior and determine the feasibility of such
a concept is introduced in the following chapters.
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CHAPTER 3
THE UNIT-CELL ROCKET ENGINE - TECHNICAL BACKGROUND

3.1. Introduction

UARL-conducted research into the gaseous core NLB rocket engine had
achieved significant progress during the late 1960's and early 1970's;
numerous research efforts underway at UARL demonstrated the engineering
feasibility of fluid mechanics confinement at high temperatures, and
experimental and theoretical studies provided new data on the
thermophysical and thermo-optical properties of the materials involved. All
the experiments until then, however, had been performed with subcritical
UF¢ assemblies and with external heating. The next phase of research was
intended to involve small-scale nuclear tests with fissioning uranium
plasmas, which would validate the thermal radiation characteristics of the
uranium fuel as well as validate the predicted neutronics and criticality
behavior of the rocket engine [Bogart and Lantz, 1962].

The nuclear tests were intended to be carried out within the core of then-
existing large experimental reactors, which would provide the driver neutron
flux and allow for control of the chain reaction until the uranium plasma
achieved criticality. Four experimental reactors, in addition to the already
utilized Nuclear Furnace at LASL, were identified as potential test-beds for
the “in-reactor” testing: the High Flux Isotope Reactor (HFIR), the Kinetic
Intense Neutron Generator (KING), the NASA-Lewis Fission Uranium
Plasma Facility (FUPF), and a unit-cell test reactor proposed by UARL [Latham
and Rodgers, 1972a].

The planning and design of the in-reactor tests were carried out during 1972,
at which time only the Nuclear Furnace and the HFIR were operational
reactors. The startup of the other three candidate reactors was then estimated
to fall in the 1975-1980 period [Latham and Rodgers, 1972a]. Since termination
of all space nuclear propulsion research and development efforts occurred in






1973, none of the proposed in-reactor experiments ever took place. The bulk
of the nuclear propulsion work was shelved; no advancement in the
proposed in-reactor experiments occurred beyond the conceptual phase.

The technical background related to the unit-cell test reactor, as summarized
in this Chapter, represents the status of this concept upon its termination in
1973. Information and all pertinent data were retrieved from two available
publications related to that particular derivative of the NLB rocket engine:
UARL Technical Report L-910900-17: “Analytical Design and Performance
Studies of Nuclear Furnace Tests of Small Nuclear Light Bulb Models,”
[Latham and Rodgers, 1972a], and AIAA Paper No. 72-1093: “Small Nuclear
Light Bulb Engines with Cold Beryllium Reflectors,” [Latham and Rodgers,
1972b].

3.2. The Unit-Cell Test Reactor

One of the five experimental reactors intended for the in-reactor testing phase
was proposed at UARL, and involved a more complex design than the others.
Initially termed the Unit-Cell Test Reactor, the design was to be utilized for
experimental verification of the reference NLB concept; toward the end of the
NLB research effort, however, it was discussed as a possible rocket engine
concept with potential benefits over the reference NLB design.

The reasoning behind the unit-cell reactor was that, in general, gaseous core
nuclear rocket engines are inherently large high-pressure devices for two
reasons: (1) a requirement for adequate critical fuel density, and (2) the need
for a very high fuel temperature to radiate the required heat fluxes to the
hydrogen propellant [Latham and Rodgers, 1972a]. A proposed procedure for
reducing the critical fuel density, and thereby the reactor cavity size and
operating pressure, was to improve (increase) the neutron flux density into
the cavity; this was to be achieved by embedding segmented propellant
channels along portions of the cavity surface, and by choosing a moderator
with a very low thermal neutron scattering cross-section [Latham and
Rodgers, 1972a].
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Segmenting the propellant channels, as opposed to a circumferential
propellant channel characteristic of the reference NLB rocket engine, was
intended to reduce the thermal neutron diffusion barrier effects of hydrogen;
with a smaller hydrogen propellant surface area, a larger thermal neutron
flux would be expected into the fuel region, thus reducing the total fuel
density requirements [Latham and Rodgers, 1972a]. With a smaller hydrogen
surface area, a reduction in the influence of the propellant thermal motion
on the neutron scattering rate was also anticipated [Latham and Rodgers,
1972a]. As will be discussed later in this Dissertation, however, a reduction in
the propellant surface area also results in the moderator/reflector regions
being located closer to the fuel and subjected to higher temperatures.

Due to its low thermal neutron scattering cross-section at low temperatures,
beryllium was chosen as the moderator material. UARL studies had
determined that beryllium, cooled to temperatures below 100 K, has a very
low scattering cross-section for thermal neutrons below 0.006 eV [Latham and
Rodgers, 1972a). An estimate of an order of magnitude_ reduction in the
critical fuel density requirements by using a cold beryllium reflector over
room temperature beryllium was obtained [Latham and Rodgers, 1972a]. It
was assumed that the beryllium reflector could be maintained in a

supercooled state by a refrigeration cycle or low-temperature heat exchanger.

The layout of the unit-cell test reactor is depicted in Figures 3.1 and 3.2, based
on the original concept proposed at UARL in 1972. The segmented propellant
channels were assumed to cover between 10-25% of the total cavity radial
surface area as stated in [Latham and Rodgers, 1972a], an estimate later
amended to between 10-40% [Latham and Rodgers, 1972b].
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A comparison of the UARL-estimated critical fuel density requirements for
graphite, beryllium, and heavy water is shown in Table 3.1, based on data
presented in [Latham and Rodgers, 1972a].







Uranium Fuel
Royt=20.75 cm Si Wall with H, Coolant

Ryyt = 24.94 cm

Argon Buffer Gas

Vortex Center: Ryt =24.45cm

Fuel/Buffer Gas
Mixture

H, Propellant Channel
Ryt = 34.58 cm

Steel Pressure Vessel

Beryllium with D, Coolant
D,C with D, Coolant Ryt =34.58 cm
ROU( = 82.58 cm

Figure 3.1: (r-©) Layout of the Unit-Cell NLB rocket engine.
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TABLE 3.1
UARL-estimated critical U-235 density as a function of moderator/reflector
[Latham and Rodgers, 1972a]

Reflector/Moderator Estimated U-235 Critical
Material Density, [atoms/cm?3]
Graphite (300 K) 1.0e19
Heavy Water (300 K) 3.5e18
Beryllium (300 K) 1.2e18
Beryllium (100 K) 2.0-4.0e17 #

#: extrapolated value, based on the ratio of the 300 K-to-100 K square root of neutron age to
transport mean free path [Latham and Rodgers, 1972a].
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Beryllium, supercooled to below 100 K, was recommended as a good
moderator for reducing the critical fuel density; the leakage of thermal
neutrons from the outside of such a reflector, however, was anticipated to be
very large unless the reflector material is backed by a good thermal neutron
scattering material. Deuterium compounds, such as frozen heavy water (D>0O)
or deuterium carbide (D2C), were suggested for use in the outer reflector
region [Latham and Rodgers, 1972a].

33.1. Prelimi Criticality Calculat

A series of multigroup neutron transport calculations were performed at
UARL during 1972; comprising only the initial step in a planned detailed
neutronics analysis, these calculations focused on simple configurations. The
unit-cell reactor was modeled as a one-dimensional spherical cavity equal in
volume to the cavity of a reference NLB engine unit cell; this layout is
depicted in Figure 3.3, based on data from [Latham and Rodgers, 1972a; and
Latham and Rodgers, 1972b]. The criticality analysis was performed with
ANISN, a one-dimensional neutron transport code coupled to a 17-group
cross-section library developed at UARL. The cross-section library, shown in
Table 3.2, contained five energy groups in the thermal range below 1.125 eV,
with two groups below the 0.006 eV eneigy cutoff for low-energy elastic
scattering in beryllium [Latham and Rodgers, 1972b]. The behavior of
beryllium scattering cross-sections for the lower thermal energy range,
E<0.006 eV, is shown in Figure 3.4 [Lazo, 1993].

A uniform operating pressure of 250 atm was assumed across the reactor
cavity for the purposes of calculating gas densities [Latham and Rodgers,
1972b]. Temperature values were assumed for each region in the model,
ranging from 35,000 K in the fuel to 40 K in the supercooled beryllium and
deuterium compound regions. Two separate preliminary analyses, based on
the same overall structure of the 1-D spherical model (Figure 3.3), were
performed at UARL. The first, reported in [Latham and Rodgers, 1972a],
utilized a deuterium carbide (D>C) reflector; the second analysis, described in
detail in [Latham and Rodgers, 1972b], utilized a heavy water (D20) reflector.
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Figure 3.3: 1-D spherical model used in UARL criticality calculations.
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TABLE 3.2
17-group neutron cross-section library used by UARL

for cavity reactor criticality calculations

[Latham and Rodgers, 1972a]

Energy Group

Energy Range

OV ooONNOUdE W=

2.865
1.35
0.821
388
111
15
3.35
0.583
101
29
8.32
1.125
0.414
0.025
0.006
0.00175
0.0

10
2.865
1.35
821
388
111

15
3.35
583
101

29
8.32
1.125
0.414
0.025
0.006
0.00175

MeV
MeV
MeV
keV
keV
keV
keV
keV
eV
eV
eV
eV
eV
eV
eV
eV
eV
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Figure 3.4: Low-energy Be scattering cross-sections [Lazo, 1993].
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Although not specifically stated, it can be inferred from the UARL discussion
that their two models corresponded to a critical (kef=1.000) assembly.

The two UARL models were found to differ significantly in their reported U-
235 mass density, with the first reporting 5.80*10 g/cm3 and the second
reporting 4.1*10-3 g/cm3. A series of criticality calculations were thus
performed by the author at the onset of this Dissertation work, with the goal
of determining the keff values associated with the two UARL models. The
models were analyzed with the neutronics code ONEDANT, conserving all
UARL-reported dimensions and material densities. Keff values of 0.037 and
0.604 were obtained for the first and second model, respectively, indicating
significant discrepancies between them. Thus, looking back at the preliminary
UARL criticality analyses involving the unit-cell reactor, it is unclear as to the
purpose of the 1-D spherical model and the reported fuel densities. It does
seem, however, that the unit-cell reactor would have been subcritical using
the 1-D model of Figure 3.3, and that an external “driver” reactor would need
to have been used to prove the initial feasibility of the unit-cell reactor.

3.4, Summary of UARL Research Work

UARL research on the unit-cell reactor concept outlined the general layout of
the reactor and the physical reasons behind the anticipated benefits.
Termination of the space nuclear propulsion research in 1973, however,
shelved the concept and canceled all the planned engineering analyses. Thus,
the only available UARL results originate from 1-D calculations, which were
in turn based on numerous estimates and assumptions. Potential neutronics
benefits of using a supercooled beryllium moderator were discussed, but no
detailed analysis with respect to the unit-cell reactor was performed. The
criticality analyses were performed with an assumed spherical assembly, and
discrepancies between the two models presented in [Latham and Rodgers,
1972a] and [Latham and Rodgers, 1972b] can be found. Performance
parameters such as thrust or specific impulse, pertaining to the unit-cell
reactor, were never discussed in detail. A thermal analysis to determine the
feasibility of the supercooled regions was planned as future work.
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Overall, the the unit-cell reactor concept never got past the first phase, where
it was deemed of interest due to its potential critical mass benefits. In
conclusion, then, research on the unit-cell reactor never progressed beyond
the preliminary conceptual phase, and no detailed theoretical nor
experimental validation of the concept was carried out. The concept itself has
been regarded with interest, but no research work to determine its feasibility

and/or thermalhydraulics behavior has ever been performed.

3.5. Current Status of the Unit-Cell Reactor Concept

In the context of the proposed SNL/UTRC in-ACRR testing, a brief overview
of the unit-cell reactor was presented. Some preliminary criticality
calculations involving the “unit-cell rocket engine,” as reported in [Latham
and Rodgers, 1972], were revisited by SNL, and the unit-cell was identified as a
potential test facility which would demand smaller propellant exhaust
handling capacity [Gauntt et al., 1992b].

The bulk of the renewed research effort, centered around UTRC and SNL,
focused on preliminary analytical prediction of the thermalhydraulic
performance of an in-reactor gas core assembly. No specific analysis
concentrated on the design features and performance characteristics of the
unit-cell reactor rocket engine. To date, there has not been any research work
specifically oriented toward the detailed analysis of the unit-cell rocket engine
concept, or the NLB in general, since the preliminary UARL calculations in
1972. With the termination of the space nuclear propulsion effort in 1994, it is
highly unlikely that the concept will be analyzed in the near future.

3.6. Motivation for the Dissertation Research Work

The motivating factor for the research work presented in this Dissertation
was to re-investigate the unit-cell reactor rocket engine concept and focus on a
detailed analysis of its thermalhydraulic characteristics. The concept proposed
a significantly different design than the reference NLB rocket engine, relying
on low-temperature beryllium and heavy water. The potential benefits of
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using such a configuration, as well as the relatively unexplored area of heat
transfer and neutronics in the multi-region, non-isothermal reactor,

prompted this research work.

Since the initial unit-cell NLB engine design had already been proposed by
UARL in 1972, the goal of this research was to expand on the preliminary,
assumption-reliant calculations and generate a series of more detailed
thermalhydraulics and rocket performance parameters. By focusing on the
detailed analysis of a proposed but never validated concept, a level of
originality is characteristic of this research work. With that, the author hopes
that in a small way the understanding of the behavior of gas core propulsion
concepts will have been advanced.

The next Chapter discusses the basis for originality of the research work
presented in this Dissertation and outlines the planned research goals.
Chapter 5 presents in detail the methodology of analysis employed in this
work.
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CHAPTER 4
RESEARCH GOALS AND BASIS FOR ORIGINALITY

4.1. Introduction

The unit-cell NLB rocket engine concept was chosen as the focus of this
Dissertation research due to the numerous nuclear engineering-associated
challenges that could be analyzed to yield original contributions. The basis of
the design, consisting of the gaseous fuel and the silica wall, involves
extremely large heat fluxes and associated temperatures, posing the need for a
comprehensive thermal (heat transfer) analysis. The original intent of using a
low-temperature Be moderator and DO reflector was to maximize the
thermal neutron flux, thereby minimizing the critical fuel density and reactor
critical size; to verify this hypothesis, a neutronics analysis involving very
low-energy cross sections was needed.

The challenges associated with the unit-cell NLB rocket engine, then, are
twofold: (1) to develop a methodology for analyzing the thermalhydraulics
behavior of the engine, and (2) to use the methodology to perform a feasibility
analysis of the concept. The following Sections, respectively, present a
chronological summary of the initial phases of this research: Literature
Survey, delineation of Research Goals, and statement of the Basis for
Originality. Such a structure was intended to illustrate to the reader the
development of the idea of analyzing the unit-cell engine, and also to provide
a justification for the methodology of analysis. A detailed presentation of the
methodology of analysis is presented in Chapter 5.

4.2, Literature Survey

The initial phase of the research work presented in this Dissertation
concentrated on a thorough literature survey. Even though it was
immediately obvious that the NLB concept contained numerous topics
suitable for a detailed doctoral research, significant familiarization with the
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concept was needed to understand it. The use of gaseous fuel, fluid mechanics
confinement, coupled multi-mode heat transfer, and non-isothermal
neutronics conditions were all new research areas for the author.

The bulk of the NLB-related literature was obtained at the onset of research
via the kind courtesy of the SNL staff associated with the proposed in-reactor
testing. This literature consisted of approximately 75 original UARL technical
reports and papers, spanning 12 years; it provided the author with insight
into the origin of all the NLB parameters, assumptions, and methods of
analysis. Studying the assumptions and methods used by UARL resulted in
the identification of potential original contributions by the author and
formulation of the methodology of analysis.

Additional NLB- and general NTP-related information was obtained from
approximately 300 Conference, Meeting, and Workshop papers. These
scientific gatherings, spanning almost 25 years, provided a wealth of historical
data as well as modern views on the NLB concept and its application to NTP.

Another source of NLB and GCR information were the numerous NASA
and national laboratory technical reports and documents, issued between the
mid-1950’s and the present. Within this source are also classified personal
communications and direct interaction with the staff at those institutions.

A separate source of information were the publications not specifically related
to the NLB concept, but needed for the understanding of rocket engine, heat
transfer, and neutronics fundamentals. More than 50 textbooks, handbooks,
reference literature, and software manuals were accumulated to assist in the
development of this Dissertation.

In summary, then, approximately 500 documents were used at one time or
another to understand the NLB concept and develop the methodology for its
analysis. Most, if not all, of the 500 documents are and will remain in the
possession of the author, facilitating the research work.
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4.3, Research Goals

The goals of this research were to answer the two challenges discussed before:
(1) develop a methodology for analyzing the thermalhydraulics behavior of
the unit-cell NLB engine and (2) use the methodology to perform a feasibility
analysis of the concept. The thermalhydraulics behavior of the engine was
decided to be analyzed in (r) geometry to allow for successful and timely
completion of the research work. The reasoning behind this decision lay in
the layout of the unit-cell NLB engine, presented previously in Figures 3.1
and 3.2. With a height-to-radius (H/r) ratio of 10, the engine could be
modeled as an infinite cylinder with little loss of accuracy.

To perform an accurate analysis of the unit-cell NLB engine in (r) geometry, it
was necessary to take into account the particular features of the (r-6)
geometry. The radial distances shown previously in Figure 3.1 were
conserved; it was also necessary, however, to translate the propellant channel
annular segments from a value of 40% of the annular region area in (r-8)
geometry [Latham and Rodgers, 1972b] to a corresponding fraction of the
radial thickness in (r) geometry. The radial fraction, of course, is not equal to
40%, and must be calculated by finding an “equivalent outer radius,” such
that the total propellant annular region area is conserved.

The conversion from (r-6) geometry to (r) geometry and the equivalent outer
radius, Ry, is shown in Figure 4.1. Since both cases involve the infinite
cylinder assumption, the value of Ry can be obtained by equating the annular
region area occupied by the segmented propellant channels to a full
circumferential annular region area:

Asegm = Aequiv, circumf - (4.1)

This equation can be written in terms of the inner (R1) and outer (R2) radius
of the annular region and the equivalent outer radius (Ry):

0.4(R3 -RH)r = (Ry2-Rim . (4.2)
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From the above equation, a general expression can be derived for the
equivalent outer radius, as a function of the inner and outer annular region
radii and the fraction of the total annular region area subtended by the
propellant channels:

Ry,= V04(R%-R}) +R? . (4.3)

Using the values of R1 = 24.94 cm and R; = 34.58 cm from Figure 3.1, the
equivalent outer radius for the propellant region modeled in (r) geometry is
equal to 29.18 cm. Therefore, the radial thickness of the equivalent propellant
region in (r) geometry is 4.24 cm, equal to 44% of the total radial thickness
between Ri and Rj. Even though the 44% fraction is quite close to the 40%
value for (r-8) geometry, it indicates the need for conservation of dimensions
when converting from a two-dimensional to a one-dimensional model. The
calculated equivalent propellant region thickness of 4.24 cm was used
throughout the (r) geometry analysis.

Taking into account the conservation of dimensions from the (r-8) geometry
to the (r) geometry model, it can be stated that the (r) geometry analysis
represents a “best-case” scenario in terms of feasibility assessment because it
assumes a propellant region in front of the solid moderator/reflector regions
over the whole circumference of the engine. In the actual (r-8) layout, the
solid regions are directly exposed to the fuel, and also nearer to the fuel by 9.64
cm, in more than 40% of the circumference.

In should be noted here that the previous discussion indicated that the (r)
geometry model involves positioning the propellant region closer to the fuel,
with the Be-moderator region behind it. The (r) geometry model, therefore,
provides an approximation of the behavior of such parameters as the neutron
flux, volumetric heat generation rate, and temperature, all of which vary both
in (r) and (8). To ascertain that the (r) geometry approximation does not
deviate significantly from the (r-8) behavior, a series of comparative analyses
was performed as part of this research work. The comparative analyses are
included in Chapter 10 along with the other obtained results.
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A breakdown of the research goals for this Dissertation work is presented

below, with emphasis on three issues: (1) thermal analysis, (2), neutronics

analysis, and (3) rocket performance. These three were deemed most

representative of a thermalhydraulics analysis of a nuclear rocket engine.

Thermal Analysis:

Neutronics Analysis:

Rocket Performance:

RESEA

Compile a set of baseline thermophysical data for use in this
analysis, and document them so as to provide a basis for any
future gas-core rocket research;

Develop a methodology for solving the heat transfer problem
within the complete rocket engine, driven by the fission
power;

Determine the temperature distribution in the (r) direction of
the rocket engine;

Determine the atomic and mass densities of the gases in the
engine and use them in the neutronics analysis.

Determine the volumetric heat generation rate as a function
of radial distance and rocket engine thermal power;

Determine the keff of the rocket engine baseline configuration,
in both isothermal and supercooled configurations;

Based on the results of the above task, delineate any
potential benefits of using a supercooled moderator /reflector
assembly.

Determine the feasibility of the concept, based on thermal
and neutronics analysis, identify all engineering problem
areas, and delineate the potential benefits (if any) of
developing gas-core rocket technology for space exploration;

Determine the Specific Impulse of the unit-cell rocket engine
as a function of thermal power, assuming that the problem
areas could be solved in the future;

Determine the Thrust of the unit-cell rocket engine as a
function of thermal power, assuming that the problem areas
could be solved in the future.
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{ 4 Basis for Originali

The research work discussed in this Dissertation is required to conform to the
general guidelines set forth by the University of New Mexico for Ph.D.-level
work; namely, the research has to be an original contribution to the scientific
community, and the quality of the work needs to be such that it would
warrant publication in a refereed scientific journal. A discussion of the merits
of this research, which the author believes satisfy the above two criteria, is

presented in the following paragraphs.

The vast majority of NLB-related research was carried out at UARL, and it
consisted mostly of experimental modeling and proof-of-concept of the fluid
mechanics behavior. The reason for that lay in the belief (most probably
correct) that if there was a significant show-stopper, it would be the fluid
mechanics confinement of the fissioning uranium gas. As discussed in
Section 2.5 of this Dissertation, because of the lack of computing capability, all
of the performance parameters associated with the NLB were derived from a
set of assumed baseline values. Thus, the specific impulse of 1,870 sec, thrust
of 409,000 N, thermal power of 4,600 MWth and all temperatures associated
with the NLB rocket engine are assumed values; the same is true for the NLB
performance parameters shown previously in Table 2.1. All these factors
pointed to a need for a comprehensive thermalhydraulics analysis to provide
an accurate set of parameters and determine the feasibility of the concept.

The thermalhydraulics analysis was intended to analyze the unit-cell NLB
rocket engine in the configuration proposed by the original UARL designers.
Thus, the results obtained from the analysis could be used to ascertain the
nature and magnitude of any neccessary modifications to the original design.
Such modifications, once implemented, could result in a feasible and
operational engine which could proceed to ground testing and development.
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The anticipated original contributions of this research are presented below,
with a breakdown into a General Contribution (related to a methodology of
analysis) and Specific Contributions (related specifically to the unit-cell NLB
rocket engine).

General Contribution: @ Develop a defensible and reproducible methodology for

analyzing the heat transfer and neutronics in a closed-cycle

GCR and determine the feasibility of such a concept.

Speczfic Contributions: ® Analyze the unit-cell NLB concept, determine its

feasibility, identify all problem areas in the concept.

® Determine potential benefits (if any) of the low
temperature moderator/reflector on the critical size and

mass.







CHAPTER 5
PROPOSED METHODOLOGY OF ANALYSIS

2.1. Introduction

The most important aspect of this research work pertains to the methodology
chosen to solve the heat transfer and neutronics problems. All other
information --assumptions, baseline data, and results-- hinge on the
methodology. To facilitate readers’ understanding, a top-level design
specification is presented in this Chapter, outlining the various components
of the methodology and the proposed path from start to completion. The
pertinent theory and assumptions used in the heat transfer and neutronics
analyses are presented in detail in Chapters 6 and 7, respectively. The
pertinent rocket propulsion theory is presented in Chapter 8.

5.2 Top-level Desien Specificati

The goal of this research work, as stated previously, is to analyze the
thermalhydraulics behavior of the unit-cell NLB rocket engine and use the
obtained results to determine the feasibility of the concept. Within the scope
of thermalhydraulics, the thermal and neutronics behavior are inherently
coupled, because the fission reaction is the driver behind heat transfer from
the fuel to the rest of the rocket engine, and conversely, the temperature
distribution influences fuel density and criticality. To allow for the coupled
thermal and neutronics analysis, a number of initial assumptions are
required, pertaining to the fluid mechanics aspect of the rocket engine. For
the purposes of this analysis, the following assumptions will be used:

*  Fluid mechanic confinement has been achieved, resulting in a laminar
and well-defined boundary between the gaseous fuel and buffer gas;

*  The radial dimensions of the gaseous and solid regions, as well as the
cavity length, are equal to the only set of dimensions proposed by UARL.







These values were previously given in Figures 3.1 and 3.2. The
segmented propellant channels are represented by an equivalent outer
radius, as discussed previously in Section 4.3;

*  The operating pressure is equal to 250 atm as initially proposed by UARL
for the unit-cavity NLB rocket engine [Latham and Rodgers, 1972a];

* The buffer gas axial velocity corresponds to the only value proposed by
UARL, and is approximately equal to 2.0 m/s [McLafferty and Bauer,
1967].

The above assumptions provide a set of baseline assumptions and reference
data that will be used to evaluate the thermal and neutronics characteristics of
the engine. Some of the data, such as the reactor thermal power and operating
pressure, can be open to parametric analysis.

A top-level structure of the proposed methodology of analysis is depicted in
Figure 5.1. The methodology consists of two major parts: (1) the heat transfer
model and (2) the neutronics model. Analysis commences with UARL
dimensions and fluid mechanics parameters (pressure and velocities), and an
assumed average volumetric heat generation rate in the fuel Qg avg’ "’ (r). The
above data are used by the heat transfer model to calculate a converged
temperature distribution within the nine regions in (r) geometry, as shown in
Figure 5.2. The same general nine-region model is used for the neutronics

analysis.

As part of the neutronics analysis, two separate neutron cross-section libraries
are used: (1) Hansen-Roach and (2) Temperature-dependent ENDF/B-V data.
The Hansen-Roach library is used to provide a reference mass and size for the
baseline configuration, and also to gauge any potential neutronics benefits of
using the supercooled moderator/reflector. It has been widely used in
criticality safety analysis and is the standard cross-section library provided
with the ONEDANT /TWODANT package of neutron transport codes [O’Dell,
1989; LANL, 1993].







e

Assume Fluid Mechanics Parameters

S,

1

Assume Operating Pressure

1 |

Assume Volumetric Heat Generation
Rates: Qg™ (r)

15

Use Heat Transfer Model to Calculate
Converged Temperature T(r) and
Atomic Density N(r)

e
B

Use ENDF/B-V library
MATXS7 with o(E, T)

Use Hansen-Roach library with
ready-made o(E) already in

J
N BXSLIB format
Use TRANSX to convert o(E, T)

into ISOTXS format
7

( )

-

=

| |

Execute ONEDANT in cylindrical geometry
with o(E,T) or o(E), and N(r,T)

Obtain keff, Qg"(r)
g

keff =7
T(r), Qg™ (r) Converged ?

|

NO?

Ca]Cl.llate ISP ¢ F F V&“

NN T N

VAN J\__/U

Report on feasibility of rocket engine;
identify any problem areas

L

J

Figure 5.1: Top-level structure of the methodology discussed in this
Dissertation.
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Figure 5.2: Nine-region layout of the (r) geometry unit-cell NLB rocket engine model.







The temperature-dependent ENDF/B-V library is constructed from baseline
ENDEF/B-V neutron data for the nine regions shown in Figure 5.2, and
incorporates temperature-dependent microscopic cross-sections. This allows a
more accurate modeling of the actual neutronics characteristics inside the
NLB engine and accounts for the significant difference between the
temperatures of each region. In addition, the energy group structure of the
ENDEF/B-V library can account for the very low thermal energy neutrons
(below 0.025 eV) resulting from the low-temperature moderator/ reflector.

For each of the nine regions of the thermalhydraulics model, a set of
microscopic cross-sections is provided through the usage of the TRANSX
nuclear cross-section processing system [MacFarlane, 1993], with the cross-
sections evaluated at the representative temperatures. A 127-nuclide binary-
format ENDF/B-V cross-section library, MATXS7, is processed by the
TRANSX code to provide a 9-nuclide, temperature dependent cross-section
library in binary ISOTXS format.

The cross-sections for the nine regions in binary format, either TRANSX-
processed (ISOTXS) or from the readily available Hansen-Roach library
(BXSLIB), are provided as a library to the neutronics code ONEDANT [O’Dell
et al., 1989]. Also provided as input to ONEDANT are the radial dimensions
and atomic densities N(r) of the nine regions. Using the cross-sections, radial
dimensions, and representative atomic densities of the nine regions,
ONEDANT determines the effective multiplication factor (keg) of the unit-
cell NLB rocket engine and the volumetric heat generation rates Qg'"’(r) in the
fuel.

Successful completion of the coupled thermal/neutronics analysis occurs
when the ONEDANT-calculated Qg"’(r) are equal to those provided to the
heat transfer model within the same iteration. This provides a set of

rrer

converged Qg"’(r), T(r), and keg. If the execution of the coupled analysis is part
of a parametric study on thermal power generation or operating pressure, for
example, then the whole process can be repeated to obtain results for varying

thermal powers or varying pressures.







Once all desired parametric analyses have been completed, the actual rocket
performance parameters are reported: specific impulse (Isp), thrust (F), and
exit velocity (vexit). Finally, based on the results of the thermal analysis, a
conclusion is reached as to the engineering feasibility of the concept. Any
problem areas associated with the concept are reported and possible ways to
solve them are proposed as recommendations for future work.

In conclusion, then, a significant number of NLB engine parameters can be
obtained as a result of the research work presented in this Dissertation. The
baseline engine parameter was chosen to be the total thermal power. Three
power levels are analyzed in this Dissertation --500 MWth, 5 MWth, and 50
kWth-- but emphasis is placed on the 50 kWth configuration, as it most
closely matches the 8,333 K fuel temperature envisioned by the original
UARL designers as obtainable from the NLB engine.
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CHAPTER 6
HEAT TRANSFER THEORY

6.1. Introduction

The underlying concept behind the NLB engine, as well as any other rocket
engine, is the transfer of energy to the working fluid, or propellant. The
increase in internal energy of the propellant results in its ejection out the
rocket nozzle, providing movement to the spacecraft. The role of the nuclear
reactor, or more precisely the nuclear reaction, is to provide the heat source
for the transfer of energy to the propellant.

In a gaseous core reactor (GCR), such as the NLB engine, the total thermal
power produced by the fission reaction is not limited as far as the fuel is
concerned; since the latter is already in a gaseous phase, virtually unlimited
thermal powers are theoretically possible in a GCR. This seemingly non-
existent upper bound on the thermal power provided the initial motivation
for proposing GCR rocket engines for space propulsion. It has also been the
guiding light for continued research efforts into gaseous core technology.

The promise of high thermal powers and high fuel operating temperatures
has kept gaseous core technology in the spotlight. From the very beginning,
the unavoidable probiems associated with this technology --fuel confinement,
engine cooling, and complexity of design-- were assumed solvable. As was
stated in Section 2.5, the majority of “reference” parameters now commonly
associated with the NLB rocket engine were actually assumed values.

2 ] | Power-related Feasibility Probl

One of the major potential benefits of all gaseous core rocket engines, and
specifically the NLB rocket engine, is also one of the major practical obstacles:
the very large thermal power of the reactor. The following paragraphs
provide a brief walk-through the underlying causes of such a condition.
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Because of the complexity of its design, the GCR becomes interesting only if it
can provide significant performance increases over solid core reactor (SCR)
technology. This, translated in performance terms, means that GCR research
and development is justified only if it can prove the feasibility of propellant
temperatures well in excess of 3,000 K. Such a propellant temperature could
undoubtedly be achieved in a GCR, and it would probably be classified as a
“lower limit.” If one were only concerned with heat transfer from the fuel to
the propellant, there would really be no limit to propellant temperatures. The
problem, however, is that according to the laws of conservation of energy, the
very hot propellant gas will in turn heat its surroundings, namely the
moderator, reflector, and structural regions of the rocket engine. In order for
the rocket to function, those solid regions must be maintained below their
melting temperature. This is precisely where a detailed thermal analysis of
the engine is needed: to determine the temperature distribution within such
an engine and indicate the feasibility (or lack thereof) of certain power levels.

The goal of the thermal analysis presented here is to determine the feasibility
of the unit-cell NLB rocket engine from the standpoint of thermal integrity of
the solid regions. Because prior work was based on assumed fuel
temperatures, thermal powers, and propellant temperatures, the research
presented here is believed to constitute the first comprehensive NLB-related
thermal analysis. The results of this research are intended to determine the
feasibility of the unit-cell NLB rocket engine, as well as present the
methodology for performing a general GCR thermal analysis.

3 G o Balance Equafi

The heat transfer within the NLB engine is “driven” by the reactor thermal
power, i.e. the generation of heat associated with the fission reaction. At any
location, or node, in the (r) direction within the engine, the following
governing energy balance equation is valid:

Qg + Qin + Qout = U . (6.1)
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for steady-state operating conditions. Qg, Qin, and Qout correspond to the total
heat generation rate, the total heat transfer into that node, and the total heat
transfer out of that node, respectively; all have units of Watts [W]. Since the
actual direction of heat flow (i.e., into or out of a particular node) is often
unknown, it has been suggested to formulate the energy balance equation
with the assumption that all the heat flow is into the node [Incropera and
DeWitt, 1990]. Such a condition, although realistically impossible, results in
the correct temperature distribution if the condition is diligently applied to
each node of the system being analyzed. Thus, the general energy balance
equation can be expressed as:

Qg +Qin=0 . (6.2)

Appropriate derivatives of eqn. (6.2) are applicable for any given node in the
(r) direction of the unit-cell NLB engine. Thus, for the fuel and fuel/buffer gas
mixture, the appropriate energy balance equation consists of both the
generation and transfer terms:

Qg +Qin=0 . (6.3)

while for all other regions, because of the absence of any fissioning fuel, the
appropriate energy balance equation contains only the heat transfer term:

Qin = 0 . (6.4)

Egns. (6.3) and (6.4) form the basis of the thermal analysis of the unit-cell NLB
engine, and are used to derive all subsequent expressions.

6.4. Governing Modes of Heat Transfer

The generation term in eqn. (6.3), Qg, is the result of energy release
accompanying the fissioning of fuel. The heat transfer term Qjn, however,
corresponds to the overall amount of heat transferred in the (r) direction of
the engine. It consists of a combination of conduction, convection, and
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radiation, depending on the physical state of the particular region and also
whether that particular region is engaged in bulk fluid motion.

GCR studies have generally focused on estimating the radiative heat transfer
from the fuel, deeming it the most important component due to the very
high fuel temperatures and the fourth-power relation between radiative heat
transfer and temperature [McLafferty and Bauer, 1967; Schwenk and Franklin,
1970; Ragsdale, 1970]. Although that postulate cannot be disputed, it does not
provide an accurate analysis of the heat transfer conditions, especially in the
flowing buffer gas and propellant regions, where convection is also an
important mode of heat transfer. This condition was recognized at that time
[Burwell, 1965], although no NLB-associated results were presented. Other
than the radiative heat transfer, which was in itself used in conjunction with
assumed fuel temperatures, no comprehensive analytical or computational
modeling of the heat transfer and temperature distribution in the NLB rocket
engine has been performed to date.

The research work presented in this Dissertation work utilizes directly
coupled conductive/convective/radiative heat transfer modes in order to
properly model the heat transfer across the NLB rocket engine. The respective
heat transfer modes used for each of the nine regions of the (r) geometry
model are presented below.

Region Mode(s) of heat transfer
Fuel /Buffer Gas Mixture Generation, Radiation
Fuel Generation, Radiation
Buffer Gas Radiation, Convection
Silica Wall Radiation, Conduction
Propellant Radiation, Convection
Be Moderator Conduction

D70 Reflector Conduction

Pressure Vessel Conduction

Ambient Space Radiation







. 4.1 Fuel/Buffer Gas Mi | Fuel Regi

Radiation was assumed as the only mode of heat transfer in the fuel/buffer
gas mixture and the fuel because, historically, only radiative properties of
high-temperature fuel have been available. No information was available on
such properties as fuel thermal conductivity, viscosity, and Prandtl number,
all needed for convective analysis. Most important of all, no data was
available on the fluid dynamic characteristics of the fuel flow (such as axial
velocity or mass flow). Because of the lack of data in those two major areas, it
was decided, rather than to completely assume such values or engage in
speculative extrapolation, to include only radiation as a mode of heat transfer
in the fuel. This does not affect the accuracy of the temperature distribution
inside the fuel region because generation is the dominant factor, and also
because the region is extremely opaque to thermal radiation; as a result of the
latter, heat transfer occurs only between adjacent nodes and there is no
significant additional contribution from convection.

6.4.2. Buffer Gas and Propellant Regions

Both radiation and convection were included in the buffer gas and propellant
regions because of the inherent axial flow profile of both media. In addition, a
radiation-only assumption can potentially lead to underestimates of their
local temperatures due to the fact that both are relatively transparent to
thermal radiation. Inclusion of convection is absolutely neccesary in those
two regions, both to properly account for the local temperatures and also to
accurately model the heat transfer from these two regions to the silica wall
and the solid moderator and reflector [Kelm and Peschka, 1970].

£ 43 Silica Wall

Heat transfer in the silica wall was never analyzed in great detail; [Klein, 1970;
Krascella, 1970; Schwenk and Franklin, 1970; Mensing et al., 1990; and Gauntt
et al., 1992b] all indicated potential difficulties with maintaining the wall in
such a high-temperature environment, but specified only the need for highly







transparent fused silica compounds. [Gauntt et al., 1992b] discussed the
possibility of employing free-standing diamond structures, but did not enter
into a thermal analysis. [McLafferty and Bauer, 1967] assumed that 5% of the
thermal radiation emitted from the fuel will be absorbed in the wall, and
concluded that the wall mean temperature would not exceed the melting
temperature of the silica, tabulated at 1,883 K [Ultramet, 1992]. The problems
with the above approach are twofold: (1) the 5% absorption fraction was an
assumption, and (2) the fuel temperature was in itself an assumption, as
discussed previously in Section 2.5.

Because the silica wall is one of the most crucial components of the NLB
concept, both radiation and conduction were included in the work presented
in this Dissertation. That approach, in conjunction with the convection on
both sides of the wall, provides the means for analyzing as accurately as
possible the true condition of the silica wall inside the NLB engine.

6.4.4. Moderator, Reflector, and Pressure Vessel

Conduction was included in the moderator, reflector, and pressure vessel, as
appropriate for solid regions. No cooling was assumed in either of the three
regions, both due to lack of information on the layout and dimensions of the
cooling system, as well as due to the one-dimensional r- geometry analysis.

6.4.5. Ambient Space

The ambient space surrounding the engine acts as an infinite heat sink, and is
characterized by a temperature of approximately 200 K [Angelo and Buden,
1985; Morley, 1993]. The analysis presented in this Dissertation treats ambient
space as a participating medium in order to obtain a temperature distribution
outside of the rocket engine, too. For the purposes of analysis, a distance of 1.0
m from the outer boundary of the engine was assumed to correspond to the
infinite heat sink at a temperature of 200 K. The 1.0 m region between the
engine boundary and the infinite sink was assumed to be subject to thermal
radiation.
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6.4.6. Summary

As discussed above, all four modes of heat transfer are selectively used in the

thermal analysis. Eqns. (6.3) and (6.4), with the generic Qjn term expanded to

include the specific heat transfer modes, now have the following form for

each of the nine regions in the model:

Fuel/Buffer Gas Mixture and Fuel Regions

Qg + Qrad = 0
Buffer Gas and Propellant Regions

Qrad + Qconv = 0

Silica Wall

Qrad + Qcond =0

Moderator, Reflector, and Pressure Vessel

Qcond =0

Ambient Space

Qrad = 0

(6.5)

(6.6)

(6.7)

(6.8)

(6.9)

The task now becomes to express egns. (6.5) through (6.9) in terms of the

nodal temperatures in the (r) direction and the corresponding properties of

the regions. Derivation of the explicit equations for all four modes of heat

transfer is presented in the following Section.
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Each of the four modes of heat transfer present in eqns. (6.5) through (6.9) is a
function of the nodal temperatures and the region physical properties at those
nodes. It is thus necessary to derive the complete expressions and also to
develop each expression to account for the cylindrical (r) geometry.

6.5.1. Heat Generation

The generation term in eqn. (6.5) is equal to the volume integral of the

rrr

volumetric heat generation rate Qg’”” [W/m3] expressed in cylindrical

geometry:

Qg =[ Qg(r,z,e)rdrdzde . (6.10)
Y

For an infinite cylinder, a unit-height in the (z)-dimension is assumed, which
results in the following expression:

1) 92

Qg =J J Qg(r,e)rd'rde : (6.11)
r 6,

The above expression can easily be shown to reduce to the following, for an

(r) geometry condition:

Qg=Qe(n(r3-13) (6.12)

where r1 and rz correspond to the inner and outer radii of the unit volume
about a particular node, respectively.

Eqn. (6.12) can be directly applied to a heat transfer model in (r) geometry; the

rrr

volumetric heat generation rate Qg”’(r) can be obtained from the neutronics

code ONEDANT, and r and rp are independent variables that correspond to
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the outer boundaries of a node in the model. From the thermal analysis point

rrr

of view, Qg (r) is an independent variable; the method of calculating Qg""’(r)

is discussed as part of the neutronics theory in Chapter 7.
s 52 T | Radiati

Thermal radiation corresponds to the continuous emission of
electromagnetic energy by some matter, by virtue of its internal energy [Siegel
and Howell, 1992]. In the case of the unit-cell NLB rocket engine, thermal
radiation occurs in each region which is some way transmits electromagnetic
energy: the gaseous fuel, fuel/buffer gas mixture, propellant, (assumed) solid
silica wall, and the near-vacuum of ambient space. In addition, the solid
surfaces of the moderator and pressure vessel both radiate energy toward the
fuel and ambient space, respectively.

Accurate quantification of thermal radiation is a very complicated process, in
part because of the complex thermal (temperature), spectral (wavelength), and
directional (emissive angle) variation [Sparrow and Cess, 1978; Bennett and
Myers, 1988; Siegel and Howell, 1992]. In addition, the optical thickness of the

traversed medium affects the radiation flux.

The issue of optical thickness is important in analyzing radiative heat transfer
through media because it affects the amount of heat deposited at a node, and
therefore the local temperature at that node. The optical thickness is a
unitless parameter and is given as [Siegel and Howell, 1992]:

d = KAr |, (6.13)
where k corresponds to the total extinction coefficient [1/cm] and Ar denotes

the total thickness of a medium subjected to thermal radiation [cm]. The

extinction coefficient x is equal to the sum of the absorption coefficient (or
opacity) a and the scattering coefficient os:

Kk=a+o0os . (6.14)
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The scattering coefficient s is generally assumed to be equal to zero because
of the strong dominance of absorption (opacity) on the total extinction
coefficient [Siegel and Howell, 1992]. The absorption coefficient a is generally
associated with the spectral-averaged Rosseland Mean Opacity ag, a quantity
that has been extensively tabulated for gaseous fuels, buffer gases, and
propellants as part of the studies into the physical properties of radiating
plasmas conducted during the 1960’s and early 1970’s [Kesten and Kinney,
1965; Kinney, 1966; Krascella, 1971]:

K=aR . (6.15)

An optically thick region, then, is defined as one in which & >> 1, that is, one
which either has a very large opacity or is very large in dimension.
Conversely, an optically thin region is one in which § << 1. An optically thick
medium would predominantly absorb thermal radiation, while an optically
thin medium would predominantly transmit thermal radiation.

The assumption of optically thick media has been used in virtually every
GCR-related study conducted to date, both in regard to open-cycle and closed-
cycle concepts. [McLafferty and Bauer, 1967; Gauntt et al., 1992b; Gauntt et al.,
1993; Poston and Kammash, 1994; Tanner, 1994] all use that assumption to
simplify the method of calculating the temperature distribution. The
assumption is generally quite valid for fuel regions and mixture regions
where the fuel is the dominant species in terms of the mass fraction; for
example, at a temperature of 15,000 K, ag(uranium)=1,415 1/cm and for a
representative fuel region Ar=15 cm, the optical thickness of the fuel is
approximately 28,000!

The thermal radiation diffusion method is widely used for the solution of
radiative heat transfer problems in optically thick regions. It is conceptually
based on Fourier’s Law and has the form [Kesten and Kinney, 1965; Siegel and
Howell, 1992]:
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Qrad = -kragAcsgradT (6.16)

where A.s corresponds to the cross-sectional area for heat transfer [m2] and
krad denotes the effective radiative thermal conductivity [W/m-K]:

3
krad — 16cT” : (6.17)
3aR

In the above equation, 6 denotes Stefan-Boltzmann’s constant (5.67e-8 W /m2-
K4) and T corresponds to the local temperature [K]. Combining eqns. (6.16)
and (6.17) yields the following expression for thermal radiation heat transfer

in (r) geometry:

T
Qrad = kpag2nr—— . (6.18)
Ar

where the “-” sign has been neglected due to the assumption of all heat flow
into a node, as stated in Section 6.3. As can be seen from eqgn. (6.18), the rate of
heat transfer can be directly related to the temperature at a particular node.

6.5.2.2. Optically Thin Regions

An optically thin region is defined as one in which 8 << 1, that is, one having
either a very low opacity or very small in dimension. In such a region, only a
fraction of the heat flow traversing the plane of a node results in an increase
in the internal energy of the medium at that node; in simpler terms, only a
fraction of the heat flow is available to increase the temperature of the node -
the majority of the heat flow is transmitted without any influence on the
physical properties at that node. An analogy can be found in gamma-ray
traversal through media [Chilton et al., 1984].

Heat transfer through optically thin regions is the most complex aspect of

thermal radiation analysis, and is most often ignored by assuming that all
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regions are optically thick. It is also often referred to as “radiation transfer
through semi-participating media” [Siegel & Howell, 1992]. On the basis of the
partially-absorbing and partially-transmitting characteristics of the media, it
lies in-between the extreme assumption of fully-participating media (as in the
case of fuel) and non-participating media (as in the case of radiation exchange
between two surfaces or between the Sun and Earth, for example, where the
vacuum of space is assumed not affected by the radiative flux). Both extreme
conditions are treated in detail in thermal radiation texts [Bird, Stewart, and
Lightfoot, 1960; Sparrow and Cess, 1978; Angelo & Buden, 1985; Bennett and
Myers, 1988; Siegel & Howell, 1992; and others], but little emphasis is placed
on the derivation of suitable expressions for semi-participating media.
Transmittance through semi-transparent media, such as windows, is
discussed in [Siegel and Howell, 1992], but emphasis is placed on directional
and spectral effects rather than the determination of local temperatures in the
transmitting media.

A suitable derivation for semi-participating media can, however, be obtained

from the baseline radiation transport equation [Siegel and Howell, 1992]:

o=4n

“KQrad(r) + aRQrad(r) + 23 Qrad(1) ®(1—0)do (6.19)

m=()

dQmd _
dr

where the first term denotes the combined loss due to absorption and
scattering, the second term denotes the gain by emission, and the third term
denotes the gain by scattering, respectively. Since scattering as well as
emission can generally be neglected in comparison to absorption, the

radiation transport equation can be reduced to the form known as Lambert's
Law [Siegel and Howell, 1992]:

Qrad(r) = Qrag(0)e™T . (6.20)

Lambert's Law can be interpreted as expressing the fraction of thermal
radiation originally emitted at r=0 that traverses a path length r; in that

61







respect, it also denotes the relation between the transmitted component of the
thermal radiation and the total amount of thermal radiation, for the case of

thermal radiation traversal of a path length r:

Qtrans(r) p: ol 6.21
Qtotat €7 (6.21)

The above ratio has been referred to as the Transmission Fraction (TF). For a
very low bounding value of k in the traversed medium, TF~1.0 and the
medium is considered non-participating, reducing the problem to one of
thermal radiation exchange between surfaces. For a very high bounding value
of k, TF~0 and the medium is considered fully participating, thus allowing
the use of the diffusion method expressed in eqn. (6.18).

For a scenario of 0 < TF < 1.0, it is neccessary to relate the actual temperature,
resulting from only a fraction of the total heat flux, to the temperature that
would occur if the entire heat flux were to affect the temperature (as in the
case of fully participating medium). Denoting the fraction of heat flux

influencing the local temperature as Q,ps, the following relation can be used:

Qabs() — 1 - Qrans() _ 1 _ T 6.22
Qtotal Qtotal Fptel i i

and assuming that the total path length in the medium, r, is not significant,
the following expression can be derived to approximate the bulk (mean)

temperature in a semi-participating medium:

Tabs(r) \/ 1 -TF(@) |, (6.23)

Thotal

where T,ps corresponds to the bulk (mean) temperature of a semi-
participating medium with thickness r, Tiota] denotes the temperature if all
the heat flux were absorbed in the medium, and TF(r) denotes the thermal

radiation transmission fraction for the medium of thickness r. A physical
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interpretation of the above expression can be performed for two bounding
cases: (1) in the case of a fully participating medium, TF(r)=0 and
Tabs(r)=Tiotal, denoting that the actual temperature is equal to the
temperature for a case of no transmission, and (2) in the case of a non-
participating medium, TF(r)=1.0 and T,s(r)=0, which would denote a perfect
vacuum (i.e. the absence of any molecules and atoms whose internal energy
could be affected by the thermal radiation). Both cases, of course, are physical
impossibilities; the first one would occur for k= or r=ow, while the second
one would occur for k=0 or r=0. They do, however, indicate the validity of
eqn. (6.23) to approximate the bulk (mean) temperature of a semi-
participating medium of thickness r.

The value of Tiotal, corresponding to the case of no transmission, can be
obtained from the temperature distribution provided by the diffusion
method, which is used in conjunction with the optically thick approximation.
The procedure for calculating T,ps, then, consists of employing the diffusion
method to determine the temperature distribution in (r) geometry, and then
using eqn. (6.23) to correct the temperature in those media which are known
to be optically thin. This procedure provides a very simple method to
determine the temperature distribution in media where only thermal
radiation is considered, although it will be shown later in this Dissertation
that such a limitation (i.e., radiation-only) does not provide a realistic picture
of the temperature distribution in a GCR engine. The procedure outlined in
this Section is part of an article prepared for presentation in a scientific
journal by the author and his Committee Chairman.

6.5.3. Convection

Heat transfer by convection arises from the aggregate effects of energy
transport by both the random motion of molecules in a fluid and by the bulk
motion of a fluid [Incropera and DeWitt, 1990]. For the case of the unit-cell
NLB rocket engine, convection in (r) geometry is primarily associated with
the buffer gas and propellant regions, because of the axial tendency of flow.
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A general expression for convective heat transfer is the following:

Qcony = hAcs(Tao -Tx) , (6-24)

where h denotes the heat transfer coefficient [W/ m2-K], A¢s corresponds to
the cross-sectional area to heat transfer [m2], and Ty and Ty denote the local
fluid temperature [K] and the boundary temperature [K], respectively. In
cylindrical (r) geometry, eqn. (6.24) can be written as:

Qcony = h2nrAT (6.25)

Both the buffer gas and propellant flow conditions correspond to a general

internal flow scenario, in which the heat transfer coefficient is expressed as:

[Nulk

h=
Dy, ;

(6.26)

where [Nu] denotes the dimensionless Nusselt number, k the thermal
conductivity of the fluid [W/m-K], and Dy, corresponds to the mean hydraulic
diameter for internal flow in non-circular tubes [Incropera and DeWitt, 1990].
The latter is defined as the ratio of the cross-sectional area for fluid flow, A sf
[cm?], and the wetted perimeter of the tube, P [cm]:

D=2l (6.27)

and, for the unit-cell NLB rocket engine layout presented in Figure 3.1 (with
the segmented propellant channels represented by an equivalent outer radius
in (r) geometry), is equal to 8.48 cm.

The thermal conductivity is a baseline property of the fluid and is either
obtained from tabulated data or estimated; the Nusselt number, however,
must be calculated. Numerous correlations based on experimental data can be
found in published texts that are applicable to the particular conditions of
buffer gas and propellant flow in the unit-cell NLB engine [El-Wakil, 1984;







Bennett and Myers, 1988; Incropera and DeWitt, 1990; Munson ef al., 1990].

The correlation chosen for this analysis was that of Dittus-Boelter [Incropera
and DeWitt, 1990]:

[Nu] = 0.023[Re]*S[Pr]? | (6.28)
where [Re] and [Pr] denote the dimensionless Reynolds and Prandtl numbers,
respectively. The exponent n on the Prandtl number is equal to 0.4 for heating
(i.e., Tx > Tw) and to 0.3 for cooling (Tx < Tw). Since this analysis is based on

the assumption of all heat flow into a particular node, n=0.4 was chosen.

The dimensionless [Re] and [Pr] values are calculated with the following

expressions:
D
Raj=t—2 (6.29)
L
and
[Pr]=£EE ; (6.30)

where p, 11, Cp, and v correspond to the fluid density [kg/m3], viscosity [kg/m-
s], specific heat capacity at constant pressure [J/kg-K], and the fluid axial
velocity [m/s], respectively. The intial convective heat transfer eqn. (6.24),
then, can be expressed in terms of the node temperatures and a set of baseline
physical properties, making it possible to determine the temperature
distribution in the fluid regions.

6.5.4. Conduction

Heat transfer by conduction is probably the simplest of the four modes of heat
transfer incorporated into the thermal analysis model of the unit-cell NLB
rocket engine. It is the result of lattice vibrations within a solid material and
occurs when a temperature gradient is applied between two portions of a solid
[Incropera and DeWitt, 1990]. Conductive heat transfer obeys Fourier’'s Law:
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Qcond = 'kcondAcst'ddT > (6-31)

where kcond denotes the thermal conductivity [W/m-K] and A, again, the
cross-sectional area for heat transfer. In (r) geometry, eqn. (6.31) has the form:

AT

Qcond = kcondzm'z : (6.32)

where, just as for eqn. (6.18), the “-” sign has been neglected due to the
assumption of all heat flow being into a particular node. Since kcond is a
baseline physical property of a material, eqn. (6.32) can be used directly to
determine the temperature distribution in the solid regions.

6.6. Application of the Derived Heat Transfer Theory

The four modes of heat transfer analyzed in this Dissertation can be
represented by the relations derived in Sections 6.5.1. through 6.5.4. These
relations, arranged to comprise the governing energy balance equations of
Section 6.3, can be used to determine the (r) geometry temperature
distribution T(r) from the centerline of the unit-cell NLB engine all the way
to 1.0 m into space, where the 200 K infinite heat sink is assumed to be
located. The explicit temperature equations, resulting from combining the
various relations for heat transfer modes, are used to develop a thermal
analysis modeling code. Both the explicit temperature equation and the
thermal analysis code are discussed in detail in Chapter 9.

6.7. Additional Heat Transfer Theory - Film Cooling

An additional aspect of heat transfer theory has been incorporated into this
research work. Namely, because of the high values of T(r), an investigation
into the possibility of providing film cooling of the solid moderator/reflector
regions was carried out. As this work postceded the comprehensive (r)

geometry uncooled analysis, it is discussed separately in Chapter 11.







CHAPTER 7
NEUTRONICS THEORY

Z.1. Introduction

As mentioned in the introduction to Chapter 6, the underlying concept
behind the NLB engine is the transfer of energy to the working fluid. The
driving force behind the transfer of energy is the thermal power generated in
the reactor as a result of the fissioning of the fuel atoms. The thermal power,
or more precisely the volumetric heat generation rate Qg’”’ [W/m?3], is in itself
dependent on the geometry, material composition, and kefs of the GCR.
Analysis of the three latter variables is the domain of the neutronics theory.
The comprehensive neutronics analysis discussed in this Chapter is based on
the execution of the ONEDANT code in cylindrical (r) geometry.

72 The Vol i Heat G on R

The importance of the heat generation and thermal power inside a reactor is
expressed very well in the following quote [El-Wakil, 1981]:

“the rate of heat release and consequently power generation in a
given reactor core is limited by thermal rather than nuclear
considerations. There is no limit to the neutron flux attainable
in a reactor core, but the heat generated must be removed.”

The above statement illustrates the specific characteristics of nuclear fission
heat: with only a slight available excess reactivity, criticality can be achieved
for any desired thermal power level. Only a small portion of this source of
energy can be utilized, however, because of the thermal considerations. To be
able to safely and continuously operate a nuclear reactor, removal of the
fission heat must be provided (i.e., the reactor must be cooled). In the absence
of adequate fission heat removal, the reactor would self-destruct as a result of
the enormous amounts of energy that would be built up within the fuel.
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The total thermal power, or the reactor heat generation rate, was previously

expressed for a cylindrical configuration as:
Qg =f Qg(r,z,(a)rdrdzd@ . (7.1)
'

It can be seen from the above equation that it is the volumetric heat
generation rate Qy,”” [W/m?] that is the independent variable in the thermal
analysis; it also determines the total thermal power of the GCR. A major goal
of the neutronics analysis, then, is to quantify Qg (r) for the (r) geometry and
provide these values for the completion of the thermal analysis.

The total volumetric heat generation rate at a location r is equal to the
integral over all neutron energies E of the neutron energy-dependent rates, as

expressed below:
Qg(r) = f Qg E)dE (7.2)
E

where the integral accounts for all the possible fissions occurring between
0<E<w. As an approximation to the indefinite integral, most neutronics codes
today (including ONEDANT) use a neutron energy group structure, where
the energy range consists of Ny number of groups [Lamarsh, 1983; Pruvost
and Prueitt, 1988; and Duderstadt and Hamilton, 1990]. Therefore, eqn. (7.2)
then takes the form:

Ng
Qg(r) = 2 Qg(rE) . (7.3)
i=1

Within a particular energy group, the energy-dependent volumetric
generation rate is given as [El-Wakil, 1981]:

Qg(r.-E) = ERNfuelof(E)P(r,E) , (7.4)
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where, in the previous expression, Er corresponds to the recoverable energy
released per fission [MeV], Nfye] denotes the total fissioning fuel atomic
density [atoms/barn-cm], and of and @ represent the microscopic fission cross-
section [barns] and the neutron flux [1/cm?-sec], respectively. In the case of a
multi-component fuel, as is the case for the unit-cell NLB rocket engine
which utilizes highly enriched uranium (96% U-235 and 4% U-238 by mass)
[McLafferty and Bauer, 1967], the energy-dependent volumetric generation
rate is the sum of the i-component rates:

2
Qq(r/E) = ER®(r,E) 3. Nfyeliofi(E) . (7.5)
i=1

The recoverable energy per fission is given in Table 7.1 as referenced from
[Lamarsh, 1983]. For a GCR concept, it can be assumed that, due to the very
low density of the fuel, only the fission fragments and fission product B-decay
energies contribute to the recoverable energy per fission, resulting in a value
ErR=176 MeV. This is consistent with the published recommendation of 180
MeV for quantifying heat generation in the fuel region [El-Wakil, 1981].

The fissioning fuel atomic density N [atoms/barn-cm] is dependent on the

mass density of each component 1, according to the following relation:

geils (7.6)

where pj is the component mass density [g/cm3], No denotes Avogadro’s
Constant [0.6022 atoms-cm?2/barn-mol] and My, ; corresponds to the molecular
weight of the component [g/g-mol]. Since the component mass density can be
found in tabulated format as a function of temperature, and the molecular
weight is a constant value, the fissioning fuel atomic density can be calculated
from baseline data, as a function of temperature, and provided to the
neutronics code as part of the input file.
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Emitted and recoverable energies for fission [Lamarsh, 1983].

TABLE 7.1

Form Emitted Energy, Recoverable Energy,
[MeV] [MeV]
Fission Fragments 168 168
Fission Pruduct Decay:
B-decay 8 8
y-decay 7 7
neutrinos 12 §
Prompt y-rays 7 7
Fission neutrons 5 5
Capture y-rays - 3-12
Total 207 198-207
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The energy-dependent microscopic fission cross-sections are obtained by the
neutronics code from an available cross-section library, so they are readily
accessed by the code and do not require user manipulation in any way. The
energy-dependent neutron fluxes are calculated by the code as part of its
overall neutronics calculations, and are used, in conjunction with the user-
specified fuel densities and recoverable energies per fission, by the code to
calculate the values of Qg”’(r,E) and ultimately Qg""(r).

In summary, then, the neutronics code uses user-specified densities and
recoverable energies per fission together with a pre-provided cross-section
library to calculate energy-dependent volumetric heat generation rates, which
it then sums up over all energy groups to obtain the volumetric heat
generation rate at a location r. These values can then be taken from the
neutronics code output file and provided as input to the thermal analysis
code, according to the procedure discussed in Section 6.5.1.

73.G | Material C %

The (r) geometry neutronics model corresponds to the nine-region model
shown previously in Figure 5.2. The model extends from the centerline
(r=0.0) out to 1.0 m from the outer boundary of the engine (a total of 187.6
cm), and consists of nine distinct regions. The (r) dimensions of the model
correspond to those presented in Figure 3.1. To account for the temperature-
dependent density variations, the fuel region (total Ar=14.75 cm) and the DO
region (total Ar=48.0 cm) were each split up into two neutronically
homogeneous zones. The other regions were represented with only one zone
each due to the insignificant temperature variations across those regions. The
eleven-zone neutronics model is shown in Figure 7.1.

A total operating pressure for the baseline configuration of 250 atm was
assumed within the unit-cell cavity. This value is based on the UARL-
proposed unit-cell NLB engine operating pressure, and corresponds to the
total pressure in the propellant, buffer gas, and fuel regions, due to the
assumed homogeneous nature of those gaseous regions.
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Figure 7.1: Eleven-zone layout of the (r) geometry neutronics model of the unit-cell NLB engine.







The fuel/buffer gas mixture located around the centerline of the reactor,
however, contains entrained fuel within the buffer gas flow; Dalton’s Law of

Partial Pressures can be applied in the form [Hill and Peterson, 1992]:

N
Ptotal = 2. Pp,i (7.7)
i=1

which signifies that the partial pressure of the uranium fuel and the partial
pressure of the buffer gas are additive. Based on the fluid mechanics
assumptions associated with the recirculating flow [McLafferty, 1963;
Krascella, 1969; and Kendall, 1972], a uniform and equal partial pressure for
both uranium and buffer gas was assumed in the mixture region, thereby

resulting in a total region pressure of 250 atm.

With the total and partial pressures determined for each region, a general
form of eqn. (7.6) can be used to determine the atomic densities of all

materials 1 within a region:

N; = piNA
Mw,i

(7.8)

The mass densities as a function of temperature and pressure for all the
constituent materials of the nine regions can then be updated for each

calculation iteration.
7.4. Cross-section Libraries

Every neutronics code needs to have accessible a set of nuclear cross-section
data to determine the neutronics characteristics of an assembly. The cross-
section data is generally contained within a cross-section library, and consists
of total, absorption, scattering, and fission microscopic cross-sections arranged
according to an energy group structure [Pruvost and Prueitt, 1988].
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As part of the neutronics work discussed in this Dissertation, two cross-
section libraries were utilized: (1) the standard Hansen-Roach 16-group library
provided with ONEDANT, and (2) a temperature-dependent very low-
thermal energy library generated from baseline ENDF/B-V data.

7.4.1. The Hansen-Roach Library

The Hansen-Roach 16-group cross-section library was first made available in
1961, and has since then been widely used in the field of nuclear criticality
safety [Pruvost and Prueitt, 1988]. The library contains data on 118 nuclides.
Each nuclide can be referenced either by number or by name, as shown in
Table 7.2.

The Hansen-Roach library encompasses a broad energy range, from room-
temperature thermal (0.025 eV) up to infinity (0 MeV), as shown in the group
structure in Table 7.3. It is an isothermal cross-section library, i.e., the cross-
section data are all evaluated at the same (room) temperature over the whole
energy range. This characteristic is generally satisfactory for analyzing critical
assemblies and even reactors. In the case of the unit-cell NLB rocket engine,
however, it may not accurately account for the effects of the very high-
temperature fuel and propellant and the low-temperature Be and DO
moderator and reflector, respectively.

Use of the Hansen-Roach library is justified for the purposes of determining
any potential neutronics benefits of the low-temperature state of the
modérator and reflector, as well as any potential neutronic
benefits/detriments of the very high-temperature fuel and propellant.
Reliance on the Hansen-Roach library, namely, provides the Qg"’(r) and keff
for an isothermal (i.e. room temperature) condition of the unit-cell NLB
rocket engine. This condition is generally as far as any previous NLB-related
neutronics analyses were performed, and this data was used to point toward
the neutronic feasibility of the NLB concept.
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TABLE 7.2
118-nuclide Hansen-Roach cross-section library

Number Name Number Name Number Name Number Name
i al 31 240-12 61 233-6 91 235-8r
2 b 32 240-13 62 233-7 92 235-9r
3  be 33 240-14 63  233-8 93  23510r
4 c 34  240-15 64 2339 94  238-1r
5 cd 35 240-16 65 233-10 95 238-2r
6 «cl 36  240-17 66  233-11 96  238-3r
7 ga 37  240-18 67  233-12 97  238-4r
8 f19 38 2391 68 u235 98  238-5r
9 fe 39  239-2 69 u238 99  238-6r
10 h 40 2393 70 u238y 100 238-7r
11 k 41 2394 71 238-8 101 ce
12 1li6 42  239.5 72  238-9 102 o
13. W7 43 239-6 73 238-10 103 ta
14 mo 4  239.7 74  238-11 104 23511r
15 na 45  239-8 75 238-12 105 23512r
16 ni 46  239-9 76  238-13 106 238-0
17 olé6 47  239-10 77  238-14 107 cr
18 pu239 48  239-11 78  238-15 108 d
19 pu240 49  239-12 79 238-16 109 pb
20 2401 50 239-13 80 zr 110  pu241
21 240-2 51  239-14 81 n 111  copper
22 240-3 52 239-15 82 nb 112 ti
23 2404 53  239-16 83  235-yr 113 mg
24 240-5 54 th 84  235-1r 114 sulfur
25 240-6 55 u233 85  235-2r 115 w
26 240-7 56 233-1 86  235-3r 116 ta-1
27 240-8 57 233-2 87  235-4r 117 51
28 240-9 58 233-3 88  235-5r 118 ca
29 240-10 59 2334 89 235-6r
30 240-11 60 2335 90 235-7r
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TABLE 7.3
Hansen-Roach cross-section library energy group structure

Energy Group Energy Range
1 30 - o MeV
2 14 - 3.0 MeV
3 09 - 14 MeV
+ 04 - 09 MeV
5 01 - 04 MeV
6 17 ~ 100 keV
7 3 ~ 17 keY
8 055> 3 keV
9 100 - 550 eV
10 30 - 100 eV
11 10 - 30 eV
12 3 - 10 e¥
13 1 = 8.eV
14 04 = 1 . eV
15 01 - 04 eV

16 thermal (0.025 eV)
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For the purposes of the work presented in this Dissertation, the neutronics
results obtained using the Hansen-Roach library are intended to serve as
reference data. They are used to compare the results obtained with the
ENDF/B-V temperature-dependent cross-sections and, based on that
comparison, to delineate any benefits of using the low-temperature
moderator/reflector with respect to critical mass and dimensions. It is also
possible to determine the effects of the very high-temperature fuel and

propellant on the critical mass and dimensions.

7.4.2. The Temperature-Dependent ENDF/B-V Library

As mentioned in the previous Section, the Hansen-Roach library assumes
isothermal conditions with respect to the microscopic cross-sections. This
may not provide accurate results for the unit-cell NLB rocket engine, which is
characterized by very large temperature differences: over a radial distance of
less than 87 cm, the temperature can potentially range from approximately
90,000 K in the fuel down to 100 K in the moderator/ reflector (e.g., for a
potential 500 MWth engine configuration).

To account for the large temperature differences present in the NLB engine, a
new cross-section library based on baseline ENDF/B-V nuclear data needed to
be used. The appropriate temperature-dependent library used for neutronics
analysis in this Dissertation was obtained from Los Alamos National
Laboratory, Group T-2 of the Theoretical Physics Division. The library, called
MATXS?, consists of 69 neutron groups and comprises a total of 127 nuclides
[McFarlane, 1992; McFarlane, 1993]. It allows for temperature dependence over
a wide range [McFarlane, 1993] and also incorporates five energy groups below
the standard room-temperature 0.025 eV cutoff, down to 1.0e-5 eV. This very
low energy structure allows for full investigation of any potential benefits of
the 0.006 eV scattering cutoff in beryllium. The nuclide content of MATXS?7 is
given in Table 7.4. The energy group structure of MATXS7 is given in Table
7:5.
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TABLE 7.4
127-nuclide MATXS? cross-section library [McFarlane, 1993]

Number Nuclide Number Nuclide Number Nuclide Number Nuclide :

1 hil 33  zrnat 65 pml51 97  pbnat |
2 h2 34 zr93 66  sml147 98  bi209
3 hed 35 nb93 67 sml149 99 th232
4 he4 36  monat 68  sml150 100 pa233
5 lié 37  mo% 69 smil51 101 w233

6 1i7 38  tc99 70  smi152 102 u234

7  be9 39  rul0l 71  ewul51 103  u235

8  be9l 40 rul03 72 eul52 104 u236

9  bl0 41  rul05 73 eul53 105 u238
10 bl1 42  rh103 74 eulb4 106 u239
11 cnat 43  rh105 75  eulb5 107 np237
12 nl4 44  pdi105 76 eul56 108 np238
13  ol6 45 pd108 77  eul57 ' 109 np239
14 f19 46  agl09 78  gd152 110  pu238
15 na23 47  cdnat 79  gd154 111 pu239
16 mgnat 48  snnat 80  gdi155 112  pu240
17 al27 49 1135 81 gd156 113 pu241
18 sinat 50 xel3l 82  gd157 114 pu242
19 snat 51 xel33 83  gd158 115 pu243
20 clnat 52 xel35 84  gdl160 116 pu244
21 arnat 53 =133 85 tb159 117 am?241
22 knat 54 s134 86 th160 118 am?242
23 canat 55 135 87 dy160 119 am242m
24 tinat 56 prl4l 88  dyle6l 120 am243
25 wvnat 57  prl43 89 dyle4 121 an242
26 crnat 58 ndi143 9 1ul76 122 243
27 mn55 59 nd145 91 hfnat 123 m244
28 fenat 60 ndl47 92 tal81 124 am245
29 o059 61 pml47 93 w182 125 m246
30 ninat 62 pml48 94 wi83 126 cm247
31 cunat 63  pml148m 95 wi84 127 m248
32 kr83 64 pml49 9% w186
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TABLE 7.5
MATXS? cross-section library energy group structure [McFarlane, 1992]

Energy Group Energy Range Energy Group Energy Range
69 0.00001 - 0.005 eV 34 1123 = 1150 eV
68 0.005 - 001 eV 33 1.150 - 1.300 eV
67 0.01 - 0015 eV 32 1.300 - 1500 eV
66 0.015 - 0.020 eV 31 1500 - 2100 eV
65 0.020 - 0025 eV 30 2100 - 2600 eV
64 0.025 - 0.030 eV 29 2600 - 3300 eV
63 0.030 - 0.035 eV 28 3300 - 4.000 eV
62 0.035 - 0.042 eV 27 4.000 - 9877 eV
61 0.042 - 0.050 eV 26 9.877 - 15968 eV
60 0.050 - 0.058 eV 25 15968 - 27.700 eV
59 0.058 - 0.067 eV 24 27.700 - 48.052 eV
58 0.067 - 0.080 eV 23 48.052 - 75501 eV
57 0.080 - 0100 eV 22 75501 - 148.73 eV
56 0.100 - 0140 eV 21 148.73 - 367.26 eV
55 0140 - 0.180 eV 20 367.26 - 90690 eV
54 0180 - 0.220 eV 19 0.9069 - 1.4251 keV

53 0220 - 0.250 eV 18 1.4251 - 22395 keV
52 0250 - 0280 eV 17 22395 - 3.5191 keV
51 0.280 - 0300 eV 16 3.5191 - 5.5300 keV
50 0300 - 0320 eV 15 55300 - 9.1180 keV
49 0320 - 0350 eV 14 91180 - 15.030 keV
48 0350 - 0400 eV 13 15.030 - 24.780 keV
47 0400 - 0500 eV 12 24.780 - 40.850 keV
46 0500 - 0625 eV 11 40.850 - 67.340 keV
45 0625 - 0780 eV 10 67.340 - 111.00 keV
4 0780 - 0850 eV 9 111.00 - 183.00 keV
43 0850 - 0910 eV 8 183.00 - 30250 keV
42 0910 - 0950 eV 7 302.50 - 500.00 keV
41 0950 - 0972 eV 6 500.00 - 821.00 keV
40 0972 - 099 eV 5 0.8210 - 1.3530 MeV
39 099% - 1.020 eV 4 13530 - 2.2310 MeV
38 1.020 - 1.045 eV 3 22310 - 3.6790 MeV
37 1.045 - 1.071 eV 2 3.6790 - 6.0655 MeV
36 1.071 - 1.097 eV 1 6.0655 - 10.000 MeV
35 1.097 - 1123 eV
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The procedure for making MATXS7 accessible to TWODANT consists of
executing two processing codes: BBC and TRANSX. The actual MATXS7
library is provided to users on 1/4” magnetic tape, in ASCII format, under the
name TEXT7. The BBC processing code supplied with TEXT7 is used to
convert TEXT7 into a machine-specific binary format and to name it
MATXS?7. The BBC code is relatively simple to use; an input file pertaining to
TEXT?7 is provided in Appendix K.

The TRANSX processing code is used to extract the required nuclides from
MATXS7 and incorporate the desired temperature effects. TRANSX can also
provide macroscopic cross-sections by the inclusion of atomic density
multipliers; for the sake of simplicity, however, this feature was not used
here, and nuclide mixing and density specifications were confined to
ONEDANT. As part of the research work presented here, a microscopic cross-
section library was created using TRANSX for a total of eight materials: fuel
(96% U-235, 4% U-238), argon (Ar), silicon (Si), oxygen (O), hydrogen (H),
deuterium (D), beryllium (Be), and steel (Fe). Appendix L contains a sample
TRANSX input file (for room temperature materials).

All eight materials processed by TRANSX required the specification of a
matrix molecule to determine the self-shielding effect, generally most
important for moderator materials [McFarlane, 1993]. Thus, all materials
except deuterium and beryllium were specified as “free gas”; deuterium, being
in a matrix with oxygen, was specified as “d20” while beryllium required
specification of both inelastic (“be”) and elastic (“be$”) components
[McFarlane, 1993].

Due to the extensive temperature and energy group dependence incorporated
into the ENDF/B-V library derived from MATXS7, neutronics results
obtained by using this new library should provide the closest approximation
to the actual neutronics behavior of a full-scale unit cell NLB rocket engine.
The results will also indicate whether any potential benefits of using a low
temperature moderator/reflector exist.
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7.5, Criticall

The criticality issue, along with the volumetric heat generation rate Qg”’’(r), is
the most important neutronics parameter related to the unit-cell NLB engine
analysis. The complete coupled thermal and neutronics research work
presented in this Dissertation is based on determining the keff for unit-ceil
NLB rocket engine, with the original UARL dimensions and composition, for
a range of thermal powers and operating pressures and also based on both
Hansen-Roach and ENDF/B-V cross-section data.

The cross-sections, geometry, and material composition discussed in the
previous Sections all serve to determine a keff value. As part of the search for
a keff value for a given thermal power and pressure, the atom densities can be
varied with temperature and pressure. A comparison is made between the
keff values obtained for both the isothermal (Hansen-Roach) and the
temperature-dependent (ENDF/B-V) cross-sections; the results can then be
used to delineate any potential benefits of using the low temperature
moderator/ reflector assembly.
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CHAPTER 8
ROCKET PROPULSION THEORY

8.1. Introduction

The nuclear reactor is an integral part of the unit-cell NLB rocket engine; its
main function is to provide a source of thermal energy for transfer to the
propellant. As such, it is very similar to all other heat sources used for
propulsion in that the rocket engine performance parameters can be derived
from basic rocket propulsion theory. This Chapter provides an overview of
the applicable theory and presents the methodology for estimating rocket
performance parameters, such as exit velocity, specific impulse, and thrust,
which would be characteristic of the unit-cell NLB engine.

8.2. Rocket Performance Parameters

Evaluation of the pertinent rocket performance parameters is neccessary in
order to justify any future development of GCR technology in general, and
the unit-cell NLB engine in particular. The main motivating factor for
continued research in the area of GCR technology has been the potential for
rocket performance parameters in excess of SCR and chemical propulsion
systems. As part of a feasibility study into the unit-cell NLB engine, then, it is
neccessary to determine a set of associated performance parameters and
conclude whether the concept is justified for further research work.

The most important performance parameters associated with space
propulsion concepts are the Specific Impulse (Isp) [sec] and the Thrust (F) [N].
The thrust corresponds to the total reaction force on the spacecraft due to the

ejection of the propellant and for an ideal rocket configuration is given as
[Sutton, 1992]:

k= mvexit,max ’ (8.1)
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where m’ and Vexit,max correspond to the propellant mass flow rate [kg/s] and
the nozzle exit ideal velocity [m/s], respectively. The specific impulse is
defined as the thrust per unit weight flow of propellant, and is given as
[Sutton, 1992]:

Lp = Itho , 8.2)

where g, corresponds to the gravity acceleration constant, nominally taken to
be 9.807 [m/s2]. To calculate the thrust, both the propellant mass flow rate and
the velocity at the rocket nozzle exit are needed. The ideal exit velocity,
representing the maximum possible velocity the can be attained for a given
set of engine parameters, was previously given in eqn. (1.1):

29BT hamk
Vexit,max=/\/ (Y‘f);dj::a‘v = (8.3)

where y represents the ratio of specific heats, R denotes the universal gas
constant of 8.314 [J/g-mol-K], My denotes the molecular weight of the
propellant [g/g-mol], and Tchamber corresponds to the bulk propellant
temperature [K] at the exit of the propellant channel. The propellant mass

flow rate can be calculated from the appropriate axial channel exit conditions:
m = Acs,exitVexitPexit (8.4)

where A exit denotes the channel exit cross-sectional area [m2], and Vet and
Pexit denote the propellant velocity and bulk density [kg/m3] at the axial
channel exit. Since this research focuses on determining the characteristics of
the unit-cell NLB rocket engine in (r) geometry, all the above parameters will
be evaluated as characteristic of the channel exit conditions. The value of
Acs,exit Will therefore be taken as the cross-sectional area of a propellant
channel, and pexjt will be evaluated at the bulk propellant temperature
determined by the heat transfer model.
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8.3. Thermophysical Properties

Eqns. (8.3) and (8.4) are functions of a total of three thermophysical properties
of the propellant: y, Mw, and pexit. Each of the three properties are heavily
dependent on the bulk propellant temperature and pressure and need to be
evaluated on the basis of the results from the heat transfer model. The
propellant density is generally obtained from tabulated data; for the purposes
of this research work, p(p,T) was obtained from recent NASA sources
[Walton, 1992] and incorporated into the heat transfer model. Since the
propellant used in the unit-cell NLB engine is hydrogen (H3), a diatomic gas,
the ratio of specific heats and the molecular weight are both dependent on the
degree of dissociation of the hydrogen.

For the purposes of this research work, a set of tabulated values for y(p,T) was
obtained [Walton, 1992] and incorporated into the heat transfer model. The
molecular weight had to be determined separately, using the following

derived relation:
M, (propellant) =0.97( o My (H) +(1-0." )My (Hp)) + 0.03M, (W™ . (8.5)

The total propellant molecular weight consists of 97% by composition
hydrogen contribution, and 3% by composition contribution from the
entrained tungsten (Wnat) seeds that are intended to increase the opacity of
hydrogen [McLafferty and Bauer, 1967]. In the above equation, o* denotes the
dissociation fraction of the diatomic hydrogen gas; as can be seen from the
equation, for a*=0.0, the hydrogen contribution to the molecular weight is
equal to the molecular weight of diatomic hydrogen (H)).

The dissociation fraction for a diatomic propellant such as hydrogen is given
as [Vincenti and Kruger, 1965]:

o = V 1057 8.6)
1 +¥(T,p)







where ¥(T,p) has the form:

BO4
e TM KT 1 a“’m
¥(T,p) = zg [( a;:’m ) komle_)ﬁ] . 87)

Parameters Qg4, Qr, and Q, denote the characteristic hydrogen propellant
temperatures for dissociation (4.477 eV or 51,956 K), rotation (85.7 K), and
vibration (5,980 K); Qgjatom and Q. molec denote the electronic partition
functions for the hydrogen atom and molecule; and k and h correspond to the
Boltzmann (1.3806e-23 J/K) and Planck (6.6262e-34 J-s) constants [GE, 1989].

The above correlation for the dissociation fraction of the hydrogen propellant
accounts for the rotational, vibrational, and translational effects of
temperature and pressure; an additional effect at high temperatures and
pressures is the degree of ionization. The procedure for calculating the
ionization fraction relies on the Saha equation [Vincenti and Kruger, 1965;
Zeldovich and Raizer, 1966], where the degree of ionization.fi"r is given as:

i e \/ _ETp) (8.8)
1 + E(T,p)

where E(T,p) has the form:

e ('H)I'l 21Tm 1 9 52111;1 ()th
E(T,p) = —-( 2 e) (kT) - (8.9)

[T G

int

The Saha equation (eqn. 8.9) is similar to the molecular dissociation equation
(eqn. 8.7); Q; denotes the characteristic hydrogen temperature for ionization
(13.6 eV or 157,842 K), while Q;n?* and Qjni? denote the internal partition
functions of the ionized and neutral atom, respectively. It is a helpful fact that
hydrogen, having only one electron in the orbiting cloud, has only one
ionization potential and therefore allows a straight-forward determination of
the degree of ionization.
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To illustrate the behavior of the degree of ionization for hydrogen, as a
function of temperature and pressure, §" is plotted in Figure 8.1. The data
points correspond to combinations of three propellant temperatures resulting
from three thermal power levels (50 kWth, 5 MWth, and 500 MWth) and
three operating pressures (250 atm, 500 atm, and 1,000 atm). It can be seen that
the degree of ionization §  is negligible (~10-6) for hydrogen temperatures less
than 10,000 K; for temperatures greater than 20,000-30,000 K, ionization
becomes an important issue and must be addressed to obtain accurate
thermophysical and thermo-optical data for hydrogen. For complete
ionization (i.e., 8 ~1.0), the total pressure in the propellant region would
consist of equal parts of the ionized hydrogen atoms (H*) and the stripped
electrons (e7), so the actual hydrogen pressure would equal only 50% of the

total operating pressure in the propellant region.

The above discussion on ionization was included for the purposes of
familiarization with the possible physical processes that need to be accounted
for in the case of very high temperatures and operating pressures. The degree
of hydrogen ionization ", although calculated as part of this Dissertation, was
not utilized, as the sources of both the hydrogen thermophysical [Walton,
1992] and thermo-optical [Krascella, 1963; Kesten and Kinney, 1965] properties

reported ionization acounted for in their calculations.

8.4. Axial Dependence

As mentioned previously in this Chapter, in order to correctly determine
Vexit,maxs Isp, and F, it is neccessary to evaluate all pertinent parameters at the
axial exit of the propellant channel. Since the thermal analysis model
incorporates only (r) geometry dependence, the propellant bulk temperature
calculated by the model must correspond to the bulk temperature of the
propellant at the channel exit. To achieve this, it is neccessary to estimate
analytically the magnitude of the channel exit propellant temperature. This is
done by modifying the uniform axial power density correlation derived in
[Hill and Peterson, 1965], originally applied to the problem of convective
heating of propellant from the outside of a cylindrical tube:
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Asq
Tout - Tiv = —=4 (4L 8.10
out = Lin rﬁcp (DH) ) ( )
where Tjn and Tyt denote the propellant channel inlet and exit temperatures
[K], respectively, q” denotes the radial heat flux [W/m?2], A5 corresponds to
the cross-sectional area to propellant flow [m2], and L and Dy denote the

channel length and mean hydraulic diameter [m], respectively.

To make this correlation applicable to the (r) geometry NLB mode, three
parameters needed to be changed to reflect the different geometry (annulus)
and different mode of heating (radiative heat transfer). The derivation of A g
and Dy for annular geometry is a straight-forward process, and need not be
repeated here. With respect to the radial heat flux q”, as the dominant mode
of energy transfer in the NLB engine from the fuel to the propellant would be
by thermal radiation, q” is actually equal to the portion of engine thermal
power that, in the form of thermal radiation, is absorbed by the propellant.
This value, Q,ps, can be obtained from eqn. (6.22) by determining the

transmission fraction of thermal radiation for the hydrogen propellant.

As will be illustrated later in Chapters 10 and 11, in an operating NLB engine
the silica wall would have to be film cooled on both the buffer gas and
propellant sides to minimize convective heat transfer from these gases, and
would also have to be internally cooled to remove the energy deposited by
absorption of thermal radiation. Therefore, the only possible means of energy
transfer from the fuel to the propellant would be by thermal radiation,
providing justification for the representation of the radial heat flux q” by the
portion of thermal power absorbed by the propellant, Q,ps.

In order for the thermal analysis model-calculated propellant temperature to
correspond to the actual channel exit propellant temperature, it must be equal
to the value of Tyt determined from eqn. (8.10). This ensures that the rocket
performance parameters (Vexit max Isp, and F) are properly determined, based

on conditions at the axial exit of the propellant channel.
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CHAPTER 9
THE GNRATR-1D THERMAL ANALYSIS CODE

9.1. Introduction

This Chapter describes the thermal analysis code GNRATR-1D, developed as
part of the Dissertation research work. The GNRATR-1D code employs the
theoretical concepts outlined in Chapters 6,7, and 8 to perform an (r) geometry
thermal analysis of the unit-cell NLB rocket engine. The GNRATR-1D results
stem from the research goals discussed in Chapter 4; follow the methodology
of analysis presented in Chapter 5; and are based on the application of theory
given in Chapters 6, 7, and 8.

9.2. The GNRATR-1D Thermal Analysis Code

As depicted previously in Figure 5.1, this Dissertation work comprising this
consists of two parts: (1) thermal analysis, and (2) neutronics analysis. The
parts are directly coupled - the results of the thermal analysis are used to
perform the neutronics analysis, whose results are then incorporated back
into the thermal analysis. It has already been stated that the neutronics
analysis relies on the ONEDANT neutronics code and a cross-section library,

rrr

and provides a set of Qg’”’(r) and the kegf of the system. A thermal analysis
model was therefore needed to make use of the theory presented in Chapter 6

and calculate the temperature distribution T(r).

The inherent coupling of the modes of heat transfer, as well as the need for
temperature-dependent properties, neccessitated the use of a numerical
solution --a computer code. After some searching, it was determined that no
single code available today could be easily modified to perform the task of
analyzing the NLB rocket engine. This was primarily due to the high-
temperature gaseous condition of five out of the nine regions in the engine,
and the different modes of heat transfer that occur. In addition, utilization of
the available physical properties of the gaseous regions (such as opacity and
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effective radiative thermal conductivity) would have required significant

modifications to an existing code to the extent that it would have to be
practically re-written. Based on the difficulties predicted in utilizing an
existing code, it was decided to develop a dedicated NLB engine thermal
analysis code. Such a code would be a significant contribution to the state-of-
the-art in NLB and GCR analyses, and would be available (with whatever
modification desired) for future analysis and development work in the area
of NLB technology (should interest ever re-emerge for such a technology).

The thermal analysis code developed as part of this Dissertation work was
initially termed GNRATR-1D (Gas core Nuclear Rocket Analysis by Thermal
Radiation in One Dimension) in deference to the main anticipated mode of
heat transfer. As part of the development process, generation, convection,
and conduction were incorporated into the code; the original name, however,
remained unchanged.

The GNRATR-1D code is designed to calculate the wuncooled radial
temperature distribution T(r) across the unit-cell NLB rocket engine. Using
the converged temperature data for the propellant region, GNRATR-1D also
determines the propellant exit velocity vexit, specific impulse Isp, and thrust
F. The code analyzes the nine regions of the engine as shown previously in
Figure 5.2, using a finite-difference solving scheme [Riggs, 1988; Incropera and
DeWitt, 1990] with variable region dimensions and variable node spacings.

The code uses the pointwise Gauss-Seidel iterative solution method to arrive
at a converged temperature distribution [Riggs, 1988; Incropera and DeWitt,
1990]; the convergence criterion can be specified by the user and is applied to
three out of the nine regions of the model. For the purposes of this
Dissertation work, the thermal analyses used for the nine-region model of
Figure 5.2 were performed for a total of 37 nodes, ranging from the model
centerline to 1.0 m into ambient space.

It is important to note here that probably the most important purpose of the
GNRATR-1D code is to provide the temperature distribution T(r) under the
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assumption of no cooling of the solid regions. In such a case, the T(r)
represents a worst-case scenario and is generally considered to be the most
complex part of rocket engine thermal analysis. Once the uncooled T(r)
within a region is known, then it can be correlated to the maximum
allowable temperature for that region (generally the melting temperature) to
obtain the AT needed for the engine to function. With a known AT, it is a
straight-forward matter to determine the neccessary coolant flow rate for
either internal, film, or regenerative cooling of the solid regions.

The original UARL designers did not investigate the unit-cell NLB concept to
the extent of providing a detailed analysis of the cooling schemes for the two
solid regions: silica wall and moderator/reflector. Thus, the final decision on
the most appropriate cooling mechanism for these regions will be left open;
should the unit-cell NLB engine ever be analyzed for a potential mission, the
results of this Dissertation work will provide the answers to the uncooled
temperature distribution. In order to complete the thermalhydraulics analysis
of the NLB engine, though, two methods of cooling are suggested and
analyzed in some detail in this Dissertation: (1) internal cooling for the silica
wall, and (2) film cooling for the moderator/reflector regions. Both methods
are suggested in response to the obtained uncooled T(r), and are intended
only to reduce the region temperature to below melting. At this point in time,
the precise methods of maintaining the moderator/reflector region at 100 K
are not well understood; although the region will be assumed to be at 100 K
for the purposes of the neutronics analysis, maintaining of such a low
temperature is still questionable.

GNRATR-1D is written in FORTRAN 77 and compiled on an Apple
Macintosh computer using Macintosh Programmers Workshop and
Language Systems Fortran [Language Systems, 1992]. Execution time for a
convergence criterion of 0.001 K and 2,300 iterations is approximately 5
minutes on a Macintosh Quadra 700 computer. The GNRATR-1D code is not
limited by the number of iterations; a specific value can be pre-set by the user,
or the code can be instructed to march out in iterations until the required
convergence criterion is satisfied.
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9.3. The Equation Structure of GNRATR-1D

The GNRATR-1D thermal analysis code analyzes directly coupled radiative/
convective/conductive modes of heat transfer, according to the breakdown

previously shown in Section 6.4 and reproduced below:

Region Mode(s) of heat transfer
Fuel /Buffer Gas Mixture Generation, Radiation
Fuel Generation, Radiation
Buffer Gas Radiation, Convection
Silica Wall Radiation, Conduction
Propellant Radiation, Convection
Be Moderator Conduction

D70 Reflector Conduction

Pressure Vessel Conduction

Ambient Space Radiation

The temperature equations that GNRATR-1D solves are derived from a
combination of the general energy balance equations for each region (eqns.
6.5-6.9), and the finite-difference forms of the generation equation (eqn. 6.12),
radiation equation (eqn. 6.18), convection equation (eqn. 6.25), and conduction
equation (eqn. 6.32). The derivation of the exact equations used for every
region of GNRATR-1D is a very long process and, for the purposes of
conciseness, will not be reproduced here. A summary of the equation
structure of GNRATR-1D will, however, be provided to familiarize the reader
with the basis behind the GNRATR-1D-calculated temeperatures.

The GNRATR-1D code utilizes two fundamental forms of energy balance
equations: “within-region” and “interface.” The two differ in the geometry
layout, as shown in Figure 9.1. For a within-region equation, the unit-volume
around a node is uniform in both directions, i.e., Arj+1->j is equal to Arj.>i.1;
this allows for a much simpler equation structure at that node, since the Ar’s

cancel out.
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"Within-region' Condition

Ar j41->i = Ar 1>

(i+1)

"Interface" Condition

Ar j41-5i #Ar 15§

Figure 9.1: The two different layouts of a unit-volume about a node.
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For an interface equation, however, it is neccessary to include both Ar’s since
they can be very different. An interface equation, thus, tends to be longer and
more complicated. Within-region equations for the five heat transfer mode
combinations are given in the following five Sections. An example of one

interface equation is given in Section 9.3.6.

9.3.1. Within-Region, Generation/Radiation Equations

The coupled generation/radiation equations are used for the Fuel/Buffer Gas
Mixture and the Fuel regions. The governing energy balance equation for
these two regions is eqn. (6.5):

Qg+ Qrd=0 , 9.1)

which, in finite-difference form, is written as the rate of heat transfer from
the (i+1) and the (i-1) nodes to the (i) node:

Qg (i) T Qrad,(i-1->i) + Qrad,(i+1->1) =0 . (9.2)

The above equation can be expressed explicitly for the temperature at the (i)th
node and for an iteration step t, using eqns. (6.12) and (6.18):

Krad(G-)r(i-1)T(i-1,0) +kpad i+ Drli+1) TG+1,t-1)+Qg()r(i) Ar?

T@t) =
Krad(i-1)rGi-1)Hkad i+ 1r(i+1)

(9.3)

As can be seen, the (r) geometry variation of the cross-sectional area to heat
transfer has to be accounted for by including the varying radial distances r(i-1)
and r(i+1) of the (i-1)th and (i+1)th nodes, respectively. The effective radiative
thermal conductivities krad(i-1) and kaq(it1) are calculated by GNRATR-1D
immediately prior to solving eqn. (9.3) by using the relationship previously
given in eqn. (6.17). Thus, for the (i-1)th node:

166T3(i-1,t)
3ap(T(-1,t) °

krad(1-1) = (9.4)
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and for the (i+1)th node, because of the marching-out iteration method, the
(t-1)th iteration is used:

166T3(i+1.t-1)
3agp(T(i+1,t-1))

kKrad(i+1) = (9.5)

The baseline temperature-dependent Rosseland Mean Opacity ag is calculated
by a subroutine function, called prior to solving for eqn. (9.3). The structure of
the GNRATR-1D code, including the various subroutines, is discussed in
Section 9.4.

9.3.2. Within-Region, Radiation/Convection Equations

The coupled radiation/convection equations are used for the Buffer Gas and
the Propellant regions. The governing energy balance equation for these two

regions is eqn. (6.6):
Qrad * Qeconv=0 , (9.6)

which, in finite-difference form, is written as the heat transfer from the (i+1)
and the (i-1) nodes to the (i) node:

Qrad,(i-1->i) * Qconv,(i-1)->i + Qrad (i+1->i) + Qconv,(i+1)->i =0 . 9.7)

The above equation, expressed explicitly for the temperature at the (i)th node

and for an iteration step t, has the form:

Tit) = Krad(-Drti-D+hGi-Dri-1 AMT(-1.H kg D+ DHRGHDIGHDAATGHLED) (9.8)
(krad(i-Dr(-1)+h(i-1rGi-1Ar]+kpad(i+ Dr(i+1)+h(+ Dr(i+1)Ar]

The procedure for calculating the effective radiative thermal conductivities at
(i-1) and (i+1) was discussed in the previous Section. The heat transfer

coefficient, at the (i+1)th node for example, is calculated as:
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[Nu(T(i+1.t- Il;)ljk(T(i+1,t-1)) , (9.9)

h(i+1) =

where the Nusselt number is calculated as:
[Nu](T(i+1,t-1)) = 0.023[Re]*>(T(i+1,t-1))[Pr]*4(T(+1,t-1)) . (9.10)

In the above equation, [Re] and [Pr] denote the Reynolds and Prandtl
numbers, respectively. As mentioned before, all the temperature-dependent
properties, such as ag, k, [Re], and [Pr], are calculated by subroutine functions,
called prior to solving for eqn. (9.8).

9.3.3. Within-Region, Radiation/Conduction Equation

The coupled radiation/conduction equation is used for the Silica Wall region.

The governing energy balance equation for this region is eqn. (6.7):

Qrad t Qeond =0 | 9.11)

which, in finite-difference form, is written as the heat transfer from the (i+1)
and the (i-1) nodes to the (i) node:

Qrad,(i-1->i) + Qcond,(i-1)->i + Qrad (i+1->i) * Qcond,i+1)->i=0 . (9.12)

The above equation, expressed explicitly for the temperature at the (i)th node
and for an iteration step t, has the form:

(i = Bmd G-t Hhoonl-Drti- DITE L+ kgpg (D) HhoongGHDIGHDITHLED g 3
(krad(-1)ri-1)Kcond(G-Drti-1)kead i+ 1 Hhcond @+ r(i+ )

The effective radiative thermal conductivities are calculated according to the
procedure discussed previously; the thermal conductivity of the silica wall,
although in reality temperature-dependent, was assumed constant for this
analysis and set equal to 4.00 [W/m-K]. The reason for using this value is due

to the lack of any temperature-dependent properties (including thermal
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conductivity) above approximately 1,500 K; 4.00 [W/m-K] is the last tabulated
value. Since silica has a melting temperature of 1,883 K [CRC, 1990; Incropera
and DeWitt, 1990; Ultramet, 1992] and a boiling temperature of 2,863 K [CRC,
1990], all published silica applications focus on temperature ranges from room
temperature to about 1,500 K.

9.3.4. Within-Region, Conduction Equations

The conduction equation is used for the Be Moderator, DO Reflector, and
Pressure Vessel regions. The governing energy balance equation for these

regions is eqn. (6.8):

Qcond =0 (9.14)

which, in finite-difference form, is written as the heat transfer from the (i+1)
and the (i-1) nodes to the (i) node:

Qcond,(i-l)->i+ Qcond,(i+1)->i= 0. (9-15)

The above equation, expressed explicitly for the temperature at the (i)th node

and for an iteration step t, has the form:

T(it) = kco@(i'l)r(i-l)fr(i-lil) + kCOL_d(ifl)r(ifl)T(iﬂ,t-l) _ (9.16)
keond(-Dr(i-1) + keopd(i+1)r(i+1)

The thermal conductivities of the three solid regions, although in reality
almost certainly temperature-dependent, was assumed constant for this
analysis and set equal to 78.7, 0.37, and 34.0 [W/m-K] for Be, D70, and steel,
respectively. The reasoning behind such an approach has been explained in
the previous Section: the last tabulated value of thermal conductivity for the
above materials is available for a temperature of 1,500 K [CRC, 1990; Incropera
and DeWitt, 1990]. Rather than extrapolating to significantly higher
temperatures and trying to predict the temperature-dependent physical
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properties of molten and vaporized materials, it was decided to use the

highest-temperature tabulated (i.e., defensible and reproducible) values.

9.3.5. Within-Region, Radiation Equation

The radiation equation is used for the Ambient Space region. The governing

energy balance equation for this region is eqn. (6.9):

Qrd=0 | (9.17)

which, in finite-difference form, is written as the heat transfer from the (i+1)
and the (i-1) nodes to the (i) node:

Qrad,i-1)->i + Qmdi+1)->i=0 . (9.18)

The above equation, expressed explicitly for the temperature at the (i)th node

and for an iteration step t, has the form:

Tt = kmd(i—l)qi-l)T(i-l tt) - kmd(ifl)r(ifl)'r(ﬂl,t-l) | (9.19)
krad(i-1)r(i-1) + kpad(i+1)r(i+1)

The effective radiative thermal conductivity for ambient space was assumed
to equal that of air: 0.022 [W/m-K] [Incropera and DeWitt, 1990]. This
assumption was made due to the lack of detailed physical properties of space;
space, in the capacity of a heat sink, is a compendium of radiation heat
transfer targets (planets, asteroids, and space debris) and it is therefore
impossible to determine a uniform radiative conductivity of space. In
addition, the spacecraft mission profile would also determine the actual
radiative conductivity of space -depending on whether it is a Lunar, Mars, or
outer Solar System mission. For all these reasons, the radiative conductivity
of space was assumed to equal that of air. Since both are relatively poor heat
conductors, this assumption is not a significant influence on the calculated (r)
geometry temperature distribution.
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9.3.6. Interface Conduction Equation

The interface equations are essentially generalized versions of the within-
region equations, where the Ar’s of the adjacent nodes are different and
therefore do not cancel out. Using as an example the conduction regions,
discussed in Section 9.3.4, the Be/ D0 interface node (i) temperature equation

would have the form:

T(i.t) = AD20Kcond(i-Dr(i-DT(-L1t) +ArBe keond((+ DrG+DTE+1t-1) (9.20)
A ArD20kcond(i-Dr(i-1) + ArBe keomd(i+1)r(i+1) '

The interface equations, therefore, include the two different Ar’s for the nodes
to the left and to the right of the interface node (i). This simple modification,
of course, is valid only for an interface where both adjacent regions are
subjected to the same mode(s) of heat transfer, as is the case for the solid and

fuel-containing regions.

The interface equations for the Fuel/Buffer Gas, the Buffer Gas/Silica Wall,
the Silica Wall/Propellant, and the Propellant/ Be Moderator interfaces are
more complicated due to the different modes of heat transfer in the adjacent
regions. These equations will not be given here for the purposes of clarity and
brevity; an interested reader is invited to derive the appropriate equations by
applying energy balances to each interface and, following the procedure
outlined in Sections 9.3.1-9.3.6, arrive at an explicit temperature expression.
The derived equations can also be accessed from the GNRATR-1D code
listing, provided as Appendix A to this Dissertation document.

The interface equation at the Propellant/Be Moderator interface is slightly
different from the others, due to the incorporation of a transmission fraction
which accounts for the balance of the radiative heat flux incident on the Be
Moderator which does not get reflected off the reflective liner. This
transmission fraction (transBe) is user-specified and corrects for the radiative
contribution to the total heat flow into the moderator region. The
Propellant/Be Moderator interface equation has the form:
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T(i,t)= &I'Pkcond(l-l )l'(i'- 1 )T(l-] ,t)""[ﬂ'&flSBC.ﬁI’Be krad(i‘i' 1 )l'(lf‘l )+jr’PAI'Beh(l+I )l'(l+ 1 )]T(l""] ,t—l ) (9 21)
ArpKcond(i-Dr(i-1)HtransBeArBe krad(i+1)r(i+1 +A\rpArgeh(i+1)r(i+1)] S

where it can be seen that transBe, which the user c:an specify to be 0 < transBe
< 1.0, has the function of supressing the radiaitive heat flux into the Be
Moderator region. This feature was incorporated into GNRATR-1D to allow
for comprehensive analysis into how the reflective liner affects the
temperature distribution in the solid regions. One of the major UARL
premises was that, since radiation is a major mode: of heat transfer, providing
for a very large reflection fraction (i.e., 0.90 or ewen 0.99) would result in a
sharp temperature drop at the Propellant/Be-IModerator interface. This
feature, it was assumed, would be sufficient to imaintain the solid regions
below their respective melting points. The actual results of this combination
were never calculated, however, and therefore such a calculation is
considered by the author to be part of the original scientific contribution of

this Dissertation work.

A second slight difference in the interface equations is characteristic of the
Fuel/Buffer Gas interface. The Fuel side of the interface has radiation and
generation, while the Buffer Gas side has radialtion and convection. Fuel
generation, thus, occurs in only a half-unit-vollume around the interface
node (i), and this must be accounted for. Due to thie length of the equation, it
cannot be reproduced here; it is, however, similar tto the generation/radiation

eqn. (9.3) with the exception of the following features:
- inclusion of convection in the (i-1)th node contribution to heat transfer,
- inclusion of the Arp and Argg as appropriate into the heat transfer terms,

- a modified generation term, to account for only a nodal half-unit-volume:

", z + Amnr
Qp2rr()ArpArpG(~ TG,
As stated previously, the interested reader is directed to the GNRATR-1D

listing in Appendix A for a full version of all the equations used in the
GNRATR-1D code.
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9.4, The Structure of GNRATR-1D

The GNRATR-1D thermal analysis code consists of a MAIN program and six
ancillary subroutines: RMO, HTCP, HTCBG, ROCKET, HYDROGEN, and
TRANSMIT. The structure of the code, as well as the data exchange between
the modules, is illustrated in Figure 9.2.

The MAIN program solves all the explicit temperature equations, prints out
the 37-node temperature distribution for every iteration (onto the screen and
into a comprehensive iteration history output file), and determines how
many test nodes have converged for every iteration; following convergence,
it prints the summary converged temperature distribution and proceeds to
calculate the rocket performance parameters based on the bulk propellant

temperature.

Prior to solving for the temperature at a given node, MAIN calls an
appropriate subroutine to determine the thermophysical properties at that
node (i) and the adjacent nodes (i-1) and (i+1). Thus, to calculate the
Rosseland Mean Opacity ar, MAIN invokes subroutine RMO, which receives
as input a node temperature: T(i-1,t), T(i,t-1), or T(i+1,t-1), as applicable.
Subroutine RMO matches the node temperature to a 16-temperature group ag
library (with a range of 3,500 - 110,000 K) and determines the corresponding agr
value for the propellant, silica wall, buffer gas, fuel, or fuel/buffer gas
mixture. The respective temperature-dependent ag is then returned to MAIN
to use in the temperature calculation.

Subroutine HTCP is invoked to calculate the heat tranfer gcoefficient for the
propellant. It is provided a node temperature and pre-set propellant axial
velocity and hydraulic diameter. It then determines the heat transfer
coefficient by matching the node temperature to a 16-temperature group mass
density, [Pr], viscosity, and hydrogen thermal conductivity library (with an
effective range of 3,000 - 30,000 K). The respective propellant heat transfer
coefficient is then returned to MAIN to use in the temperature calculation.
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Figure 9.2: Software structure of the GNRATR-1D code.
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Subroutine HTCBG performs the same function as HTCP, except it provides
MAIN the heat tranfer goefficient for the buffer gas. Its thermophysical
property library structure is identical to that for subroutine HTCP.

Subroutine ROCKET is invoked by MAIN following convergence of the 37-
node temperature distribution. The subroutine is given the bulk propellant
temperature (called Tchamber to relate it to propulsion terminology) and the
propellant channel hydraulic diameter. The subroutine then uses the rocket
performance correlations given in Chapter 8 to calculate the propellant
dissociation fraction, the propellant average molecular weight, cross-sectional
flow area, nozzle exit velocity, mass flow rate, thrust, and specific impulse.

In order to determine the propellant mass flow rate and nozzle exit velocity,
subroutine ROCKET requires the temperature-dependent propellant specific
heat ratio and mass density. To obtain that, it invokes subroutine
HYDROGEN, whose only function is to match the Tchamber to a 16-
temperature group specific heat ratio and mass density library (with an
effective range of 3,000 - 30,000 K).

Subroutine TRANSMIT is invoked by MAIN when only radiative heat
transfer is specified in any combination of the buffer gas/silica
wall/ propellant regions. TRANSMIT corrects for the transmission effects in a
radiative heat transfer-only region by modifying the mean region
temperature, calculated on the basis of the diffusion approximation. The
correction on the region temperature is performed according to the theory of
optically thin regions presented in Section 6.5.2.2.

2.5, Summary of GNRATR-1D Features

The GNRATR-1D code calculates the (r) geometry temperature distribution,
T(r), across the unit-cell NLB rocket engine based on an input set of heat
generation rates, Qg”’(r), and an engine operating pressure. On the basis of the
calculated T(r), it also estimates the propellant nozzle exit velocity, thrust, and
specific impulse. GNRATR-1D provides the user the option of varying almost

103







any thermophysical property or parameter. One of its primary features is the
incorporation of a reflection fraction off the reflective Be-moderator liner,
which can be used to determine the effects of thermal radiation on the solid
regions. GNRATR-1D relies extensively on temperature-dependent
thermophysical properties to arrive at the most accurate possible (given the
available material properties) thermal characteristics of the unit-cell NLB
rocket engine. The code was designed to have an extremely simple structure,

which allows for future modification and augmentation.

The energy balance “roots” of the GNRATR-1D temperature equations
provide the user with a powerful and flexible tool to “switch on and off” any
given heat transfer mode and thereby quantify the contribution of

conduction, convection, generation, and radiation to the temperature profile
in the NLB engine. This “switching on and off” feature of GNRATR-1D is
discussed in detail as part of the results in Chapter 10.

9.6. Verification and Validation of GNRATR-1D

Before using GNRATR-1D for the thermal analysis of the unit-cell NLB
rocket engine, it was neccessary to ascertain: a] that it performs the task it was
intended for appropriately (verification of the code), and b] that the results it
provides, whether they follow the outlined theory or not, are indeed
indicative of the actual conditions inside the NLB engine, if a functioning

full-scale engine were ever to be built (validation of the code).
9.6.1. Verification

The first task was to verify that the code performs the thermal analysis as
intended, i.e., follows the equation structure and uses the appropriate
thermophysical properties. This task, generally referred to as the
“verification” of a code, was performed shortly after the first full compilation
to ensure that no errors existed in the code. A total of four different tests were
used on GNRATR-1D to verify the code’s execution. These tests comprised
the following: |
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Setting the volumetric heat generation rate Qg"”’(r), provided as input
to GNRATR-1D, to zero at all fuel nodes and tracking convergence of
the code. Since no generation existed, there was no “driver” for the
heat transfer, and therefore the temperature distribution was expected
to converge to a uniform 200 K, conformant to the far boundary
condition at 1.0 m into ambient space. GNRATR-1D was tracked over
more than 2,000 iterations, and in each case a distinct convergence of
the temperature distribution to a flat 200 K profile was obtained.

Another postulate was that, for the case of no heat generation, the
converged temperature distribution should not depend on the choice
of the initial (“guessed” or zeroth-iteration) temperature distribution.
To verify compliance, GNRATR-1D was executed for varying initial
temperature distributions; for a total of 37 nodes, the initial nodal
temperature increment was varied from 0.1 K (i.e.,, giving an initial
distribution toward the centerline of 200.0, 200.1, 200.2, ..., 203.7 K) all
the way up to 100 K (i.e., 200, 300, 400, ..., 2900 K). For every case, the
final temperature distribution converged to the same set of values.

rrr

For a given value of Q,"’(r) and an initial temperature distribution,
two iteration steps over 37 nodes were duplicated by hand calculation.
The process took about 8 hours, and resulted in two iterations, which
were in complete accordance with the GNRATR-1D-calculated values
for the same iteration steps. This proved that GNRATR-1D does indeed

execute the equations in the manner intended.

As GNRATR-1D marched out in iterations, no oscillations were
noticed; the difference between successive iterations became smaller
and smaller until convergence was achieved for a convergence criteria
of 0.01% or 0.1 K, for example. To track GNRATR-1D results over as
many iterations as possible, convergence criteria were reduced to as low
as 1.0e-7 K, well below the accuracy provided by the 32-bit computer.
No discrepancy or inconsistency was found in the GNRATR-1D results.
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Based on the tests performed on GNRATR-1D, it was concluded that the code
does indeed perform the thermal analysis as desired. The next step was to
validate the code, that is, ascertain that the code can provide an accurate
estimate of the actual thermal conditions inside a unit-cell NLB engine.

0.6.2. Validati

The best possible way to verify a code is to compare it to the actual conditions
that would occur in the system that the code is designed to model. In the case
of nuclear rockets, and gaseous nuclear rockets in particular, the technology is
so advanced that not even computer codes exist to model the system, let
alone the system itself. Thus, it becomes neccessary to gauge or “benchmark”
a new code with another independently-developed code. An indication of the
new code’s correctness of results would be if the two completely different
codes provide good agreement on the results.

A thorough literature search was conducted to identify a code, preferably
developed for analysis of GCR concepts, that could be used to validate
GNRATR-1D. Unfortunately, one of the reasons behind the originality of
GNRATR-1D also means that there is no existing code that incorporates the
methodology of GNRATR-1D. The best candidate code was determined to be
that developed by Poston and Kammash [Poston and Kammash, 1994a and
1994b] at the University of Michigan. The author had the pleasure of meeting
David Poston at the 11th Symposium on Space Nuclear Power Studies in
Albuquerque, held in January 1994. Their code is similar in structure to
GNRATR-1D in that it receives as an input set the Qg’”’(r) values, and uses
them to determine the temperature distribution inside the fluid region of a
coaxial-flow open-cycle GCR. The layout of the open-cycle engine is different
than that for the NLB, but the existence of the fuel and propellant regions
allows for approximate cross-comparison of the calculated temperatures.

The Poston-Kammash code (unnamed by the authors) analyzes the

temperature distribution only in the fluid region of the rocket engine; in
addition, it assumes a constant wall temperature of 2,200 K (as will be shown
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in the research results discussed in Chapter 10, this parameter is extremely

important and needs to be calculated as part of the analysis). Its resultant
temperature distribution in the fuel region, though, can be used to cross-
compare with GNRATR-1D because the fuel temperatures are primarily
influenced by the “driver” fission heat generation rate.

The Poston-Kammash code was executed for a thermal power of 500 MWth
and a cavity pressure of 101.3 MPa (1,000 atm). The solution method relied on
a direct-matrix solver, and incorporated fluid mechanics as well as heat
transfer parameters. The total fuel-bearing region volume was approximately
3.0 m3, resulting in an average power density (or volumetric heat generation
rate) of approximately 1.65e8 W/m3. This resulted in a bulk fuel centerline
temperature of 50,000 K (the temperatures were presented in contour, as
opposed to discrete, form).

The Poston-Kammash average power density of 1.65e8 W /m3 was provided
as input to GNRATR-1D. The convergence criteria was set to 0.001 K to
maximize the number of iterations. For the given power density, GNRATR-
1D calculated a (discrete) fuel centerline temperature of 45,000 K. The 10%
discrepancy in the results was deemed very acceptable, given the differences
in the two codes’ structures and methods of analysis.

Additional comparisons (based on exit velocity, propellant mass flow rate,
specific impulse, and thrust) with the Poston-Kammash code were performed
with respect to calculated rocket performance results. These comparisons,
discussed in detail in Section 10.7 of this Dissertation, indicate very good
agreement between the results obtained from the GNRATR-1D code and
those obtained with the Poston-Kammash code.
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9.6.3. Conclusions

The comparison of GNRATR-1D to the Poston-Kammash code indicated, to
the extent possible as far as gas core thermal analysis codes are concerned, that
the GNRATR-1D results provide a reasonable estimate of conditions that
might be expected in a high-temperature GCR rocket engine. At the time of
writing of this Dissertation, it does not seem possible that any additional GCR
research will be conducted in the near future. The results of this research,
then, along with that of Poston and Kammash, can be used as indicators of
the characteristics of GCR concepts.
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CHAPTER 10
THERMAL AND NEUTRONICS ANALYSIS RESULTS

10.1. Introduction

This Chapter presents the results of the thermal and neutronics analyses
performed for the unit-cell NLB rocket engine. The neutronics analysis was
based on the use of: (1) the Hansen-Roach isothermal cross-section library and
(2) the temperature-dependent ENDF/B-V cross-section library. With the use
of these two neutronics libraries, it is possible to account for the temperature
effects on the neutronics behavior of the engine, and also to account for the
beryllium microscopic scattering cutoff at 0.006 eV. The work presented in
this Chapter encompasses the complete methodology of the work for this
Dissertation: complete thermal analysis, coupling of thermal and neutronics
results, comprehensive parametric studies, delineation of rocket performance

parameters, and conclusions on the feasibility of the NLB rocket engine.

10.2. Breakdown of the Analysis

The two main sources of the thermal and neutronics results presented in this
Chapter are the GNRATR-1D code (uncooled T(r) and rocket performance
parameters) and ONEDANT (Qg"”'(r) and keff). Due to the large number of
parameters incorporated into GNRATR-1D, it is possible to vary each one and
thus provide an exhaustive analysis of the NLB engine. A list of parameters
that could be varied within GNRATR-1D is given in Table 10.1. For the
purposes of this research work, it was decided to analyze three thermal power
configurations: 500 MWth, 5 MWth, and 50 kWth. With four orders of
magnitude, these configurations provide sufficient insight into the
characteristics of the NLB engine to warrant a discussion on its feasibility. The
500 MWth configuration was chosen as the upper limit due to the very high
associated temperatures [Poston and Kammash, 1994a], while 50 kWth was
chosen as the lower limit due to the proximity of the associated temperatures

to the lower bounds of the gaseous state of uranium.
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TABLE 10.1
Parameters available for user specification in GNRATR-1D )

Nomenclature Symbol
all 9 region widths [m|] ta
region nodal spacings a
max. solid region conductivities [W/m-K] kcond__
total number of iterations iters
radiative flux reflection fraction reflBe
total operating pressure [atm|] P .
radiative heat transfer switch rad=.true.
buffer gas convection switch BGconv=.true.
propellant convection switch Pconv=.true.
propellant channel hydraulic diameter [m] Dhydraul
propellant axial velocity [m/s] vP
buffer gas axial velocity [m/s] vBG
ambient space temperature [K] Tspace
Qg’”’(r) values for non-fuel nodes [W/ m3) Qgi), 1<i<30
Qg’"’(r) values for fuel nodes [W/ m3) Qg(i), 30<i<37
convergence criterion eps

In addition to the above parameters, all optical and thermophysical

properties, currently arranged in temperature- and pressure-dependent
libraries, can be varied.
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An additional breakdown of the GNRATR-1D analysis results was decided to
be with respect to operating pressure. The optical and thermophysical data
libraries incorporated into GNRATR-1D allow analysis of up to three
pressures: 250 atm, 500 atm, and 1,000 atm. The choice of the three particular
pressures was made on the basis of available uranium thermophysical and
thermo-optical data [Parks, 1968]. As part of this Dissertation, thus, the data
provided by GNRATR-1D is broken down with respect to three thermal
power and three pressure configurations.

The following Sections of this Chapter present the results of the coupled
thermal and neutronics analyses, for the three thermal power and three
operating pressure configurations discussed before. For each configuration,
two separate sets of results are provided: one for the analysis with the
isothermal Hansen-Roach cross-sections, the other with the ENDF/B-V
temperature-dependent cross-sections.

The sets of results incorporate Qg'”’(r), kets, and the uncooled T(r), all for
operating pressures of 250 atm, 500 atm, and 1,000 atm. The procedure for
arriving at the converged results commences with a GNRATR-1D execution

rer

for the case of a flat Qg"’(r) profile, where Qg"’(r)=Qtotal/ Vfuel- This comprises
a zeroth approximation, and provides the first temperature profile T(r). Based
on the obtained T(r), atomic densities for all materials in the 11 zones of the
neutronics model (Figure 7.1) are calculated, and the appropriate
temperatures are set in TRANSX for all eight materials, to provide a
temperature-dependent ENDF/B-V library. Following execution of
ONEDANT, the new Qg’”’(r) values are provided to GNRATR-1D; this
comprised the first approximation of Qg’’(r). GNRATR-1D is then executed
again for the new Qg’"’(r) and the second temperature profile T(r) is compared
to the first. This procedure, corresponding to one full iteration, is repeated
until convergence in both T(r), calculated by GNRATR-1D, and Qg’”’(r),
calculated by ONEDANT, is achieved. The final result of the GNRATR-
1D/ONEDANT coupling is then a converged uncooled T(r) distribution as

well as Qg’”’(r) and the overall keft.
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The volumetric heat generation rates Qg’’(r) are provided for the 7 fuel-
bearing nodes. For all non-fuel nodes, naturally, the volumetric heat
generation rate was set equal to zero. It can be postulated that for a gaseous
core reactor, a portion of the emitted gamma and neutron radiation escapes
from the fuel and becomes absorbed in the solid moderator/reflector regions,
thereby creating a “pseudo-source” in the solid regions. So as not to include
additional complexity into the problem, this feature was not incorporated
into the thermal analysis; it would be a simple matter, though, to add Qg”’(r)
dependence for all nodes within the rocket engine.

One execution of GNRATR-1D results in three output files: (1) an interactive
screen dump to monitor the iterations, (2) a comprehensive output file
containing all the iteration steps and the final summary of results, and (3) a
summary output file containing the converged temperature distribution and
the calculated rocket engine parameters. The comprehensive output file can
exceed 1.0 MB in size for long iteration runs and is generally discarded after
inspection of a certain run; for those interested, the summary output files for
all GNRATR-1D executions discussed in this Dissertation are included in the
appropriate Appendices. A sample GNRATR-1D summary output file is
illustrated in Figure 10.1; this particular execution corresponded to the final
converged iteration for 50 kWth, P=250 atm. As can be seen, the summary file
contains two major blocks of information: Summary of Converged Values
and Rocket Engine Parameters.

The first block provides a summary of the most pertinent user-specified
parameters, among others the heat transfer switches, and also a listing of
nodal position 1, radial distance r(i) from the engine centerline, temperature
distribution T(i), and volumetric heat generation rate Qg’’’(i). The second
block of information provides calculated rocket engine parameters, among
others vexit, Isp, and F. As discussed previously, these are based on the
propellant conditions at the axial channel exit. The auxiliary parameters, such
as H; dissociation fraction and propellant average molecular weight, are
reported for conciseness and to aid debugging, if necessary.
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S SUMMARY OF CONVERGED VALUES e

This Case Executed for: REFLBe = 0.00000
Pressure = 250.0 atm

Modes of Heat Transfer: Radiation in BG,SiW, and P = .on.
Convection in BG = .on.
Convection in P = .on.

i r(i) T(i) Qg (i)
37 0.000 8559.5 0.6274E+05
36 0.019 8559.5 0.6195E+405
35 0.039 8554.6 0.1255E+06
34 0.059 8539.8 0.135BE+06
33 0.096 8444.1 0.1920E+06
32 0.:133 8228.3 0.2300E+06
31 0.170 7820.5 0.3447E+06
30 0.207 4833.2 0.0000E+00
29 0.225 4833.2 0.0000E+00
28 0.244 4833.2 0.0000E+00
27 0.246 4833.2 0.0000E+00
26 0.249 4833.1 0.0000E+00
25 0.268 4833.1 0.0000E+00
24 0.287 4833.0 0.0000E+00
23 0.307 4830.7 0.0000E+00
22 0.326 4828.7 0.0000E+00
21 0.345 4827.0 0.0000E+00
20 0.405 3881.5 0.0000E+00
19 0.465 3179.9 0.0000E+00
18 0.525% 2638.7 0.0000E+00
17 0.585 2208.6 0.0000E+00
16 0.645 1858.7 0.0000E+00
15 0.705 1568.6 0.0000E+00
14 0.765 1324.3 0.0000E+00
13 0.825 1115.7 0.0000E+00
12 0.851 1114.9 0.0000E+00
11 0.876 1114.4 0.0000E+00
10 0.976 937.5 0.0000E+00
9 1.076 193.7 0.0000E+00
8 1.176 674.7 0.0000E+00
7 1.276 574.6 0.0000E+00
6 1.376 489.2 0.0000E+00
5 1.476 415.5 0.0000E+00
4 1.576 3532 0.0000E+00
3 1.676 294.7 0.0000E+00
2 1.776 244.7 0.0000E+00
1 1.876 200.0 0.0000E+00

- ROCKET ENGINE PARAMETERS o

The H2 dissociation fraction is: 0.0891
The HZ average molecular weight is: 1.9262 g/gmol

The propellant molecular weight is: 7.3839 g/gmol

The cross-sectional flow area is: 0.0721 m2
The propellant mass flow rate is: 0.10 kg/s
The chamber temperature is: 4833.1 K
The calculated exit velocity is: 7903.5 m/s
The calculated thrust is: 0.8 kN

The calculated specific impulse is: 805.9 s

Figure 10.1: Sample GNRATR-1D summary output file.
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The following three Sections discuss the GNRATR-1D results obtained for a
fixed thermal power (500 MWth, 5 MWth, and 50 kWth configurations,
respectively), varying operating pressure, and both the Hansen-Roach and
ENDF/B-V cross-section libraries. Section 10.6 discusses the variation of T(r)
for a fixed operating pressure. Section 10.7 provides a compilation of
thermophysical and rocket performance results, as functions of both thermal
power and operating pressure. A baseline configuration, chosen to correspond
to the 50 kWth, P=250 atm case, is discussed in detail in Section 10.8. This
baseline configuration was analyzed in much more detail, with varying solid
region liner reflection fractions (reflBe) and switching on/off of convection in
the buffer gas, convection in the propellant region, and conduction in the
silica wall. In addition, the baseline configuration was used as a test-bed to
investigate any potential effects of fuel temperature on the kegf of the system.
Section 10.9 comprises of series of analyses aimed at investigating the accuracy
of the (r) geometry model and its associated assumptions. The Section
contains an (r-8) analysis of both Qg’”’(r) and the neutron flux ®(r) and their
comparison to the (r) geometry “smeared” results, a criticality search, and an
investigation into the neutron and gamma energy deposition in the silica
wall and the moderator/reflector region. The conclusions to Chapter 10 are
presented in Section 10.9.

103, The 500 MWth Confieurati

The 500 MWth configuration was chosen as the upper limit on the thermal
power range. Recent published work [Poston and Kammash, 1994a; Tanner,
1994] as well as preliminary analyses performed for this work, indicated a fuel
centerline temperature of approximately 50,000-100,000 K associated with that
power level; in such cases, and especially for even higher temperatures,
removal of the fission heat becomes practically impossible and the feasibility
of such concepts becomes only theoretical. The iterative solution procedure,
outlined in the previous Section, was applied for the 500 MWth
configuration. An initial volumetric heat generation rate of 2.03*10° [W/m?3],
equal to the quotient of the total thermal power and the fuel volume, was set
at all seven fuel nodes. Based on the temperatures calculated by GNRATR-1D,
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appropriate atomic densities were provided to ONEDANT. The resultant
volumetric heat generation rates Qg’”’(r) were then provided to GNRATR-1D,
for a new temperature distribution. This procedure was carried out separately
for both the Hansen-Roach cross-sections and the ENDF/B-V cross-sections.
The results of these analyses are presented in the following two subsections.

10.3.1. Hansen-Roach Library

The first set of analyses involving the 500 MWth configuration were
performed with the Hansen-Roach cross-section library accessed by
ONEDANT. The converged Qg’”’(r) distribution for the seven fuel nodes,
ranging from the engine centerline (r=0) to the edge-of-fuel node (r=20.7 cm),
for the 500 MWth configuration and three operating pressures, P=250, 500,
and 1,000 atm, is presented in Figure 10.2. Observation of Figure 10.2 indicates
that the bulk of the volumetric heat generation, and therefore the bulk of the
fissions, occurs in the region between r=4 cm and r=17 cm. The relatively flat
and wide profile of Qg'”’(r) indicates that the mean free path of neutrons is
comparable to the dimensions of the fuel region; in other words, the fuel
density [atoms/barn-cm] is low enough so that the rate of fission is constant
almost along the whole radial length of the fuel region.

The ONEDANT input files for this configuration are provided in Appendix
B.1. The appropriate fuel atomic densities are on the order of 10-6-10-7
[atoms/barn-cm], which are very low; the main reason for such a condition,
of course, is the high temperature of the fuel. Noticeable between the three
operating pressure conditions is the increase in Qg’’(r) of the outer fuel nodes,
i.e. a shift in Qg’”’(r) toward the outer edge of the fuel with increasing
pressure. To conserve the total thermal power generated in the fuel, the
increase in Qg’’’(r) at the outer edge is accompanied by a decrease in Qg"”’(r) at
the nodes close to the centerline. This trend is due to the increase in fuel
density as a result of increasing pressure; the increase in fuel density, along
with an appropriate increase in the macroscopic fission cross-section, at the
outer edges provides for a greater fission rate and greater Qg’”’(r) at that
location.
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1.00e+9

Figure 10.2: Qg"'(r) for 500 MWth power level (Hansen-Roach library).
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The calculated kegs values of the 500 MWth configurations are shown in
Figure 10.3. The keff of the baseline design is low, due mainly to the low fuel
density. With increasing pressure, the kegf increases due to a larger fuel
density, but is still significantly subcritical. An additional analysis was
incorporated at this point, in conjunction with ideas initially posed by the
UARL designers. Namely, an important issue put forth by UARL with respect
to the unit-cell NLB engine was the segmenting of the propellant channels to
reduce the thermal neutron diffusion barrier of hydrogen. Reducing the
barrier was intended to increase the flow of neutrons into the fuel region and
thereby achieve a higher kegr with the same fuel density. This idea was
analyzed here by taking the baseline ONEDANT cases and setting the
hydrogen propellant atomic density to zero, thereby creating a vacuum zone
in place of the hydrogen. No detrimental effects of the absence of the
hydrogen moderator were foreseen as the bulk of the moderation is provided
by the combined 54 cm of beryllium and heavy water, both with significantly
higher atomic densities.

The resultant kegr values of the modified baseline design are also shown in
Figure 10.3. As can be seen, for the extreme case of no propellant present, the
increase in keff is approximately 10-15%. Therefore, there is credibility to the
idea of the original UARL designers to reduce the hydrogen propellant cross-
sectional area to neutron flow. For the case of the actual unit-cell NLB rocket
engine, where the propellant channels were intended to subtend 40% of the
total annular surface area, the increase in keff over the 100% subtending
would be significantly less than 15%.

Segmentation of the propellant channels, then, could not be relied on the
provide a noticeable increase in kegf for the same operating conditions and
dimensions. In order to significantly increase the keff of the original unit-cell
NLB engine for the 500 MWth configuration, it would be necessary to either
increase the operating pressure beyond 1,000 atm (and therefore increase the
fuel density) or increase the size of the fuel region. Both scenarios involve
complex calculations and parametric analyses and would essentially require a
major redesign of the original unit-cell NLB rocket engine.
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Figure 10.3: Keff for 500 MWth configuration (Hansen-Roach library).
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Based on the Qg’”’(r) values in the fuel region, a converged T(r) distribution
was determined by GNRATR-1D for each of the three operating pressures, as
shown in Figure 10.4. Radiation, convection, and conduction were accounted
for in the non-fuel gaseous regions; in addition, a conservative condition of
0% reflection off the solid regions’ reflective liner (reflBe=0%) was assumed.
As can be seen, the general shape of T(r) is similar for all three operating
pressures; the temperature is highest at the centerline and decreases toward
the edge of the fuel. The behavior and general shape of T(r) as well as Qg’”’(r)
in the fuel region of a GCR is in accordance with previous studies performed
on the open-cycle concept [Thom, Schneider, and Schwenk, 1974; Schnitzler,
1988; Poston and Kammash, 1994] and with anticipated behavior within the
closed-cycle NLB engine [Latham, 1990].

The centerline-to-edge of fuel temperature ratio is approximately constant at
1.8 for the three operating pressures. This characteristic of gas core nuclear
reactors has been previously observed; Robert Ragsdale, of NASA-Lewis,
introduced an analogy with the temperature distribution within the Sun,
where the centerline-to-edge of plasma temperature ratio is equal to 1.5 on
the average [Ragsdale, 1970]. The behavior of GNRATR-1D data indicates very
good agreement with the current understanding of the temperature
distribution within gaseous heat sources, specifically the predicted behavior
within the gaseous fuel region of a gas-core nuclear rocket.

The calculated temperature values for the major regions within the unit-cell
NLB engine model are given in Table 10.2. Because of the very low overall
thermal resistance of the buffer gas, silica wall, and propellant regions, the
temperature distribution across those three regions is virtually flat. That
profile corresponds to the temperature plateau of Figure 10.4. In the regions of
high thermal resistance, such as the fuel and DO, the temperature drop is
pronounced and significant.
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TABLE 10.2
Summary of the comprehensive thermal analysis results
(500 MWth configuration, Hansen-Roach library)

P=250 atm

NLB engine region Temperature
Fuel Centerline [K] 83,970
Edge-of-Fuel [K] 46,757
Buffer Gas [K] 46,756
Silica Wall [K] 42,756
Propellant [K] 42,756
Moderator /Reflector Liner [K] 42,732
P=500 atm

Fuel Centerline [K] 99,891
Edge-of-Fuel [K] 55,574
Buffer Gas [K] 55,573
Silica Wall [K] 55,573
Propellant [K] 55,573
Moderator /Reflector Liner [K] 55,545
P=1,000 atm

Fuel Centerline [K] 119,360
Edge-of-Fuel [K] 66,320
Buffer Gas [K] 66,320
Silica Wall [K] 66,320
Propellant [K] 66,320
Moderator /Reflector Liner [K] 66,286
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The feasibility of the NLB concept in 500 MWth configuration can be
discussed on the basis of the data shown in Figure 10.4 and summarized in
Table 10.2. If it were possible to have only radiation heat transfer in the gases
and conduction in the silica wall, with an ideal reflective liner on the solid
regions (i.e., reflBe=100%), a 500 MWth configuration would probably
encounter a problem with maintaining the silica wall below melting
temperature. Since convection is also present in both the buffer gas and
propellant regions, two major problem areas arise: (1) melting of the silica
wall, and (2) melting of the entire solid moderator/reflector assembly. In light
of the extremely high temperatures calculated for the silica wall and the solid
regions, it is unlikely that any cooling method currently available would be
able to maintain either of the regions below their respective melting points.

On the basis of the available results, it can be concluded that the 500 MWth
configuration of the NLB engine would not be feasible due to the extremely
high temperatures within the silica wall and solid moderator/reflector
regions. The GNRATR-1D summary output files for the 500 MWth
executions can be found in Appendix B.2.

10.32. ENDF/B-V Library

The second set of analyses involving the 500 MWth configuration were
performed with the temperature-dependent ENDF/B-V cross-section library.
The converged Qg’’(r) distribution is presented in Figure 10.5. Observation of
Figure 10.5 indicates that the bulk of the volumetric heat generation, and
therefore the bulk of the fissions, occurs in the region between r=4 cm and
r=17 cm, similar to the Hansen-Roach case. The difference in magnitude of
Qg’"’(r) between the Hansen-Roach and ENDF/B-V cases is very small,
approximately 0.5%. The ENDF/B-V case results in a slightly greater Qg’'”’(r) at
the outer edge of the fuel; this could possibly be due to the lower thermal
neutron energy cutoff of the ENDF/B-V library, which could allow for a larger
fission cross-section for the sub-0.025 eV neutrons and therefore effectively
increase the rate of fission at the outer edge of the fuel.
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Qg"(r) [W/m3]

Figure 10.5: Qg"'(r) for 500 MWth power level (ENDF/B-V library).
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The TRANSX input files for the ENDF/B-V cases of the 500 MWth
configuration are provided in Appendix B.3. The ONEDANT input files are
provided in Appendix B.4. As with the Hansen-Roach case, the appropriate
fuel atomic densities are on the order of 10-6-10-7 [atoms/barn-cm], due to the
high temperature of the fuel. The increase in Qg’'(r) of the outer fuel nodes,

rrr

i.e. a shift in Qg’’(r) toward the outer edge of the fuel with increasing
pressure, is noticeable as in the case of the Hansen-Roach data. The increase
in fuel density, along with an appropriate increase in the macroscopic fission
cross-section, at the outer edges provides for a greater fission rate and greater
Qg’”’(r) at that location. The slight increase in Qg’”’(r) of the ENDF/B-V case

compared to the Hansen-Roach case was discussed previously.

The calculated keff values of the 500 MWth configurations are shown in
Figure 10.6. As with the Hansen-Roach case, the keff of the baseline design is
low, due mainly to the low fuel density. With increasing pressure, the kefs
increases due to a larger fuel density, but is still significantly subcritical. As
before, the baseline ONEDANT cases were modified by setting the hydrogen
propellant atomic density to zero, thereby creating a vacuum zone in place of
the hydrogen. The resultant keff values of the modified baseline design are
also shown in Figure 10.6. As can be seen, for the extreme case of no
propellant present, the increase in kegf is approximately 10-15%. These
increases in kegf are in line with the behavior indicated by the Hansen-Roach
library, and definitely provide credibility to the idea of the original UARL
designers to reduce the hydrogen propellant cross-sectional area to neutron
flow. Because the actual unit-cell NLB rocket engine would have propellant
channels occupying 40% of the annular surface area, though, the increase in
keff over the 100% subtending would be very small.

Comparison of the kegf values provided by the Hansen-Roach and ENDF/B-V
libraries indicate strong similarity, and thereby verify each other. By using the
very-low energy group structure of the ENDF/B-V library, along with
incorporation of temperature dependence through TRANSX processing, it
has not been possible, however, to validate the expectation of the original
UARL designers regarding the possible neutronically beneficial effects of the
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Figure 10.6: Keff for 500 MWth configuration (ENDF/B-V library).
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low-temperature moderator and reflector. There does not seem to be any
correlation between the existence of a 0.006 eV scattering cross-section cutoff
in beryllium and a significant increase in the keff of the system, all other
things held constant. This conclusion is based on the comparison of the keff
values of the “baseline” designs using Hansen-Roach and ENDF/B-V
libraries. One could ostensibly argue that the neutronic “transparency” of
beryllium at E<0.006 eV is effectively overshadowed by the thermal neutron
diffusion barrier in the propellant; for that reason, both the Hansen-Roach
and ENDF/B-V casers were also analyzed with a vacuum substituting for
hydrogen in the propellant region. In both the Hansen-Roach and ENDF/B-V
cases, slight increases in keff were evident, but not nearly significant enough

to warrant special reliance on the low-temperature moderator/ reflector.

In addition, segmentation of the propellant channels could not be relied on
the provide a noticeable increase in keff for the same operating conditions
and dimensions. By observing results for both the Hansen-Roach and
ENDF/B-V cases, it can be concluded that in order to significantly increase the
keff of the original unit-cell NLB engine for the 500 MWth configuration, it
would be necessary to either increase the operating pressure beyond 1,000 atm
(and therefore increase the fuel density) or increase the size of the fuel region.
Neither segmentation of the propellant channels nor the incorporation of a
low-temperature moderator/ reflector assembly would increase the kegf by
much more than 10-20% over the baseline design (i.e., one with a 100%
subtended annular propellant region and room-temperature or higher
moderator / reflector).

Based on the Qg’’(r) values, a converged T(r) distribution was determined by
GNRATR-1D for each of the three operating pressures, as shown in Figure
10.7. Radiation, convection, and conduction were accounted for in the non-
fuel gaseous regions and a conservative condition of 0% reflection off the
solid regions’ reflective liner (reflBe=0%) was assumed. As can be seen, the
general shape of T(r) is similar for all three operating pressures, and is similar
in magnitude to the T(r) obtained with the Hansen-Roach library. The latter,
of course, is due to the very similar Qg”’(r) distribution.
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TABLE 10.3
Summary of the comprehensive thermal analysis results
(500 MWth configuration, Hansen-Roach library)

P=250 atm

NLB engine region Temperature
Fuel Centerline [K] 83,970
Edge-of-Fuel [K] 46,757
Buffer Gas [K] 46,757
Silica Wall [K] 42,757
Propellant [K] 42,757
Moderator / Reflector Liner [K] 42,733
P=500 atm

Fuel Centerline [K] 99,897
Edge-of-Fuel [K] 55,574
Buffer Gas [K] 55,573
Silica Wall [K] 55,573
Propellant [K] 55,573
Moderator /Reflector Liner [K] 55,545
P=1,000 atm

Fuel Centerline [K] 119,354
Edge-of-Fuel [K] 66,320
Buffer Gas [K] 66,320
Silica Wall [K] 66,320
Propellant [K] 66,320
Moderator /Reflector Liner [K] 66,286
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The centerline-to-edge of fuel temperature ratio is approximately constant at
1.8 for the three operating pressures, again similar to the Hansen-Roach case.
The calculated temperature values for the major regions within the unit-cell
NLB engine model can be found in Table 10.3. Because of the very low overall
thermalresistance of the buffer gas, silica wall, and propellant regions, the
temperature distribution across those three regions is virtually flat. That
profile corresponds to the temperature plateau of Figure 10.7. In the regions of
high thermal resistance, such as the fuel and D;0O, the temperature drop is
pronounced and significant.

In the case of the ENDF/B-V library, the feasibility of the NLB concept in 500
MWth configuration can be discussed on the basis of the data shown in
Figure 10.7 and summarized in Table 10.3. As was discussed for the Hansen-
Roach case, two major problem areas arise: (1) melting of the silica wall, and
(2) melting of the entire solid moderator/reflector assembly. The very high
temperatures reported for the uncooled solid regions are most probably too
high to be able to provide adequate cooling so as to maintain the entire
moderator / reflector below melting. To prevent the appearance of hot-spots
and localized melting of the moderator/reflector, that whole region would
essentially have to be placed in motion, i.e., act as its own coolant.

On the basis of the available results in both the Hansen-Roach and ENDF/B-
V cases, then, it can be concluded that the 500 MWth configuration of the
NLB engine would not be feasible due to the extremely high temperatures
within the silica wall and solid moderator/reflector regions. The GNRATR-
1D summary output files for the 500 MWth executions can be found in
Appendix B.5.
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10.4. The 5 MWth Conf .

The 5 MWth configuration was chosen as a mid-point, two orders of
magnitude less than the upper-limit 500 MWth, and two orders of magnitude
greater than the lower-limit 50 kWth. This power level was not identified as
having been analyzed as part of any previous published work, so there is an
added interest in determining the thermal and neutronics parameters
associated with the 5 MWth power level.

The iterative solutiom procedure was applied for the 5 MWth configuration
in the same manner as for the 500 MWth configuration. An initial
volumetric heat generation rate of 2.03*107 [W/m3] (two orders of magnitude
less than for the 500 MWth level) was set at all seven fuel nodes. Based on the
temperatures calculated by GNRATR-1D, appropriate material atomic
densities were provided to ONEDANT. The resultant volumetric heat
generation rates Qg””’(r) were then provided to GNRATR-1D, for a new
temperature distribution. This procedure was carried out separately for both
the Hansen-Roach cross-sections and the ENDF/B-V cross-sections. The
results of these analyses are presented in the following two subsections.

10.4.1. Hansen-Roach Library

The first set of analyses involving the 5 MWth configuration were performed
with the Hansen-Roach cross-section library accessed by ONEDANT.
Following completion of the iterative solution procedure, a converged set of
Qg’’’(r), T(r), and keff values were obtained. The converged Qg’’’(r)
distribution for 5 MWth and three operating pressures, P=250, 500, and 1,000
atm, is shown in Figure 10.8. The particular values of Qg’’(i) for the seven
fuel nodes are also provided in tabular format as part of Figure 10.8.
Observation of Figure 10.8 indicates that a more significant fraction of the
heat generation, and therefore the rate of fission, takes place on the outer edge

rrr

of the fuel region. An almost-flat Qg’”’(r) profile still exists between r=4 cm

rrr

and r=17 cm, but a reduction in Qg’”(r) near the centerline is offset by a

pronounced peak in Qg”’(r) between r=15 cm and r=18 cm.
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Figure 10.8: Qg"'(r) for 5 MWth power level (Hansen-Roach library).
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The appearance of a peak in Qg'”(r), as compared to the 500 MWth
configuration, is due to the increase in fuel density as a result of a decrease in
fuel temperature. For the 5 MWth configuration, the fuel density
[atoms/barn-cm] is high enough that a significant amount of fissions occurs

rer

in the outer edges of the fuel region. Since the units of Qg'”(r) are energy rate
per unit volume, the total number of fissions occurring at the outer edges of
the fuel region is actually much greater than depicted by the peak in Figure
10.8, because the volume of the annular regions of the fuel increases with
increasing radial distance from the centerline (i.e., from r=0 to r=20.7 cm). The
ONEDANT input files for the Hansen-Roach cases of the 5 MWth
configuration are provided in Appendix C.1. Noticeable between the 500
MWth and the 5 MWth configurations is the pronounced decrease in Qg'”(r)
near the centerline as a function of operating pressure, for the 5 MWth
configuration. This, again, is due to the conservation of total thermal power

rrs

generated in the fuel, so that the decrease in Qg (r) near the centerline
accompanies the pronounced Qg”’(r) peak at the outer edges of the fuel, with

increasing operating pressure.

The calculated kegf values are shown in Figure 10.9. The kegf of the baseline
design is definitely subcritical, although significantly greater than for the
corresponding operating pressure of the 500 MWth engine. The increase in
keff between the two power levels is primarily due to the increase in fuel
density, resulting from a lower fuel temperature. For the modified baseline
design, with a vacuum in place of the hydrogen, the increase in keff is
approximately 10%, similar to the 500 MWth configuration. It can therefore
be postulated that reduction of the hydrogen propellant surface area, and thus
the cross-sectional area to neutron flow, definitely increases the kegf of a given
system. Unfortunately, due to the principal intent of the reactor, which is to
transfer energy to a flowing propellant, the hydrogen propellant surface area
must be significant in order to maximize heat transfer from the fuel.
Therefore, the neutronics benefits of segmented propellant channels in an
actual rocket engine would be far less pronounced than in this ideal analysis,
probably increasing the keff by a few percent over the baseline 100% subtended
channel design.
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Figure 10.9: Keff for 5 MWth configuration (Hansen-Roach library).
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In both the 500 MWth and 5 MWth configurations, then, segmentation of the
propellant channels could not be relied on to provide a noticeable increase in

keff for the same operating conditions and dimensions. In order to
significantly increase the kegf of the original unit-<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>