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Abstract

This report describes the results of a Sandia National Laboratories internally funded research
program to study the coupling of nuclear reactors to gas dynamic Brayton power conversion
systems. The research focused on developing integrated dynamic system models, fabricating a
10-30 kWe closed loop Brayton cycle, and validating these models by operating the Brayton
test-loop.

The work tasks were performed in three major areas. First, the system equations and dynamic
models for reactors and Closed Brayton Cycle (CBC) systems were developed and
implemented in SIMULINK™. Within this effort, both steady state and dynamic system
models for all the components (turbines, compressors, reactors, ducting, alternators, heat
exchangers, and space based radiators) were developed and assembled into complete systems
for gas cooled reactors, liquid metal reactors, and electrically heated simulators. Various
control modules that use proportional-integral-differential (PID) feedback loops for the reactor
and the power-conversion shaft speed were also developed and implemented. The simulation
code is called RPCSIM (Reactor Power and Control Simulator).

In the second task an open cycle commercially available Capstone C30 micro-turbine power
generator was modified to provide a small inexpensive closed Brayton cycle test loop called
the Sandia Brayton test-Loop (SBL-30). The Capstone gas-turbine unit housing was modified
to permit the attachment of an electrical heater and a water cooled chiller to form a closed loop.
The Capstone turbine, compressor, and alternator were used without modification. The
Capstone system’s nominal operating point is 1150 K turbine inlet temperature at 96,000 rpm.
The annular recuperator and portions of the Capstone control system (inverter) and starter
system also were reused. The rotational speed of the turbo-machinery is controlled by adjusting
the alternator load by using the electrical grid as the load bank. The SBL-30 test loop was
operated at the manufacturers site (Barber-Nichols Inc.) and installed and operated at Sandia.
A sufficiently detailed description of the loop is provided in this report along with the design
characteristics of the turbo-alternator-compressor set to allow other researchers to compare
their results with those measured in the Sandia test-loop.

The third task consisted of a validation effort. In this task the test loop was operated and
compared with the modeled results to develop a more complete understanding of this
electrically heated closed power generation system and to validate the model. The measured
and predicted system temperatures and pressures are in good agreement, indicating that the
model is a reasonable representation of the test loop. Typical deviations between the model
and the hardware results are less than 10%. Additional tests were performed to assess the
capability of the Brayton engine to continue to remove decay heat after the reactor/heater is
shutdown, to develop safe and effective control strategies, and to access the effectiveness of
gas inventory control as an alternative means to provide load following. In one test the heater
power was turned off to simulate a rapid reactor shutdown, and the turbomachinery was driven
solely by the sensible heat stored in the heater for over 71 minutes without external power
input. This is an important safety feature for CBC systems as it means that the closed Brayton
loop will keep cooling the reactor without the need for auxiliary power (other than that needed
to circulate the waste heat rejection coolant) provided the heat sink is available.
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1 Introduction and Executive Summary

Small innovative nuclear power systems are receiving increasing attention as the enabling
technology for new and challenging Department of Energy (DOE), National Aeronautics and
Space Administrations (NASA), Department of Defense (DoD), commercial space and
terrestrial applications. One of the more important research areas required to enable these
missions is the development of more efficient electrical power conversion systems that result in
lower weight and more cost effective systems. Directly coupling high-temperature gas turbine
cycles to gas cooled nuclear reactors has the potential to yield cycle efficiency up to 35% for
space applications and up to 50% for terrestrial applications. Such significant efficiency
improvements would enable next generation power systems such as Next Generation High
Temperature Gas Reactors (HTGR), or nuclear electric propulsion and power for NASA or
commercial space systems, or for specialized advanced DoD missions.

This report describes the results of a Sandia National Laboratories internally funded research
program to study the coupling of nuclear reactors to gas dynamic Brayton power conversion
systems. The title of this Laboratory Directed Research and Development effort (LDRD) is
“Advanced High Efficiency Direct Cycle Gas Power Conversion Systems for Small Special
Purpose Nuclear Power Reactors”. The research focused on developing integrated dynamic
system models, fabricating a 10-30 kWe closed loop Brayton cycle, and validating these
models by operating the Brayton test-loop. Operation of the test-loop and developing the
system models has allowed Sandia to validate a set of tools and models that can be used to
determine how nuclear reactors operate with gas turbine power conversion systems. These
tools are proving useful for evaluating control strategies, and for modeling even larger reactor
systems, such as High Temperature Gas reactors and other Next Generation Systems.

The work tasks were performed in three major areas. First, the system equations and dynamic
models for reactors and closed Brayton cycle systems were developed and published in several
reports (Wright 2003a, 2003b, 2003c). Within this effort, both steady state and dynamic
system models for all the components (turbines, compressors, reactors, ducting, alternators,
heat exchangers, and space based radiators) were developed and assembled into complete
systems for Gas Cooled Reactors, Liquid Metal Reactors, and electrically heated simulators.
This report provides a complete description of these equations, models and results.

In the second task an open cycle commercially available Capstone C30 micro-turbine power
generator (Capstone, 2005) was modified to provide a small inexpensive closed Brayton cycle
test-loop. The test-loop was operated at the manufacturer’s site, Barber-Nichols Inc. (Barber-
Nichols, 2005) and installed and operated at Sandia during the summer of 2005. A sufficiently
detailed description of the Sandia Brayton test-Loop (SBL-30) is provided in this report along
with the design characteristics of the turbo-alternator-compressor set to allow other researchers
to compare their results with those measured in the Sandia test-loop.

The third task consisted of a validation effort. In this task the test loop was operated and
compared with the modeled results to develop a more complete understanding of this
electrically heated closed power generation system. Tests are currently on going to assess the
effect that gas conductivity, molecular weight, and gas pressure have on the test loop. Other
tests are also being performed to assess the capability of the Brayton engine to continue to
remove decay heat after the reactor/heater is shutdown, to develop safe and effective control
strategies, and to asses the effectiveness of gas inventory control to provide load following.
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Brief descriptions of the dynamic model, the Sandia Brayton Loop-hardware and operational
results, along with early comparisons of the measurements with the model are provided in this
introduction and executive summary.

1.1 Dynamic Model Introduction

The dynamic modeling effort has been very useful in supporting this LDRD effort and in
supporting related development of space nuclear power systems (Wright, et al, 2005) because
there is very little experience in coupling nuclear reactors to closed Brayton cycle gas power
conversion systems. A number of gas-cooled reactors have been coupled to coolant
circulators, but only the ML-1 reactor (Brunhouse and Titus, 1961) has been coupled directly
to a closed-loop Brayton-cycle. The use of gas circulators (or pumps) versus turbo-machinery
induced coolant flow is an important distinction, because the systems that used
circulators/pumps have independent electrical motors that force the coolant through the reactor.
Therefore, with circulators, the reactor operator has direct control of coolant flow through the
reactor. In contrast, the balance of power/torque in the turbo-alternator-compressor machinery
provides the shaft power to force the coolant through the reactor. For a reactor that is cooled
by a Brayton cycle, the electrical load and the operating state (temperature, pressure,
revolutions per minute/rpm) of the turbo-alternator machinery and gas loop directly affect the
flow through the reactor; and therefore, it also affects the reactor power level as well. The
dynamic system model was developed because of this intimate coupling between reactor power
and flow created by the balance of power within the turbo-alternator-compressor within the
CBC system. This work provides a basis for multiple future SNL programs in the ongoing
DOE, NASA, commercial, and defense applications.

The dynamic reactor and CBC system model uses a lumped capacitance model for the system
components. The major assumption used by the model is that the flow rate is constant around
the loop and that the pressure drop in a component is determined by the quasi-steady state
frictional drag or form drag through all non-rotating components. The flow is always assumed
to be incompressible (except in the turbine and compressors), but density changes caused by
changes in temperature are accounted for, as are pressure drops due to frictional drag and due
to form losses. The dynamic model was developed and implemented in SIMULINK™
(Simulink, 2005). SIMULINK™ is a development environment packaged with MatLab™
(MatLab, 2005) that allows for the creation of dynamic state flow models. Simulation modules
for liquid metal, gas cooled reactors, and electrically heated systems were developed, as have
modules for components such as, ducting, heat exchangers, turbines, compressors, permanent
magnet alternators, load resistors, and gas bearings. Various control modules that use
proportional-integral-differential (PID) feedback loops for the reactor and the power-
conversion shaft speed have also been developed and implemented.

The modules are compiled into libraries and can be easily connected in different ways to
explore the operational space of a number of potential reactor, power-conversion system
configurations, and control approaches. The modularity and variability of these SIMULINK™
models provides a way to simulate a variety of complete power generation systems. Current
efforts are focused on improving the fidelity of the existing SIMULINK™ modules, extending
them to include full scale High Temperature Gas Cooled Reactors, small isotopic heaters, heat
pipes, Stirling gas dynamic engines, and on developing state flow logic to provide intelligent
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autonomy and control. The simulation code is called RPCSIM (Reactor Power and Control
Simulator).

The Closed Brayton Cycle (CBC) model equations were described in the proceedings of the
“Ist International Energy Conversion Engineering Conference” (Wright, 2003). A more
detailed version of these equations was implemented in Simulink (Wright, 2005). This model
requires the knowledge of the characteristic flow curves for the turbine and compressor. The
required curves consist of the pressure ratio and temperature ratio versus dimensionless (or
corrected) flow rate through both the turbine and the compressor (including the inlet and outlet
diffusers). Estimates of these curves were obtained by using mean line flow analysis
curves/maps obtained from the NASA off normal design codes (Wasserbauer 1975, and Galvas
1973) and by selecting appropriate properties for the wheel diameter, blade angles and other
design properties.

The other CBC components (recuperator, ducting, heater, and chiller) were modeled by using
simple multi-nodal models to estimate the pressure drop, flow rate, Reynolds number, friction
factor, heat transfer coefficient, and heat transfer to solid structures within ducts, heat
exchangers and radiators. If a reactor is involved, then the standard six group point kinetics
equations are used to model the reactor (Keepin, 1965 and Hetrick, 1971). A block diagram
description of this model is shown in Figure 1-1 which is arranged in blocks that represent the
reactor, ducting, the turbine and compressor, the alternator, pumps and heat exchangers. The
system model illustrated in Figure 1-1 is for a space reactor thus one of the heat exchangers
(Radiatorl) is a waste heat rejection system that uses thermal radition to radiate the waste heat
to space. These models are described in more detail in subsequent sections.

A separate model also exists for the Sandia Brayton Loop. This model looks very much like
the model shown in Figure 1-1 except that the reactor is replaced with an electrical heater.
Both the dynamic model for the electrically heated CBC test loop and the reactor heated loops
use a feedback control loop to control the shaft speed. This control loop uses a parasitic load
resistor (or coupling of power to the electrical grid) to adjust the total torque or load on the
shaft to control the shaft speed. A feedback loop forces the load to follow a reference shaft
speed that is provided via input. The electrical heater or reactor uses a multi-node model to
calculate the fuel pin or heater element temperature, the gas temperature and the heater wall
temperature along the length of the heater (any number of nodes can be used, though typically
we use 10-30). Thermal capacitance, heat transfer areas, flow areas, and hydraulic diameters,
and mass are required for each component. The system runs quickly and depending on the
number of nodes used and the detail of the input reference rpm levels can easily simulate a
14,000 second startup transient in only 30-300 seconds of computer time.
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Figure 1-1: Simulink block diagram of the dynamic model for a gas cooled reactor
coupled to a closed Brayton cycle.

A number of startup transients have been run with RPCSIM. Figure 1-2 and Figure 1-3 show
the results of a startup transient for a 313 pin gas cooled reactor that is coupled to a 100 kWe
Brayton engine. The reactor has 3 negative feedback coefficient terms that account for axial
fuel expansion, core lattice expansion, and radial expansion of the BeO radial reflectors. The
transient is designated (ANS-3FB300): details of this model and other information are
provided in the main body of this report. The transient shown in Figure 1-2 and Figure 1-3 was
designed to test the model and to take the Space Reactor Power system through a complete
startup in which the reactor is heated prior to starting coolant flow. The transient that was
modeled is simply one of many and represents only one approach to startup and may not
represent the startup sequence that may actually be used for a space reactor.

The startup transient performs a variety of activities; it increases reactor temperature, ramps the
Turbo-Alternator-Compressor shaft speed to a desired set point, and increases reactor
temperature in coordination with the increase flow or turbo-alternator-compressor (TAC) shaft
speed. The transient has two steady-state regions or phases (4000-7000 s and 9000—14000 s)
where the closed loop hardware and structure are allowed to approach equilibrium. The startup
transient begins by increasing the reactor power via adding reactivity and then starting up the
CBC system. The reactivity is inserted as a step insertion of 12 cents which causes the reactor
power to increase from mWatts to kW in a period of about 80 seconds. Next the reactivity is
increased in a ramp from 12 cents to about 80 cents. During this reactivity ramp the average
fuel temperature increases. When the fuel temperature exceeds the initial temperature by 300
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K the TAC shaft speed is increased rapidly to 40% of full speed (60,000 rpm is full speed).
Between 4000 s and 7000 s the system is allowed to reach equilibrium. The model indicates
that the fuel temperature reaches about 700 K during this time period. Between 7000 s and
9000 s both the reactivity and rpm are ramped to their full values ($1.45 and 60,000 rpm).
After 9000 s the system is again allowed to achieve equilibrium. Figure 1-2 shows the
predicted reactor fission power, the thermal power transferred to the HeXe coolant, the thermal
power transferred from the coolant to the radiator structure, and the power radiated to space.
The electrical power generated is also shown. Figure 1-3 shows the reactor input values which
consist of inserted reactivity and the TAC shaft rpm.

GCR with CBC (3 FB: Flow Starts at Tfuel=Tinit+300K)
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Figure 1-2: Startup transient (ANS-3FB-300) for a 313 pin 100 kWe gas cooled space
reactor with 3 feed-back coefficients coupled to a closed Brayton cycle. Coolant flow
starts once the reactor average fuel temperature exceeds the initial temperature by 300
K. Pwr-Rx is the power in the reactor, Pwr Therm is the thermal power removed by the
gas coolant from the reactor. Pwr-Rad-Therm is the power removed from the coolant by
the space thermal radiator. Pwr-Rad-Space is the thermal power radiated to space, and
Pwr Load-tot is the total load on the turbo-compressor shaft caused by the alternator and
parasitic resistor.
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Reactivity, Shaft Speed, and Mass Flow Rate
for a CBC-GCR Startup and Operation:Tinit+300, 3FB
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Figure 1-3: Reactivity and flow rate input values for the gas cooled reactor startup
transient ANS-3FB-300, where the HeXe gas flow starts when the fuel temperature
exceeds the initial temperature by 300 K. The input values for reactivity and shaft rpm
are coordinated to first bring the system to a low power level (4000-7000 s), followed by a
ramp to full power (9000 — 14000 s). RhoDol-In is the reactivity in units of dollars
inserted into the reactor by the control rods. RhoDol-Tot is the total reactivity (in
dollars) which includes both the inserted reactivity and feedback effects.

1.2 Sandia-Brayton Test-Loop

Because very little experience exists regarding the operational behavior of these systems,
Sandia has developed a closed-loop test bed that can be used to determine the operational
behavior of these systems and to validate models for these systems. Sandia contracted Barber-
Nichols Inc. to design, fabricate, and assemble a Closed-loop Brayton Cycle (CBC) system
(contract number 178743). This system was developed by modifying commercially available
hardware. It uses a 30 kWe Capstone C-30 gas-turbine unit www.capstoneturbine.com) with a
modified housing that permits the attachment of an electrical heater and a water cooled chiller
that are connected to the turbo-machinery in a closed loop. The test-loop uses the Capstone
turbine, compressor, and alternator without modification. The Capstone system’s nominal
operating point is 1150 K turbine inlet temperature at 96,000 rpm. The annular recuperator and
portions of the Capstone control system (inverter) and starter system are also reused. The
rotational speed of the turbo-machinery is controlled by adjusting the alternator load by using
the electrical grid as the load bank. The Sandia Brayton Loop SBL-30 hardware is shown in
Figure 1-4. The number 30 is used because the system is based on the Capstone C-30 gas
turbine power unit. It is currently configured with a Watlow™ (Watlow 2005) heater that is
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limited to 62 kW;. The expected maximum turbine inlet temperature is 900-1000 K at 90,000
rpm. Electrical power levels exceeding 10 kW, have been produced at rotating speeds of
90,000 rpm. Future upgrades to the heater could increase the electrical heater power to 100
kW, 1150 K turbine inlet temperature, and produce up to 30 kW-..

The test-loop is controlled by National Instruments Field Point Real Time computer (RT)
controller and Field Point modules (FP). The RT computer communicates with the Watlow™ ™
heater controller through a 4-20 mA loop, and it also communicates with the Capstone C-30
controller via an RS-232 link to select the shaft speed (and therefore the electrical load) and to
read a variety of currents, voltages, and power levels used within the Capstone inverter
hardware. The RT computer is programmed in a LabView'™ Virtual Interface (VI) to provide
for configuration setup, data acquisition and storage of the temperature, pressure and flow
sensors, to control the electrical heater, and to communicate with the Capstone controller. A
separate Lab View Virtual Interface (CBC_Control Panel) communicates with the RT VI
controller via an Ethernet connection and is the user’s primary interface to the RT controller.
In the CBC_Control Panel the user provides information for the setup and calibration of all the
channels, and displays a number of screens that allow the user to control the test-loop or to
display all the data.

Turbo-
i Machinery
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The test loop is instrumented with temperature and pressure sensors located at the inlet or
outlet of all components, on the water chiller, and on some of the hotter structural components.
In addition an orifice was installed to measure the flow rate through the loop using an ASME
procedure.

The system operator controls the loop by controlling the power sent to the electrical heater and
the turbo-compressor shaft speed. The heater power can be manually varied from zero to
100% of full power (~62.5 kW), or controlled by a PID feedback loop that automatically
adjusts the heater power to force the turbine inlet temperature to move to the user specified set
point. The turbo-compressor shaft speed is controlled by the Capstone Controller and the 480
V three-phase inverter circuitry. At low turbine inlet temperatures the alternator is motored to
achieve the user specified shaft speed. In general the shaft speed controller causes the voltage
and phase angle from the DC-AC invertor to lead or lag the grid voltage by the proper amount
to achieve the user specified shaft speed. When the inverter lags the grid voltage the alternator
is being motored; when it leads the grid voltage then the power produced by the altenator is put
on the grid. In this manner the power produced by the alternator can be smoothly controlled
from negative levels of -3kW (motoring) up to 30 kWe of power production. When the
operator requests a shaft speed, the Capstone control automatically adjusts the inverter phase
angle via a feedback loop (which is equivalent to changing the electrical load) to balance the
net power from the turbo-compressor shaft.

Figure 1-5 shows some of the measured data for obtained by operating the heater at 50% of
full power from 2500-4000 s and 60% of full power until 17000 s (full power is 62.35 kW).
The measured gas temperatures are shown on the left scale, while the electrical heater power,
power produced by the alternator and the shaft rpm are shown on the right. In this test, near
steady state conditions were achieved at approximately 12,000 s. This was then followed by
transient step shaft speed that resulted in increases and decreases in electrical power produced
by the alternator (12000-15000 s). (Note, the shaft speed is changed by temporarily
unbalancing the torques or powers generated in the turbine, compressor, and alternator.
Postive excess torque/power will increase the shaft speed while negative excess torque/power
will slow down the shaft speed. This is automatically performed by a feedback loop within the
Capstone controller.) Between 16,000 s and 17000 s a new steady state level was achieved.
Between about 17000 s and 17600 s reactor shutdown was simulated by turning off the
electrical heater at 17000 seconds. Since a reactor continues to generate decay power after
shutdown, it is important to show that some flow through the core can be maintained after
shutdown. The shutdown portion of the test showed that flow could be maintained, and
furthermore that some positive power could be generated by the alternator, for over 18 minutes
before motoring was required. This is an important safety feature for these systems as it
means that the closed Brayton loop will keep circulating and remove reactor decay power
without the need for auxiliary power (provided there is a path for waste heat rejection).

The nomenclature used in the plots, and descriptions of instrumentation and other measured
data are described in sections 3.5 and 4.1 of this report.
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Measured Temperatures, Power, RPM and Flow
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Figure 1-5: Measured results of the Sandia Brayton Loop (SBL-30). The measured gas
temperatures are shown on the left scale while the reactor power and shaft speed are
shown on the right scale. The temperature nominclature starts at T100 (the turbine inlet),
T200 is the turbine outlet and so on around the gas loop. T700 and 701 are water intlet
and out let temperatures. The input power is in percent of full power (which is 62 kW)
and the electrical power generated is in Watts/100.

1.3 Model Comparison with Measured Data (Validation)

Some early comparisons of the measured data with the dynamic model predictions modeled
data are provided in Figure 1-6 and Figure 1-7. The transient shown in Figure 1-6 was made
May 13, 2005 at Barber-Nichols Inc. prior to shipping the hardware to Sandia. This test data
was designed to test the CBC _RT controller and display panel. It also was designed to test the
automatic control loop that adjusts the electrical heater power to provide a desired turbine inlet
temperature. Figure 1-6 shows the measured gas temperatures at various locations around the
test-loop for the input heater power and shaft rpm (not shown). Figure 1-7 shows the dynamic
model predictions for the same temperature locations. This comparison was made by using the
measured input heater power, shaft speed, and cooling water temperature. Note that the heater
power was adjusted to account for heat losses in the system due to limited amounts of
insulation on the hardware ducting.
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Figure 1-6: Measured data for an early transient measurement to test the automatic
control loop (May 13, 2005).

Note that the measured and predicted temperatures are very similar, indicating that the model is
a reasonable representation of the test loop. Comparisons of other information such as pressure
and power are also similar, but do reveal some areas where the model needs additional work.
This data and other more recent data taken at Sandia are presented in more detail within the
body of this report.

The validation effort is continuing. Additional data are being recorded and the test loop
hardware is being further instrumented, insulation is being added, heat balances are being
performed, and additional power is being added to the facility so that higher temperatures and
power levels can be achieved. The modeling efforts are also continuing and additional models
to better represent heat loses, pressure drops, and the alternator circuitry are being improved.
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Figure 1-7: Screen shot of the dynamic model temperature predictions for the same
measured transient shown in Figure 1-6 given input power, rpm, and water cooling
temperatures. Gold is compressor inlet temperature (CIT), magenta is compressor outlet
temperature, cyan is heater inlet temperature (HIT), red is turbine inlet temperature
(TIT), green is turbine outlet temperature (TOT), and blue is gas chiller inlet
temperature (GCIT).

Overall, this program has contributed greatly to the understanding of reactors and
turbomachinery, it has developed and operated a closed Brayton test loop at reasonable costs
and in a timely manner. In addition the early model comparisons indicate that the model
accurately predicts all the major phenomena observed in the tests performed to date.
Differences between the model and the measurements do exist and we expect to improve our
models over time.
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2 Integrated Dynamic Systems Models

Few reactors have ever been coupled to closed Brayton-cycle systems. As a consequence of
this lack of experience, the system behavior under dynamically varying loads, during startup
and shut down conditions, and the requirements for safe and autonomous operation are largely
unknown or unfamiliar to the nuclear community of scientists and engineers. The dynamic
system model was developed because of this lack of experience, and because of the intimate
coupling between the reactor power and the flow within the CBC system. This section of the
report describes steady-state and dynamic models for closed-loop turbo-compressor systems
(for space power systems, for terrestrial power plants, and for electrically heated test-loops).
These models and their predictions are beginning to provide a basic understanding of the
dynamic behavior and stability of the coupled reactor and power generation system. The
model described in this report is a lumped capacitance model of the reactor, turbine,
compressor, recuperator, radiator/waste-heat-rejection system and generator.

The intimate coupling between closed Brayton cycle power conversion systems and reactors is
often not immediately obvious because most gas cooled reactors use coolant circulators or
pumps to directly cool the reactor. Only the ML-1 reactor has been coupled directly to a
closed-loop Brayton-cycle system. The use of circulators (or pumps) versus closed-loop
Brayton cycle circulation is important, because the systems that use circulators/pumps have
independent electrical motors that force the coolant through the reactor. For these circulator
/pumped reactor systems, the reactor operator has direct control of coolant flow through the
reactor by simply adjusting the power to the compressor or circulator. In contrast, for a reactor
coupled directly (or even indirectly through a heat exchanger) to a closed-Brayton system loop,
the balance of power/torque in the turbo-alternator-compressor machinery provides the shaft
power to force the coolant through the reactor. In this way the electrical load and the operating
state (temperature, pressure, revolutions per minute/rpm) of the turbo-alternator machinery and
gas loop directly affect the flow through the reactor. Because the turbo-machinery state-points
determine the flow through the reactor, it also affects the reactor power level.

The Closed-Brayton-Cycle (CBC) model equations that are described in this report were first
briefly described in the proceedings of the “Ist International Energy Conversion Engineering
Conference” (Wright, 2003). A more detailed version of these equations was implemented in
Simulink™ and reported in the proceedings of Space Technology and Applications
International Forum: STAIF-2005, (Wright, 2005). The majority of the results presented in
this report are based on the equations and solution methods described in the STAIF-2005
report. Both steady-state and dynamic models were developed.

The key to solving the set of system equations is in understanding and having accurate
knowledge of the characteristic flow curves for the turbine and compressor. These curves
consist of the pressure ratio and temperature ratio versus dimensionless (or corrected) flow rate
through both the turbine and the compressor (including the inlet and outlet diffusers).

Estimates of these curves were obtained by using mean line flow analysis curves/maps. Simple
versions of the flow maps are described in numerous turbo-machinery text books and were
developed by the authors. However more reliable results were obtained by using characteristic
flow maps purchased from turbo-machinery vendors or obtained from the NASA off normal
design codes (Wasserbauer 1975, and Galvas 1973). These codes require the user to select
appropriate properties for the working fluid, wheel diameter, blade angles, blade height,
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backsweep and other design properties. Models for the other CBC components (recuperator,
ducting, heater, and chiller) consist of simple multi-nodal models to estimate the pressure drop,
flow rate, Reynolds number, friction factor, heat transfer coefficient, and heat transfer to solid
structures within ducts, heat exchangers and radiators.

These integrated system models versions are providing crucial information in developing
procedures for safe start up, shut down, safe-standby, stability modeling, and other autonomous
operating modes. The dynamic modeling effort has been very useful in supporting this LDRD
effort and in supporting related development of space nuclear power systems (ref to NGST,
NRPCT and DOE).

In the following sections of this report we begin by describing the only reactor that has been
coupled to a closed Brayton loop, the ML-1 reactor. This reactor was a US Army mobile
reactor that used a turbo-generator-compressor set to produce up to 300 kWe. This is then
followed by a brief, but typical description of a thermal dynamic model of a closed Brayton
cycle. These models illustrate the standard approach that one uses to predict the steady-state
temperatures, pressures, and flow in a CBC system. However, the limitations of this simiple
thermodynamic cycle analysis model are that the model incorporates no knowledge of the
rotating machinery size, rotational speed, or other parameters. This section nevertheless
introduces the CBC system and identifies the nomenclature used in this report. The third
subsection introduces the characteristic curves for a turbo-compressor set and discusses
“matching” and the “nominal” steady-state operating curves that are based on the characteristic
flow curves of the turbine and compressor. The details of how one generates these curves are
not provided, but references to numerous turbo machinery text books are provided that do
illustrate how this is done. In addition references to the publicly available NASA off design
performance tools for radial compressors and turbines are provided. The NASA off design
performance codes are described and the results of these codes are used to develop the
characteristic flow curves for the Sandia Brayton test-Loop.

Once the off design performance flow curves are available we then develop and provide the
lumped parameter steady-state performance model for a reactor coupled to a closed Brayton
cycle. The results of this model are used to generate a set of “standard” operating curves
during steady state conditions. These steady state operating curves can then be compared with
the simple thermodynamic or cycle analysis models at the desired operating point. In this
report, the steady-state curves are then generalized and stability criteria are examined. The
complete set of lumped parameter dynamic equations are then introduced. This section is then
followed by a summary of the Simulink™ version of the dynamic model, which extends the
simple lumped parameter model to include multimodal components for subsystems including
the reactor, recuperator, ducting, and heat exchangers. The Simulink™™ model is called
RPCSIM for Reactor Power and Control Simulator. The RPCSIM Gas Cooled Reactor (GCR)
model is described including illustrations of the results of the GCR simulation for a 130 kWe
class space reactor. Comparisons with the steady-state lumped parameter model are provided
as are comparisons with the typical thermodynamic model.

2.1 History of Reactors and Closed Brayton Cycles

The ML-1 reactor was part of the US Army’s Nuclear Power Program (Brunhouse, 1961, and
Suid 1990). The reactor, shown in Figure 2-1, first generated electricity on September 21,
1962. At that time, it was the smallest reactor power plant to produce electricity, had the
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highest reactor coolant exit temperature of a reactor to produce electricity, and was the first
plant in which the reactor was coupled directly to a closed-cycle, gas-driven turbo-machine.

Waste Heat Rejection HX

Reactor Core

Turbo-machinery
Recuperator

Figure 2-1: Schematic of the ML-1 reactor showing the reactor on the right and the heat
exchangers and turbo-machinery on the left.

The ML-1 reactor used UO,BeO fuel that was clad with Hastelloy X in 19 pin bundles (see
Figure 2-2). Thirty-seven of the bundles were located in a water-moderated array. The pin
bundles were cooled with Nitrogen or air. The reactor coolant inlet temperature was 677 K,
the turbine inlet temperature (reactor exit temperature) was 936K, and the compressor inlet
temperature was 311 K. Other state points are shown in Figure 2-3. This reactor operated at
power levels up to 3.3 MW, and the net electrical power produced was 330 kW.. Aerojet-
General Corporation fabricated the reactor and power plant, and it was tested at the National
Reactor Testing Station (now INEEL).

The startup sequence consisted of first motoring the turbine-alternator-compressor and then
increasing the reactor power (and subsequently the turbine inlet temperature) until self-running
conditions were achieved with no load (Atomic Energy Commission Report, no date). After a
system check, the system was brought to full power with no load (presumably full flow and full
rpm) followed by transitioning to on-line operations. No further startup or operational details
have been discovered by the authors within the scope of our research effort.

The ML-1 reactor operated for almost three years. In spite of the successes and many firsts for
this reactor and power plant, the plant suffered from regular mechanical breakdowns, emitted
more radiation than expected, and was too costly to justify its continued development.
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Table 2-1: Operating parameters for the ML-1 US Army mobile reactor and turbo-

generator.
ML-1 Reactor (US Army, Mobile Reactor and Turbo-Generator)
Reactor Fission Power 3.3 MWt
Electrical Power ~300 kWe
Moderator Water and BeO
Fuel UO2 BeO
Cladding Hastelloy X
Turbo-Compressor Working Fluid Air/Nitrogen
Turbine Inlet Temperature 1200 F 650 C
Date of first Operation 9/21/1962
Manufacturer Aerojet Corporation

Fuel Element

S _~—— UPPER SPIDER

. FUEL PIN
- (TYPICAL)

_————INSULATION

_.—————INNER LINER
-

~—~—— WIRE SPACERS

S~—- LOWER SPIDER

Figure 2-2: One of 37 fuel elements that used UO2-BeO fuel clad with Hastelloy X in a
water moderated gas cooled reactor.
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Figure 2-3: Gas coolant temperature ant pressure state-points in the ML-1 reactor.

2.2 Recuperated Closed Brayton Cycle Introduction

Most gas turbine power generation systems are open cycles and use air as the working fluid. In
open cycle systems the compressor inlet pressure is essentially one atmosphere or less if it is
operated at altitude. For small auxiliary power systems or micro-turbine systems, the turbine
inlet temperature is typically limited to aboutl 150 K because of material property limitations,
but also for economic reasons. Most of the smaller systems (less than 500 kWe) use radial
compressors and turbines rather than axial machines. For space reactor systems or advance
terrestrial systems the designer has flexibility in the choice of working fluids and the system
pressure. The fact that the pressure can be increased well above atmospheric levels is one of
the great advantages of closed Brayton cycles. For space applications a gas mixture of helium-
xenon is normally proposed for use with the helium mole fraction varying from 60-90%. For
large terrestrial applications the working fluid is normally pure helium at elevated pressures.

The schematic diagram for a recuperated closed Brayton cycle system is shown in Figure 2-4.
The cycle is completely closed and gas flows through the compressor, recuperator, into the
reactor, then into the turbine, then back into the recuperator and finally into waste heat
rejection system (the space radiator, or gas cooler). The reactor is shown on the left side of
figure and the waste heat rejection system (space radiator) is shown on the right. The red
numbers identify the station locations with 1 corresponding to the compressor inlet, 2
corresponds to the low temperature (high pressure) leg of the recuperator, and so on around the
loop. Table 2-2 lists all the station locations and the common abbreviations used for these
locations.
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State Points in Loop
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Figure 2-4: Schematic diagram of nuclear gas cooled reactor coupled to a simple
recuperated Closed Brayton Cycle (CBC).

Table 2-2: Station locations for temperature and pressure at various locations around
the loop. The abbreviations such as CIT and TIT refer to the compressor and turbine
inlet temperatures.

Station Number Inlet Component Outlet Component |
1 Compressor Inlet (CIT) Gas Chiller Outlet
2 Recuperator Inlet Low Temp Leg Compressor Outlet (COT)
3 Reactor Inlet (RIT, HIT) Recuperator Outlet LT Leg
4 Turbine Inlet (TIT) Reactor Outlet (ROT, HOT)
5 Recuperator Inlet High Temp Leg Turbine Outlet (TOT)
6 Waste Heat Rejection, Radiator Inlet, Recuperator Outlet HT Leg

Gas Chiller/Cooler

An important point to note about the CBC schematic is that the turbine, compressor, and
alternator are all mounted on the same shaft, therefore they rotate at the same speed. (This is
not always a requirement, because some systems can use two shafts. The first shaft may have a
turbine and compressor and is used solely for pumping the working fluid around the loop. The
second shaft has only a turbine and alternator. It spins at a different speed than the high
temperature pumping shaft and is used for producing electrical power. ) For the simple
recuperated CBC systems shaft speeds generally proposed for space systems generally vary
between 40,000-100,000 revolutions per minute (rpm) depending on the gas molecular weight,
gas pressure, and wheel size for the turbine and compressor. For space power systems a
permanent magnet alternator is used with a stator coil that is wired to produce 3 phase power at
the frequency of revolution of the shaft (Mason, 1997). An additional component for space
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power systems is the Power Management And Distribution subsystem (PMAD). The PMAD is
responsible for rectifying and regulating the 3 phase voltage and current and distributing power
to the load and bus. It also has another extremely important function because it is also used to
regulate the total electrical load and thereby the frequency rotational speed of the turbo-
alternator-compressor (TAC) (Mason, 1997). The design variations of the PMAD system are
extremely important as they are highly coupled to the operation of the reactor, but the design of
PMAD systems is not the focus of this report.

For terrestrial applications there is a strong desire to have the alternator/generator rotate at
3600 rpm regardless of the load. This enables the power plant to produce 60 Hz power
directly. In this instance bypass flow paths are used to control shaft speed for short term
(seconds) load following capability, and fill gas inventory is used for long term (hours) load
following (ref, GA paper). Alternatively, it may be advantageous to use a multi-shaft system
that has a separate pumping/circulating shaft and a separate power takeoff shaft.

2.21 Closed Brayton Cycle Control Issues

The above discussion introduces some issues associated with the controllability of reactors and
CBC systems. Because of the limited experience of coupling reactors and CBC systems, the
accurate modeling of these systems is extremely important. The CBC schematic in Figure 2-4
is useful because it can be used to illustrate the various types of control methods that can be
employed. The following list briefly describes some of the main control approaches, and some
of the advantages or disadvantages are discussed.

1. The PMAD system can be used to increase or decrease the total electrical load by use
of a parasitic load resistor that is wired in parallel with the normal system load. This is
normally done by using a feedback circuit that adjusts the total load (as seen by the
alternator) to force the TAC shaft rpm to follow a reference or requested speed. This is
normally the type of control that is proposed for space power applications. For small
terrestrial systems, instead of using a parasitic load, the electrical power grid can be
used as the load (Capstone, 2005). These types of control (parasitic load resistor or grid
loading) are very fast. If the parasitic load is used it keeps the thermal efficiency very
high, but strongly affects the electrical efficiency. If the grid is used as the load then
both electrical and thermal efficiencies can be kept very high, but it assumes that the
grid is infinite and is always available.

2. Another method of control is to increase or decrease the average fuel temperature of the
reactor by moving the reactor control rods/elements. This has the effect of continually
changing the reactor temperature which may lead to reactor fuel reliability issues due to
thermal cycling. It also requires frequent and continuous motion of the control
elements and thereby introduces more lifetime/reliability concerns. This type of control
is slow and will be dominated by the thermal inertia of the reactor and other hardware
components. Control initiated by changing the reactor temperature is normally
considered for startup, shutdown, for long term power level changes, for accident and
off-normal response, or for compensation caused by fuel burnup.

3. Bypass valves may be used for control because they can rapidly shunt gas from a high
pressure leg to a low pressure leg. For example a bypass valve could be used to shunt
some of the gas flow from leg 2 to leg 6 or leg 3 to leg 5 (see Figure 2-4). This
approach prevents over-speeding of the TAC shaft by shunting some of the gas around
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the reactor and turbine. In this way the power produced by the turbine is reduced which
in turn reduces the shaft speed. This type of control is rapid (within seconds), but
severely affects overall thermal and electrical power generation efficiency.

4. A throttle valve, placed at a low temperature location within the loop, can be used for
control because it can be used to restrict gas flow through the loop. It restricts the
working fluid flow rate by increasing the loop pressure drop. This type of control is
rapid, but severely affects overall thermal and electrical efficiency.

5. Inventory control can also be used. This type of control uses machinery to increase or
decrease the absolute pressure of the loop. Generally, increases in pressure will
increase the power generated for the same reactor temperature. This is generally a slow
process (minutes to hours), but can be used to keep both thermal and electrical
efficiency very high.

6. Another control approach is to adjust the compressor inlet temperature by increasing or
decreasing the heat removal capability of the gas cooler. For space reactors this could
be accomplished by increasing or decreasing the space radiator coolant flow or by
shutting off portions of the space radiator.

2.2.2 Thermodynamic Cycle Analysis of Closed Brayton Cycles

The thermodynamic cycle for closed Brayton cycles is conveniently illustrated in a temperature
entropy diagram. This is shown in Figure 2-5. The drawing was developed for a terrestrial
system that used pure helium as the working fluid, and the peak coolant exit temperature was
set at 1000 K while the compressor inlet temperature was set at 300 K. The corresponding
temperatures other state point variables for a space reactor (1070 K and 395 K) are shown in
Figure 2-4. The T-s diagram lists the same state points, 1 through 6, that were identified in the
CBC schematic of Figure 2-4. The following discussion of the T-s diagram will use the values
for the terrestrial reactor.

The cycle starts at station 1 with the inlet working fluid temperature set at 300 K and the
pressure at 5 MPa. The compressor (with inlet state 1 and outlet state 2) has a compression
ratio of about 2:1 and therefore increases the pressure by this ratio. As the gas is compressed,
it heats, resulting in increased temperature of the gas at station 2 according to
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where To1, To2, Poi1, and Py, are the total temperature and pressure of the gas at the inlet and exit
of the compressor and associated diffusers, v is the ratio of heat capacities at constant pressure
and volume, y = C,/C, for an ideal gas, nsc is the isentropic efficiency of compression and nyc
is the polytropic efficiency of compression. (See Japikse 1997, Balje 1981, and Wilson 1988 to
determine how to convert isentropic efficiency to polytropic efficiency.) The total temperature
and pressure are defined as
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The subscript o refers to total temperature or pressure, and the subscript s refers to the static
values for temperature and pressure. The work performed by the compression process is
simply Weomp = mdot -Cp-(To2 - To1), where mdot is the mass flow rate, and Cp is the coolant
heat capacity at constant pressure.. In the example, the inlet gas is compressed from 5 MPa to
10 MPa, and the gas heats from 300 K to 411 K. For this example nsc =0.85 and y = 1.66 for
pure helium.

The recuperator (process 2-3) is a heat exchanger that transfers residual heat from the exhaust
of the turbine to preheat the compressor exit gas before entering the reactor. In the recuperator
the gas is heated to temperature T,3 by the hot gas that comes from the turbine exhaust. Within
each of the recuperator flow passages (low and high temperature legs) heat transfer is
occurring at approximately constant pressure, though small pressure drops do occur because of
frictional drag within the components. The heat transferred in the recuperation process Q.3 =
mdot -Cp:(To3 - To2). Naturally, during steady state conditions, the heat gained in the low
temperature leg must equal the heat lost in the high temperature leg. Thus, Q23 = Qs¢ which is
equivalent to To3 - Tor= Tos- Tos. The temperature increase is defined by the effectiveness of
the recuperator. For a counter flow heat exchanger with the same gas in each leg, and for the
same mass flow rate the effectiveness is defined as (Holman, 2001)

T.-T T. -
&, = o3 T2 05—T"6 2.4
T03_T02 T03_T02

In the example, the recuperator heats the gas to T3 = 750 K.

Once the gas exits the recuperator, the gas is heated in a near constant pressure process (see
Figure 2-5) by the reactor to its maximum temperature T,4, which in the example is set to about
1000 K. Again this heating process (3-4) is assumed to occur at constant pressure.

Expansion in the turbine is process 4-5, and it results in a pressure drop that is nearly equal to
the pressure rise in the compressor. The gas expansion in the turbine produces power or work.
The amount of work produced is W45 = mdot -Cp-(To4 - Tos) In the example, the expansion
process (4-5) lowers the gas pressure from approximately 10 MPa to 5 MPa with a
corresponding decrease in gas temperature. The turbine exit temperature is related to the inlet
temperature and pressure by
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where Tos, Tos, Pos, and Pys are the total temperature and pressure of the gas at the inlet and exit
of the turbine associated diffusers, ngr is the isentropic efficiency of expansion in the turbine
and npr 1s the polytropic efficiency of expansion in the turbine.

Next the expanded turbine gas enters the high temperature leg of the recuperator which
transfers some of its heat to the low temperature gas in leg (2-3). The exit temperature T is
determined by the right hand side of equation (4) as described earlier.

The last portion of the cycle is completed by the gas that flows through the waste heat rejection
system or gas cooler. This is process (6-1) and results in heat flowing out of the cycle to the
environment as required by the second law of thermodynamics. The heat rejection temperature
in the early stages of design is set as a goal. For example in Figure 2-5 the compressor inlet
temperature (CIT) is set to T,; =300 K. Similarly, the exit temperature from the reactor is
normally set as a goal. In the example Tos= 1000 K.
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T-s diagram for single stage Recuperated
Helium Brayton cycle between 5 and 10 MPa
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Figure 2-5: Temperature entropy diagram for a single staged helium Brayton cycle.

These equations have been conveniently collected together by (Wilson 1988) into a system of
equations that use the above thermodynamic cycle equations to determine the mass flow rate,
state-point temperatures and pressures, electrical efficiency, the electrical power generated
given the thermal power, recuperator effectiveness, maximum temperature ratio Tos/To1,
pressure ratio r = po2/po1, and the fractional pressure drop through the cycle. These equations

follow.
T,-T by
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Where E is the coefficient of expansion term,

fo = Z dp/o 27

components
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fap 1s the fractional pressure drop within all components

ro= pﬂ/ 2-8
p()l

R = R, /MW 2-9

r is the compressor pressure ratio,

R is the gas constant, MW is the molecular weight of the working fluid, and R 1s the

universal gas constant.
T,-T B e
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C is the coefficient of compression term
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N 1s the thermal efficiency,

W = n‘/l.cp(To4_TOS)_n‘/l.Cp(To2_T01) 2-12
W is the total shaft work produced by the turbo-compressor,
Ver = m Cp(To4 _To3) 2-13

and Wi is the total thermal power produced in the reactor or heater.

These equations assume that the mass flow rate through the turbine and compressor are the
same. In real systems some gas flow may be bypassed to cool machinery or even for control
purposes. In addition, for non-ideal gases (such as air), the heat capacity is different in the
turbine than in the compressor because the heat capacity, Cp is a function of temperature.
Corrections to account for these effects are easily incorporated into the above set of equations
and they are described in (Wilson, 1984).

These equations are very useful for performing a variety of scoping calculations and to
estimate the size, mass, operating temperature and pressure, of all components. They are also
useful for making a variety of trade studies to determine the pressure and molecular weight of
the gas can be used in the Brayton cycle. A few conclusions from these scoping calculations
are presented below.

2.2.3 Scoping Calculations and Some Results

Two design goals of most space reactors or other small reactors are to reduce the system mass
and to maximize the amount of power produced by the system. The mass of the reactor and the
power conversion system is in part controlled by critical mass limits of the reactor, but also by
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the pressure, thermal conductivity, and mass flow rate of gas working fluid. The selection of
the gas conductivity, gas pressure, and system cycle efficiency (maximum and minimum cycle
temperatures) have the greatest impact on the system specific mass (kg/’kWe) because these
variables, to a large degree, control the heat removal capability, and thus the size of the reactor.

To achieve high thermal cycle efficiencies an even more important goal is to select a design
that can achieve high gas exit temperatures but still keep the temperatures and stresses of the
pressure boundaries within the limits of available materials. For a gas cooled reactor this can
be achieved by selecting the reactor inlet temperature to be sufficiently low such that the inlet
gas can be used to cool the pressure vessel and all other components. Where high temperatures
are required, such as in the reactor exit duct, it is important to balance the pressures across the
high temperature materials so that the stress levels are minimized (Wright and Lipinski, 2003).
These design principles allows the designer to used non-refractory metals for the pressure
vessel wall and ducting materials while still allowing the gas exit temperature to be heated to
as high as 1150 K or even higher. These design principles and engineering features can be
used to greatly lower programmatic risk because they lower both the cost and shorten the
schedule, by allowing the use of widely available well characterized materials while avoiding
the development of refractory metal components and eliminating the need to use liquid metal
coolants (Na or lithium) that must operate at temperatures well above the Liquid Metal Fast
Breeder Reactor (LMFBR) operational and design experience.

Examination of the simple set of equations described above indicate that the cycle efficiency
(ratio of power produced to thermal power input) is determined largely by the compression
ratio (r), and the peak to minimum temperature ratio (T,4/To1). The reactor inlet temperature is
also mostly affected by the pressure ratio, but also by the effectiveness of the recuperator.

Some of the design issues for a Gas Cooled reactor are illustrated here by applying the above
set of equations to determine the optimum pressure ratio and to show how the pressure ratio
and recuperated effectiveness can be selected to permit the use of superalloys for the reactor
pressure vessel when cooled by the reactor inlet gas. For the purposes of illustration, the
authors assume that the superalloys can operated at temperatures less than 900 K (generally
limited by thermal creep). Furthermore the results shown here use a helium-xenon gas mixture
that is 63.5 a% helium. The molecular weight for a gas mixture is just the mole fraction
average of the individual molecular weights. However, other properties such as gas
conductivity, viscosity, and Prandtl number do not scale this way (see section 2.2.3.3). For a
gas mixture of 63.5% He and 36.5 % (percent by mole fraction) the heat capacity is Cp =
414.37 J/kg-K. Other values used in this section are 0.84/0.861 and 0.88/0.863 for the
isentropic/polytropic efficiency of the compressor and turbine.

Figure 2-6 shows the CBC cycle efficiency as a function of pressure ratio. Note that it has a
maximum value of for a compression ratio of about 1.7-1.8, assuming a total fractional
pressure drop (dp) through the loop of 5%. This figure also shows that the higher effectiveness
recuperator significantly improves the total cycle efficiency and reduces the required pressure
ratio. If no recuperator were used, then for the same temperatures To4 and T,; the peak
efficiency occurs at a pressure ratio of about 3.5, but the efficiency is still less than that of the
recuperated system.
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Efficiency versus Pressure Ratio
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Figure 2-6: CBC cycle efficiency for HeXe (63 a/o He) as a function of pressure ratio and
for two selected recuperator effectiveness values of 0.8 and .9.

Figure 2-7 shows the reactor inlet temperature for the same range of pressure ratios and
recuperator effectiveness. Because material compatibility properties limit the superalloy
temperature to less than 900 K, the pressure ratio should be > 1.9 to keep reactor inlet
temperature less than 900 K (for a recuperator effectiveness of 0.9). But because the efficiency
of the system is decreasing above 1.7-1.8 (see Figure 2-6), the design is restricting both the
compression ratio and the recuperator effectiveness. Compression ratios near 1.8-1.9 and
recuperator effectiveness near 0.9 seem to be near the ideal values. Of course more detailed
analysis may shift these numbers somewhat, but they appear to be good starting points for
design purposes.
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Reactor Inlet Temperature versus Compression Ratio
for Recuperator effectivness values of 0.8 and 0.9
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Figure 2-7: CBC reactor inlet temperature as a function of compression ratio and
recuperator effectiveness.
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2.2.3.1 Chapman Enskog Theory for Properties of Mixed Gases

It is relatively easy to expand the thermodynamic cycle analysis described above to perform
additional scoping calculations that can be used to estimate the size of the reactor and its
associated components, and some results of these trade studies are described in section 2.2.4.
This requires knowledge of the fundamental hydrodynamic properties of the mixed (or pure)
gas such as gas heat capacity, gas thermal conductivity, viscosity, and Prandtl number. These
properties are required to estimate the heat transfer coefficient, mean flow velocities and
pressure drops, Reynolds and Nusselt numbers.

Mixed gases are often considered for use in space and other special purpose applications
because, for the same molecular weight, a mixed gas has a higher thermal conductivity than the
pure gas. If pure helium at high pressures were used in a small power conversion system the
turbo-machinery design would be very small and operate at extremely high shaft rotation
speeds (> 100,000 rpm). The small size and high speed introduces loss and tolerance issues
and it also complicates the design and operational limits of the alternator. Furthermore there is
a specific speed (a dimensionless value) that must be met and a dimensionless diameter
constraint as well. The specific speed is related to the rotational speed, the volumetric flow
rate, and adiabatic temperature rise. The specific diameter constraint is related to the actual
diameter, the volumetric flow rate and the adiabatic temperature rise. These values set
constraints on the design and introduces tradeoffs that limit the pressure and molecular weight
of the gas mixture.

We use the Chapman-Enskog theory to determine the transport properties for the low density
monatomic gases helium and xenon. These properties are mixed according to a method by
Mason and Saxena (1957) that is an approximation to a more accurate method developed by
Hirschfelder (1954). These transport properties are described in Bird-Stewart-&-Lightfoot
(Bird 1960).

Given the molecular weight of the ideal gases, the mole fraction of the gas mixture, the
universal gas constant, and the ratio of the specific heats (constant pressure to constant volume)
Y, one can then determine the specific heat, molecular weight, speed-of-sound, density, and
specific heat ratio for the gas mixture. These equations for a 90% helium fraction are
described below.

2.2.3.2 Gas Material Properties for Ideal and Monatomic Gases

The gas properties for the molecular weight (MW), and specific heat ratio (y) of pure helium
and xenon as well as their mixed values are listed below.
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Table 2-3: Ideal gas properties for helium and xenon and their mixture at 63.5 a%
helium.

Xenon Molecular Weight MWx. MWy, = 131.3 gm/mole

2-14a
Helium Molecular Weight MWy, MWy =4 gm/mole b
Ratio of C,/ C, for He Yxe = 1.66 ¢
Ratio of C,/C, for Xe Yxe = 1.66 d
Xenon Mole Fraction fxe = 0.365, 36.5a% o
Helium Mole Fraction fHe=1- fxe =0.635,63.5 a% f
Average y = Cp/Cyv ratio Y =Txeyxe + (1—fxe) Vxe g
Average Molecular Weight MW, =50.465 gm/le h
Gas Constant for mixed gas property Ry = Ryee/ MW, =164.749 J/kg-K i

With these properties for the He and Xe mixture properties the equations for the density, the
speed-of-sound, and the specific heat are:

Table 2-4: Density, speed of sound, and heat capacity equations for ideal gases with the
heat capacity of He/Xe at 63.5 a% listed.

Density equation for an Ideal Gas o(T.P) = P 2-15a
Ry T

Speed of sound equation for a gas e(T) = ,/y~R0'T b
mixture at temperature T
Heat capacity equation for an ideal gas R

P yed & Cfp(y,MW) = —uee 1\ C

MW~(1 - =
v

Heat capacity for 63.5 a% He mixture Cp=414.37 J/kg-K

2.2.3.3 Chapman Equation for C,, k, and Viscosity for Gases

The Lennard-Jones potentials along with the molecular theory of gases and liquids can be used
to predict the viscosity and the conductivity of gases at low densities. The Lennard-Jones
potential values used are from Hirschfelder (1954). A simple and concise summary of this
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theory is in Bird (1960, pp 744-746). The Lennard-Jones potentials for He and Xe are given
below.

Lennard-Jones Parameters for He eue= 102K op.=2.576 2-16
Lennard-Jones Parameters for Xe exe =229 K  ox.=4.055 2-17

This data is used with a transport theory prediction curve Q(T) to obtain the viscosity and
conductivity at low densities for monatomic gases as a function of temperature and gas
mixture. (Hirschfelder, 1954).

(= L1S1049) ¢ ) cpen 2.\/1] 518
Given this equation, the viscosity for a low density monatomic gas (Bird,

Stewart, and Lightfoot, 1969) is defined by

Q1) = 0.92495+ 2.0736810 -t + [.719288(0

MW _ T
( gm | K
u(MW ,¢,6,T) = Lle}-2‘669310_ 6. ke
2 (T\ ms
c Q| —
s} 2-19

For example, the viscosity for helium at 300 K and 1000 K is 1.979 x 10  Pa-s and 4.306 x

107 Pa-s respectively. Similarly, the conductivity for a low density monatomic gas, with y >
1.63, is defined by (ibid, pg 255):

T
K
MW

(&\
2 Wy [ mole)
" “2"’@ 2-20

k(MW ,&,0,T) :=8.32210

At 300 K and 1000 K the gas conductivity for helium is 0.154 and 0.336 W/m-K.

2.2.3.4 Mixture Rules for the He/Xe gas mixture

The semi-empirical formula from Wilke (1950) is used to determine the mixed gas properties
for thermal conductivity and for viscosity. (See also Bird, 1960, pp 24 and 258.) These rules
are listed below.

1
mix(T) =—-| 1
OHX_mix(T) \ﬁ;( +

2
MW ) '5.[1 . [ HHe o(T) \‘5.( MWXe\’ZS}

MW | ixe o) ) (MW ) 221
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1
(T =—|1
OXH mix(T) \/?3( +

2
MWxe ) '5.[ o [HXe_o(T)\S.( MWHe\'ﬂ

MWHe) MWXe}

HHe o(T) ) 2.22
fHe kye(T e kxe(T
Kei(T) = He kie(T) + Xe-kxe(T)
fHe 1 + fXe dHX mix(T)  fHe'OXH_mix(T) + fxe'1 2-23
fHe: HHe o(T) fxe: uxe o(T)
Bmix(T) = +
fe 1 + fXe dHX mix(T)  fHe OXH_mix(T) + fxe'1 224
The Prandtl number for the He/Xe gas mixture is now defined as
Pr = Cpﬁ
k 225
where the mixed properties for Cp, viscosity and conductivity are used.
These equations were programmed in the programming environments Mathcad™, Excel™,

MatLab™ and Simulink™™ to specify the state properties of the closed Brayton cycle system
described in the previous section. In addition the complete theory (Hirschfield, 1954) was
programmed into Mathcad and compared with the simple theory described here (Wilke 1950).
An internal SNL memo is available on the complete theory. The more complete theory was
developed because the Prandtl numbers for the individual gases are very similar, but the
Prandtl number for the mixture is much lower than the individual values. Because the Prandtl
number plays an important role in the heat transfer coefficient from the fuel pin to the gas
coolant, we felt that it was important to verify this behavior especially for gas mixtures with
very different molecular weights. We observed very little difference between the more
complete theory and the condensed semi-empirical theory.

Figure 2-8shows the results of the Chapman-Enskog theory predictions for the thermal
conductivity, viscosity and Prandtl number for various Helium Xenon gas mixtures. The results
provide some insight to the design of reactors and small gas-dynamic power conversions
systems. First, both the conductivity and viscosity show the standard square-root of
temperature dependence that is expected. For increasing helium content the gas conductivity
increases monotonically, however, for the viscosity the values remains relatively constant or
increase slightly, but then the viscosity drops dramatically at high helium fractions (> 80 a%).
Because leak rates will be greater for helium than for xenon, there will be a tendency for the
mole fraction of helium to decrease over the life of the system. Depending on the leak rates,
this could result in increased viscosity and lower conductivities. Such changes are not likely to
seriously affect the design, but they do introduce expected deviations that will have to be
accommodated by providing adequate design margin.

As mention earlier the Prandtl number shows unexpected behavior with respect to changes in
helium fraction. Both helium and xenon have Prandtl numbers near 0.7, however the mixture
shows a very reduced value (Pr = 0.2) at mixtures containing about 60 a% helium.

Figure 2-9 shows the constant pressure heat capacity (Cp) as a function of Helium mole
fraction. Note that because the model assumes that the gas mixture is an ideal gas, that there is
no temperature dependence for the heat capacity.

49



The data was also compared with measurements. In general the comparison between measured
data and predicted data are good. However, the conductivities appear higher than the measured
values (by about 6-10%), while the viscosities are virtually identical. Figure 2-10 and Figure
2-11 show the comparison between the theory and measurements for thermal conductivity and
viscosity (Hirschfelder, 1954). This experimental and predicted behavior are for a gas mixture
with 75% mole fraction of Helium, and as mentioned above the agreement is better for the
viscosity than for the thermal conductivity. The theory and equations can be used for other
binary gas mixtures simply by changing the molecular weight, the specific-heat ratio, and the
Lennard-Jones potentials.
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Heat Capacity versus Helium Mole Fractio
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Figure 2-9: Heat capacity as a function of Helium mole fraction.
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Figure 2-10: Comparison of measured and predicted thermal conductivity for a He/Xe
gas mixture containing 75 mole % He.
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Viscosity Measured versus Predicted
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Figure 2-11: Comparison of calculated and measured viscosity for He/Xe gas mixture
with 75 mole% He.

2.2.4 Trade Studies and Sizing Estimates

The thermodynamic cycle analysis equation sets (described above) were extend to include the
thermal physical data such as conductivity, viscosity, and Prandtl number so that size and mass
estimates could be made. In addition other limitations such as limiting the flow velocities to
10% of the sound speed, and selecting reasonable values for the efficiencies/effectiveness of
turbines, compressors, alternators, recuperators, and electronics were assumed. When this is
done, it is then possible to perform a variety of trade studies to determine the size and mass of
various nuclear systems and how these change with different assumptions such as gas pressure,
and gas molecular weight.

For space systems these trades must include the power to mass trade-offs of the system as well
as the mission, as these values determine the lifetime of a mission. The results of this type of
effect of gas molecular weight and pressure were evaluated in a series of trade studies.

A quick inspection of the equations listed above shows that the cycle thermal efficiency is
primarily dependent on the heat capacity of the gas, efficiency of the turbine and compressor,
cycle high and low temperatures, and loop pressure drop fraction. If the molecular weight of a
noble gas mixture is changed (e.g. changing the helium fraction in a HeXe mixture), the ratio y
of the constant pressure to constant volume heat capacity of the mixture (y) remains fixed at
1.66. At first blush this would imply that the cycle thermal efficiency would remain
unchanged. However, in a system such a change would result in a number of other changes
that would impact efficiency. For example, the turbine and compressor efficiencies would
change, the thermal conductivity and recuperator effectiveness would change, and the loop
pressure drop would change. All of these changes could be overcome by a redesign of the
components, but that would result in a mass change. So it is important to clearly define what is
held constant when one parameter is varied when performing trade studies.
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For a space reactor, one of the most important parameters is system mass for a given electrical
power. A trade study was performed under a NASA contract to determine how the reactor and
radiation shield mass changed for a CBC system directly driven by a GCR. In this study, the
reactor coolant passages were adjusted to keep the reactor pressure drop at 3% of the reactor
gas pressure. In addition, the amount of spectral-shifting neutron absorbing material was
adjusted so that for launch safety reasons the reactor would remain subcritical when submerged
in water. Finally, enough fuel was included to allow operation at full power for 10 years. With
these constraints, the mass of the reactor and radiation shield (plus 350 kg for structures and
controls) was determined. The results are shown in Figure 2-12. The reactor thermal power
was held at 400 kW. The number of fuel pins was varied (with a resulting change in pin
diameter) as part of the parameter scan. The baseline gas composition was 10% helium (by
mass) and 90% xenon. The various curves are for different gas pressures. There also is a
curve for 99% helium (by mass) and a lower fractional pressure drop through the reactor. The
red circles identify the minimum allowable number of pins if the clad must remain below 1250
K.
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Figure 2-12. Reactor module mass vs. number of fuel pins.

The result of this study shows that the reactor mass is reduced if the pressure is increased. This
is because the denser gas can transport the heat with smaller flow channels. One of the curves
also shows that a higher helium fraction reduces the reactor mass. This is because the higher
specific heat and lower viscosity allows smaller flow channels. Finally, the plot shows that
requiring a lower pressure drop in the reactor does not cause a substantial mass increase.

These results are interesting, but they are incomplete without knowledge of how these changes
affect the power conversion efficiency and system mass. For example, increasing the system
pressure will change the efficiency for a given turbomachinery design. To reach a new
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optimum configuration, the turbomachinery unit will probably be smaller (if the electrical
power is held fixed). The smaller unit might be less efficient if it leaks more gas around the
turbine and compressor blade ends. It also will spin faster, which might impact the generator
mass.

As another example, increasing the helium fraction also will change the efficiency of a given
design. Optimizing the design will probably result in a larger turbomachinery unit. This larger
unit might have a smaller gas bypass fraction and thus be more efficient. This might offset the
higher mass.

The bottom line is that an accurate model for system component design and cycle efficiency is
needed and should be coupled with the parameter scan of reactor mass to find a system-wide
minimum mass configuration.

2.3 Characteristic Flow Curves for Radial Turbine and Compressors

This section of the report develops the characteristic flow curves for radial turbines and
compressors. Prior to developing these curves it is useful to present detailed descriptions and
photos of the Capstone C-30 compressor and turbine. This description is useful because it
illustrates why some of the assumptions were made for the dynamic model, and it illustrates
some of the design trade-offs that must be made for the turbine and compressor such as thrust
load balancing, temperatures of the gas bearings, and flow of gas within the bearings.

2.3.1 Capstone C-30 Compressor and Turbine

A photo of the complete compressor and turbine for the Capstone C-30 (30 kWe) wheel set,
including gas bearings, is shown in Figure 2-13 (Photos courtesy of NASA Glenn Research
Center). The entire wheel set for this 30 kWe system is less than 6 inches long and the wheel
diameters are around 4 inches. The reader should note that the dimensions for a 132 kWe
turbo-compressor set that is designed for He/Xe at 2 MPa are about the same. The small
dimensions of the turbine and compressor and the high flow velocities through the turbine and
compressor (about 70% the speed of sound) mean that the gas flow can achieve equilibrium
conditions very rapidly (on the order of 0.3 —0.4 ms). Thus pressure changes caused by
speed changes or temperature or pressure changes will result in new equilibrium flow rates
within about 1 ms or faster. A quasi-steady state approach to estimating the pressure changes
and flow rates through the rotating machinery, such as used in the mean-line flow analysis
methods is therefore justified. Because the flow and pressures reach their equilibrium flow
conditions so rapidly (within the turbo-compressor wheel set), the time rate of change in flow
through the system will be governed mainly by the rate of change of rpm which is in turn
controlled by the moment of inertia of the shaft, wheels, and alternator as well as by the
misbalance in the torque/power in the turbine, alternator, and compressor. The inertia due to
the mass of gas with in the entire ducting network is currently ignored in the models. By way
of comparison, we estimate the mass of the rotating turbomachinery components including
alternator to be approximately 20-30 kg, while the mass of the coolant in the loop is only about
5 kg. Infact one way to account for the mass of the coolant is to add its inertia to the rotating
components.
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Radial Compressor and Turbine
(Capstone C -30, Courtesy of NASA Glenn)
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. forces are nearly balanced
Bearing BGeaasring

Figure 2-13 Capstone C-30 compressor and turbine wheels include the gas thrust and
journal bearings. The compressor is on the left side and is relatively cool, (green colors)
and the turbine is on the right (red colors for the housing and bearings. (courtesy of
NASA).

Figure 2-13 also shows the gas journal bearing and the gas thrust bearing of the
turbocompressor. The face side of the compressor and turbine are shown in Figure 2-14, and
Figure 2-15 shows the compressor outlet diffuser and the turbine inlet nozzle. The bearings and
turbo-compressor wheels are arranged so that the pressure difference across the face of the
compressor wheel is balanced by the pressure difference across the turbine wheel. Also note
that the bearings and shaft materials are cooler closer to the compressor than on the turbine
side. Gas flow in the bearings is from the compressor side to the turbine side (from cold to hot)
because the turbine inlet pressure is less than the compressor exit pressure.

The permanent magnet alternator shaft (not shown) is connected to the compressor and turbine
shaft via a small rod or pencil-like shaft. The compressor inlet gas is the coldest gas in the
entire CBC loop thus it is used to cool the alternator. The gas flows from the left side of Figure
2-13 into the compressor inlet and then is flung radially outward where it goes to the
recuperator and then ultimately to the reactor. The hot gas from the reactor/heater enters in a
narrow annulus in the right side of Figure 2-13, through the nozzle and then radially inward
where it impacts and expands against the turbine blades and then flows axially out of the
turbine face.
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Figure 2-14: Face or front views of the Capstone C-30 compressor (left) and turbine.
Note that the compress wheels blades are back swept while the turbine inlet blades are
not. Also note that the turbine base is scalloped, this is likely done to help accommodate
the gas flow from the inlet nozzle and presumably to help balance the thrust loads.

Based on these images and on others made during fabrication by Barber-Nichols Inc.
(manufacturer of the Sandia Brayton Loop), we have been able to estimate most of the
dimensions required to determine the characteristic flow curves. Table 2-5 and Table 2-6
summarize the approximate dimensions for the Capstone C-30 compressor and turbine.

Figure 2-15: Compressor wheel and exit diffuser (left) and turbine inlet nozzle (right).
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Table 2-5: Estimate of Capstone C-30 Compressor Dimensions

Capstone C-30 Compressor Dimensions (approximate)

Description Variable Name Value

Tip Radius Tiip 54.61 mm

Hub Radius Thi 11.73mm

Shroud Radius Is 37.82 mm

Blade Height b, 7 mm

Blade Exit Angle Bab -55 degrees

Blade Thickness th 0.7 mm

Number of Blades Z, 18/9 (split + full / full)
Design rpm Nipm 96,000 rpm

Design Pressure Ratio po2/poi Ie 3.7

Table 2-6: Estimate of Capstone C-30 Turbine Dimensions

Capstone C-30 Turbine Dimensions (approximate)

Description Variable Name Value

Tip Radius Tiip 50.81 mm

Hub Radius Ihi 12.83 mm

Shroud Radius Is1 27.95 mm

Blade Height b, 3.6 mm

Blade Exit Angle Bab -45 degrees

Blade Thickness ty 1.8 mm

Number of Blades Z: 18/9 (split + full / full)
Design rpm Nipm 96,300 rpm

Design Pressure Ratio po2/poi Ic 3.7

2.3.2 Characteristic Flow Curves

As described in the introduction, the balance of power/torque in the turbo-alternator-
compressor machinery provides the shaft power to force the coolant through the reactor.
Therefore, the electrical load and the operating state (temperature, pressure, flow rate,
revolutions per minute/rpm) of the turbo-alternator machinery and the state of the gas loop
directly affect the flow through the reactor; and consequently affect the reactor power level as
well.

The key to understanding and modeling this highly coupled process requires knowledge of the
flow characteristics of the turbine and compressor and how the mass flow rate, and pressure
drop in the turbine and pressure increase in the compressor are affected by the inlet
temperature, pressure, and shaft speed.

It is not the intent of this report to describe how to design radial turbines or centrifugal
compressors, or how to calculate the off-design flow performance curves for these devices. A
number of excellent textbooks are available that describe how mean line flow analysis methods
can be used to calculate the flow curves (Balje, Wilson, Walsh, Japikse). Also mean line flow
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analysis tools and computer codes are available from NASA (NASA, 2005) that can be used to
design and to determine off design performance for radial inflow turbines and centrifugal
compressors (Wasserbauer, 1975) and (Galvas, 1983). Other codes are available for axial flow
rotating machinery as well.

This report uses characteristic flow curves that were generated for two turbo-machinery sets.
One is for the Sandia Brayton Loop that is based on the Capstone C-30 microturbine for which
the compressor and turbine wheels have already been described. The other model is for a
conceptual gas cooled space reactor concept that operates with a 132 kWe turbo-alternator-
compressor set. Both systems use radial compressors and turbines, and as it turns out they are
about the same size.

The characteristic flow curves for the C-30 turbine and compressor were generated from
NASA oft-design performance codes. For the 132 kWe Gas Cooled Reactor concept, we used
flow curves that were generated by Concepts NREC under contract by Northrop Grumman
Corporation. Concepts NREC has design and analysis software and classes that are available
for purchase. These curves are used and presented with permission from Northrop Grumman
Corporation. Characteristic mean line flow analysis curves for both TAC sets are presented.

The mean line flow curves were generated from the four NASA codes (rtd, rtod, ccd-quik, and
ccodp, see NASA Software Index 2005). The code rtd is a radial turbine design code, rtod is a
radial turbine off design performance code, ccd-quik is a centrifugal compressor design code
and ccodp is a centrifugal compressor off design performance code. The codes, including
source code, are freely available from NASA upon request. The input files were based on the
dimensions shown in Table 2-5 and Table 2-6.

The fundamental assumption made by the dynamic model is that the flow is constant around
the loop. With this assumption it is necessary to define the equations for each component that
can give the outlet temperature and pressure given the inlet temperature, pressure, and flow
rate. Therefore the characteristic flow curves must provide the exit temperature and pressure
given the inlet conditions. The characteristic flow curves are defined as four functions:

p02
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These functions give the turbine and compressor temperature and pressure ratio as a function
of inlet temperature and pressure and as a function of mass flow rate (mdot) and shaft speed
(Nipm). The shaft speed (Nppm) 1s directly related to the mass flow rate through the turbine and
compressor characteristic flow equations. Both the steady state and dynamic models use
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multivariate polynomial fits to define these functions. Lookup tables can also be used, though
we have not had much success with them.

The flow curves for the C-30 compressor are shown in Figure 2-16. These curves were

2.3.2.1 C-30 Compressor Flow Map

generated by using the NASA code ccodp.exe and the input file is listed in Appendix A. The
figure shows three plots, though only the pressure ratio and temperature ratio curve are needed.
Each curve shows the efficiency, pressure ratio or temperature ratio as a function of corrected
mass flow rate for various shaft speeds, the design shaft speed is 96,300 rpm.

Figure
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Figure 2-16 Characteristic curves for the Capstone C-30 compressor. The lower left
figure shows the pressure ratio as a function of mass flow rate for constant rpm. The

shaft rpm is shown parametrically. The lower right curve shows the temperature ratio,
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and the upper curve shows the isentropic efficiency.

The corrected flow is defined as:

W,q = actual mass flow rate * 2-30

where Tgq = 288.15 K and pyg = 101.3252 kPa. Note that for a fixed rpm the compressor
pressure ratio decreases with increased flow rate, but at a certain flow rate the pressure ratio
begins to decrease very rapidly, this represents the beginning of choked flow where the gas
velocities are beginning to approach sonic speeds. At 96,300 rpm choked flow starts at a
corrected flow rate of about 0.74 1b/s. Also note that as the rpm increases the pressure ratio
increases even more (as illustrated by the increased spacing between the curves) which is

evidence that the pressure ratio is roughly proportional to rpm®.

The compressor efficiency curves show a few interesting trends. First for a given shaft speed,
the efficiency has a maximum value, thus at flow rates above or below this optimum value the
efficiency falls off dramatically. The width of the plateau around the maximum efficiency
(versus flow) increases with increasing shaft speed. In addition the magnitude of the maximum
efficiency also increases slightly with rpm. Overall though, it is seen that even at low shaft
speeds (here at 40% of the design shaft speed) that good efficiencies can be achieved even at
low speeds (close to 75% isentropic efficiency). At low speeds the efficiency appears to be
about 5% less than at the design speed (at the ideal flow rate and design speed the maximum
isentropic efficiency is 80%). It is possible to convert the efficiency and pressure ratio curves
to the temperature ratio curves via equation 2-1 and the definition for polytropic efficiency.

An important limitation of these curves is that they are only valid over a range of shaft speeds
and pressure ratios. During startup transients or other off-normal transients it will be important
to assure that the system is operating within the range of validity. A related but different issue
is that the dynamic and steady state models require some form of functional fit to these curves.
We have found it necessary to extrapolate the data at low flows, at high flows and at low shaft
speeds so that the functional fits provide physically meaningful results. Generally we use
linear extrapolation rules, but at zero flow or zero rpm we assume that the pressure and
temperature ratios extrapolate to 1.0.

The functional relationships for pressure ratio and temperature ratio can be greatly simplified if
they are rewritten in terms of dimensionless flow and dimensionless speed. When this is done
the equations for fp,c. fprr, frrc, and frr become functions of only the dimensionless flow and
dimensionless speed. The dimensionless flow ' and N' are defined as

by 7-;}1 RO
m . [
i =7 2-31
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Here N' has units of revolutions/sec. Thus the pressure and temperature ratio equations
become

poz = prC (Tol ’pol :metg Nrpm) = fprC (m', N') ) 2_33
ol

po ’ i
: = prT(To4’pn4’met’Nrpm)==fprT(m’N)9 2-34
o5

T02 ' '

T_:fTrC(Tol’pal’met’Nrpm):fTrC(m’N)’ 2_35
ol

T04 ’ '

T :fTrT(T045po4’md0t’Nrpm)::fTrT(m9N)' 2-36

05

One of the benefits of using the non-dimensional form for the characteristic flow maps is that
once they have been determined, they can be used for gases other than the one they were
generated for. Likewise they can be used at other pressures, temperatures, and other sized
wheels. This similarity concept is based on a dimensional analysis known as the Buckingham
Pi Theory (Buckingham, 1914). The similarity concept is extremely useful because it means
that turbo machines that are physically similar have similar velocity triangles, have similar
ratios of gravitational to inertial forces, and when operating with fluids with the same
thermodynamic quality will have equal fluid dynamic characteristics, and efficiencies.

A three dimensional plot of the dimensionless flow map for the C-30 compressor is shown in
Figure 2-17. Note the grouping of points near the bend in the curve is where choked flow
conditions are being approached. These data represent the original data as generated by the
NASA ccodp.exe code and then converted to dimensionless form. The widely separated points
to the left of this region are extrapolations, as is the single point at zero rpm and zero flow.
The data in this curve was fit to a multivariate polynomial using the tools within Mathcad™.
The multivariate polynomial equation is shown in
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Figure 2-17: Three dimensional plot of the C-30 compressor pressure ratio versus
dimensionless flow and shaft speed.

in equations 2-37 and 2-38. For the compressor the index i goes from 0...20, thus imax=20.

imax

Pr(x,y)=) " "Pcoeffs - x" -y 2-37

ima

Trx,y)= Zi:O T coeffs- X' "y e 2-38

The x variable represents the independent variable for dimensionless flow and the y variable
represents the dimensionless speed. The exponential index numbers for x=flow and y=speed
are listed in the II array that is listed in the first column of Table 2-7 , and the pressure
coefficients are listed in the Pcoeffs; array, while the temperature coefficients are listed in the
Tcoeffs;. array. These arrays are provided below in Table 2-7. As a note, the same
multivariate fitting process was also used for the turbine.
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Table 2-7: Capstone C-30 Compressor flow map using the multivariate polynomial fit for

the pressure ratio and temperature ratio.

C-30 Compressor Multivariate Polynomial Coefficients and Exponents

II Pressure Coefficients Temperature Coefficients
0 0

0 1 4 0 -917.428 0 -727.0394
1 0 5 1 349.506 1 83.7951
2 0 4 2 -308.4632 2 -95.0968
3 0 3 3 128.3404 3 38.5725
4 1 3 4 -4.8109-103 4 647.6114
5 2 3 5 3.3625-10° 5 9.3597-103
6 0 2 6 -14.5707 6 -2.776
7 1 2 7 1.8121-103 7 -215.7061
8 2 2 8 -1.334-104 8 -1.909-103

M= 9 3 2 Peoeffs = 9 -7.0096-106 Teoeffs = 9 -1.4899-105
10 0 1 10 1.5794 10 0.3769
11 1 1 11 202.9079 11 28.1037
12 2 1 12| -5.8758-104 12| -1.0167-103
13 3 1 13 2.5136-106 13 5.5081-104
14 4 1 14 3.2199-107 14 6.3814:10°
15 0 0 15 0.9918 15 0.9998
16 1 0 16 -63.2992 16 -2.4983
17 2 0 17 6.8113-103 17 25.2698
18 3 0 18| -5.6204-104 18 3.4158-103
19 4 0 19| -8.6898-106 19| -2.4576-105
20 5 0 20| -3.4187-107 20| -2.8537-105

2.3.2.2 C-30 Turbine Flow Map

The procedure for developing the flow map for the C-30 turbine was the same as for the
compressor except that the NASA rtod.exe code was used were used to generate the flow data.
This data was then non-dimensionalized and then fit using the multivariate process just
described. The dimensionless flow maps are listed in Figure 2-18 and in Figure 2-19. These
curves show both the temperature ratio (total-total) versus the dimensionless flow. Note that
the curves show a different behavior than the compressor curves. For the turbine the pressure
ratio increases with increasing flow, while it decreases for the compressor. Increased flow
results in increasing pressure drop and is the same behavior that one would expect for a non-
rotating component such as a duct or orifice. In the turbine the pressure ratio curves increase
monotonically, in a manner that is roughly proportional to mass flow rate squared. Again
higher rpm values produce higher pressure ratios, and at very high flow rates the curves begin
to approach the choked flow region. The data in Figure 2-18 was extrapolated to 1.0 at zero
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Figure 2-18: C-30 Turbine flow map for pressure ratio as a function of dimensionless
flow. In this curve the extrapolation to a pressure ratio of 1.0 at zero flow is shown.
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Figure 2-19: C-30 turbine temperature ratio characteristic flow curve plotting the

temperature ratio as a function of dimensionless flow for various rpm values.

flow. The temperature ratio curves shown in Figure 2-19 were extrapolated to a temperature
ratio of 1.0 at zero flow, but as seen in these curves an extrapolation to a value that is greater
than 1.0 would appear to produce smoother characteristics. Figure 2-19 shows the same data
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but plotted in a three dimensional map. Note that this form of display illustrates the need to
extrapolate the data to zero rpm but for varying flow rates. At the time of writing of this report
these extrapolations to zero rpm were not yet made.

As in the compressor the non-dimensional form of the flow curves for pressure and
temperature ratio were fit to multivariate polynomials. The fits are identical to those described
above however the index of iteration may vary. For the C-30 turbine the index 1 iterates from 0
to a max of 9. The same equations are used to determine the dimensionless flow and speed,
but the dimensions for the turbine must be used for the tip radius. The parameters used in the
multivariate fit for the turbine are shown in Table 2-8.
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Figure 2-20: 3-D plot of the Capstone C-30 turbine dimensionless flow map.
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Table 2-8: Capstone C-30 turbine flow map using multivariate polynomial fits for the
pressure ratio and temperature ratio as a function of dimensionless flow and speed.

C-30 Turbine Multivariate Polynomial Coefficients and Exponents
IT exponent for x = Pressure Coefficients Temperature Coefficients
dimensionless flow and y =
dimensionless speed

0o | 1 0 0
0 1| 2 0 43.2342 0 -14.2665
1 o] 3 1 -11.1408 1 -4.4851
2 ol 2 2 -0.0125 2 2.0369
3 ol 1 3 1.5912 3 1.624
=14 1 1 Pcoeffs =| 4 -116.9112 Tcoeffs =| 4 -120.2468
5 2 1 5 1.4233-103 5 1.4829-103
6 ol o 6 1 6 1
7 1l o 7 -19.583 7 -20.1697
8 2| o 8 1.1588:103 8 1.314'103
9 3] o 9| -2.2834'104 9| -2.2362:107

2.3.3 132 kWe CBC Turbo-Compressor Description

A second set of turbo-compressor maps were developed to simulate the behavior of nuclear
space reactors connected to closed Brayton cycle systems. These flow maps were developed
by NGST (Northrop Grumman Space Technologies) as part of a trade study performed for the
NASA Prometheus project (Wollman, 2005). The flow maps were generated for a helium-
xenon gas mixture that assumed 5 weight percent He which is equivalent to 63.5 mole % He.
The goal of this design was to select a system that had a relatively high reactor pressure (near 4
MPa) and turbine inlet temperature (1194 K). These values were selected in part to show that
small radial turbines and compressors could be designed to operate with high efficiency (84.5
%, isentropic) at these relatively high pressures. As shown in the trade studies (2.2.4) the mass
of the reactor and power conversion system can be reduced at high pressures. Other design
conditions were that the compressor inlet temperature would be 400 K at 2.068 MPa, and the
shaft rpm was selected to be 59,850 rpm. For these conditions compressor and turbine wheel
design conditions (at least those values that were reported to Sandia by Concepts NREC) are
listed in Table 2-9 and Table 2-10.
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Table 2-9: Estimate of NGST/CNREC 132 kWe compressor dimensions.

Capstone C-30 Compressor Dimensions (approximate)
Description Variable Name Value
Tip Radius Ttip 50.81 mm
Hub Radius Ihi 12.83 mm
Shroud Radius I 27.95 mm
Blade Height b, 3.6 mm
Blade Exit Angle Bab -45 degrees
Blade Thickness ty 1.8 mm
Number of Blades Z, 18/9 (split + full / full)
Design rpm Nipm 96,300 rpm
Design Pressure Ratio po2/poi Ie 3.7

Table 2-10: Estimate of NGST/CNREC 132 kWe Turbine Dimensions

Capstone C-30 Turbine Dimensions (approximate)

Description Variable Name Value

Tip Radius Ttip 54.61 mm

Hub Radius Thi 11.73mm

Shroud Radius Is 37.82 mm

Blade Height b, 7 mm

Blade Exit Angle B2y -55 degrees

Blade Thickness tp 0.7 mm

Number of Blades 7, 18/9 (split + full / full)
Design rpm Nipm 96,000 rpm

Design Pressure Ratio po/poi Ie 3.7

2.3.3.1 NGST/CNREC 132 kWe Compressor Flow Map and Multivariate

Polynomial Fit

The flow maps or characteristic curves were generated by Concepts NREC corporation using
their mean line flow analysis codes “COMPAL”, and “RIT”. Four curves for the compressor
are presented here. Figure 2-21 shows the plots for the compressor power and the total-static
isentropic efficiency for the compressor. Note that the efficiency curve shape is similar to the
efficiency curve developed for the C-30 compressor using the NASA ccodp code, see Figure
2-16. The power plot is simply a reflection of mdot*Cp*dT. The temperature and pressure
ratio characteristic curves are shown in Figure 2-22. The compressor curves are plotted as a
function of corrected flow (as indicated in the flow title bar on the x-axis). Again it is seen that
the shapes of these curves strongly resemble the shapes of the curves generated for the C-30

compressor, see Figure 2-16 .
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Figure 2-21: Power and efficiency for a 132 kWe gas cooled space reactor concept shown
as a function of mass corrected mass flow rate for various shaft speed. The design shaft
speed was 59,850 rpm.
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Figure 2-22: Compressor temperature ratio (top) and pressure ratio for a 132 kWe gas
cooled space reactor shown as a function of mass flow rate for various shaft speeds.
Design shaft speed is 59,850 rpm.




Table 2-11: NGST/CNREC 132 kWe Compressor flow map using the multivariate
polynomial fit for the pressure ratio and temperature ratio.

NGST/CNREC 132 kWe Compressor Multivariate Polynomial
Coefficients for Pressure Ratio and Temperature Ratio

II Pressure Coefficients Temperature Coefficients
0 | 1 0 0

0 11 3 0| 1.8031-104 0 -640.9217
1 0| 4 1 -520.6477 1 26.1363
2 0| 3 2 34.5007 2 -5.9262
3 0] 2 3 19.6882 3 6.8463
4 11 2 4| -1.8386-103 4 130.3498
5| 2| 2 5| -2.0698:105 5| 5.7131-103

= 0 0 1 ' cPcoeffs = E -0.4882 1 Tcoeffs = 6| -7.143110°
7 1 1 7 -76.4001 7 -27.0913
8 2 1 8| 2.1884-104 8 -855.8704
9 3 1 9| 9.7017-105 9| -2.2354-104
10/ 0] O 10 0.9977 10 0.9999
11 1] 0 11 5.0964 11 0.1408
12 2| O 12|  -240.0294 12 34.8095
13 3] O 13|  -6.794-104 13|  2.2679-103
141 4, 0 14| -1.588-106 14|  2.7907-104

2.3.3.2 NGST/CNREC 132 kWe Turbine Flow Map and Multivariate

Polynomial Fit

The flow maps or characteristic curves for the turbine were generated by Concepts NREC
corporation using their mean line flow analysis code “RIT”. The temperature and pressure
ratio characteristic curves are shown inFigure 2-23. The turbine curves are plotted as a
function of actual flow. Again it is seen that the shapes of these curves strongly resemble the
shapes of the curves generated for the C-30 turbine, see Figure 2-18.
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Figure 2-23: Turbine temperature ratio (top) and pressure ratio for a 132 kWe gas
cooled space reactor shown as a function of mass flow rate for various shaft speeds.
Design shaft speed is 59,850 rpm.
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Table 2-12: NGST/CNREC 132 kWe turbine flow map using the multivariate polynomial
fit for the pressure ratio and temperature ratio.

NGST/CNREC 132 kWe Turbine Multivariate Polynomial
Coefficients for Pressure Ratio and Temperature Ratio

II Pressure Coefficients Temperature Coefficients
0 1 0 0

0 1 2 0 43.2342 0 -14.2665
1 0 3 1 -11.1408 1 -4.4851
2 0 2 2 -0.0125 2 2.0369
3 0 1 3 1.5912 3 1.624

I=| 4 1 1| tPcoeffs =| 4 -116.9112| ® tTcoeffs =| 4 -120.2468| 1
5 2 1 5 1.4233°103 5 1.4829°103
6 0 0 6 1 6 1
7 1 0 7 -19.583 7 -20.1697
8 2 0 8 1.1588°103 8 1.314°103
9 3 0 9 -2.2834-10% 9 -2.2362°10%

2.3.4 Turbo-Compressor Working Line

The tables Table 2-11 and Table 2-12 provide functional relationships that determine the
temperature and pressure ratio as a function of inlet temperature, pressure, flow and shaft
speed. For a CBC system with the turbine and compressor mounted to a single shaft, both the
turbine and compressor are spinning at the same speed. Furthermore since the flow is in a
closed loop the mass flow rate through the two devices is the same. Also to first order
(neglecting pressure loss effects) the pressure rise in the compressor equals the pressure drop in
the turbine (i.e., the turbine and compressor have the same pressure ratio). With these
assumptions it is possible to plot the turbine and compressor pressure ratio curves onto a single
plot to determine the steady-state operating line for a specified compressor inlet pressure (CIP)
and temperature (CIT) and for a selected turbine inlet temperature (TIT).

Figure 2-24 shows this plot for the 132 kWe NGST/CNREC turbo-compressor set. This plot
was made by plotting the compressor pressure ratio (black lines) for various rpm values but
always assuming that the inlet temperature was 400 K, also the compressor inlet pressure was
assumed to be 2.0 MPa. Likewise the turbine pressure ratio curves (blue lines) were made by
assuming that the reactor provides a constant turbine inlet temperature (1200 K), but the
turbine inlet pressure was determined by the compressor pressure ratio relationship. The
intersection of the compressor and turbine pressure ratio curves, for the same rpm, also satisfy
the constraint that the mass flow rate and pressure ratio are equal. The set of intersecting
pressure ratio versus mass flow points defined by this intersection and at different rpm values
define the operating line or steady-state working line (dotted red line) for the turbo-
COMpressor.

As an example, for the specified TIT, CIT and CIP, the CBC loop can have a mass flow rate of
3kg/s only if the shaft speed is about 42,000 rpm and the pressure ratio is about 1.4. Of course
this situation represents a lower power operation because we are not at the design point of 4.5
kg/s, 60,000 rpm and a pressure ratio of about 1.9.
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Figure 2-24: Steady state working line (dotted red line) for the 132 kWe NGST/CNREC
CBC system with a 400 K, 2.0 MPa compressor inlet pressure and a 1200 K turbine inlet
temperature. The working curve is determined by the intersection of the turbine and
compressor pressure ratio curves for the same rpm values. This intersection point
guarantees that the mass flow, rpm, and pressure ratio through the turbine and
compressor all equal each other.

Similar steady state operating lines can be developed for other turbine inlet temperatures. For
a lower TIT, the working-line would lie below the higher TIT working line. In this manner an
entire operating map for the turbo compressor set can be filled out. A portion of this map is
notionally illustrated in Figure 2-25. This figure has simplified the curve a bit by eliminating
the turbine pressure ratio curves.

This type of plot is also useful for illustrating the dynamic behavior. Because the curve was
generated for steady-state, accelerations or decelerations in rpm and flow will fall off the
working-line. To accelerate the shaft speed requires additional pressures above what is needed
for steady-state. Therefore accelerating transients will shift above the line (this is illustrated in
Figure 2-25).

These working line curves and turbo-compressor operating maps are beginning to explain a
number of features of the CBC system, but they are still incomplete, because they do not take
into account the entire closed loop, or the reactor characteristics. These curves work very
nicely for open gas turbine systems because the inlet pressure and temperature are indeed very
nearly constant, and the turbine inlet temperature can be rapidly adjusted by scheduling fuel
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Figure 2-25: Map of the 132 kWe NGST/CNREC turbo-compressor working line.
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Figure 2-26: Transient behavior for shaft speed and flow accelerations (increases in
power) and for deceleration (decreases in power).
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to the combustor. Similar power or temperature control for a reactor driven CBC loop is not
practical because it means rapidly cycling and changing the reactor fuel temperature. It can be
done in principle, but it is relatively hard to do because the reactor mass is sufficiently large
that the thermal capacitance will limit the rate at which temperature changes can occur. It
would also reduce the lifetime of the materials due to the thermal cycling. The situation is
even more complex, because the turbine and compressor are in a closed loop and have limited
amounts of coolant volume. Thus accelerations in rpm will result in a larger pressure ratio, but
they will also have a tendency to decrease the compressor inlet pressure, as the average
pressure in the loop is staying constant. Therefore any model of the reactor driven CBC
system must include these effects. These issues and many others are addressed in the next
section where the steady state solution to a lumped parameter model of the reactor and CBC
loop are modeled.

2.4 Lumped Parameter Steady State Gas Cooled Reactor Model

A simple lumped parameter steady state model for a reactor driven closed Brayton cycle is
developed in this section. For convenience, the schematic diagram of a gas cooled reactor that
is coupled to a CBC space reactor system is repeated in Figure 2-27. The temperature and
pressures around the loop are indicated by subscripts beginning with ol for the compressor
inlet and 02 for the compressor outlet. The index increases in the direction of flow around the
loop.

The model consists of a set of equations for each component, and one of the main goals in
developing this model is to keep it as simple as possible. By keeping the model simple it is
hoped that it will be easier to attribute reasons and simple explanations for some of the
behavior observed in the CBC system. In addition, future work may attempt to provide limited
forms of analytic solutions, thus simple models will be required. For the sake of simplicity, no
pressure or temperature losses are assumed in the ducts, therefore T,3 which is the recuperator
low temperature leg exit temperature is also the reactor inlet temperature. Likewise, To4 1s both
the reactor outlet temperature and the turbine inlet temperature. In addition all temperatures
and pressures are assumed to be the total temperature and the total pressure. The subscript o
refers to the total temperature or pressure. The model also assumes that the coolant is a mixture
of helium and xenon with 63.5 a% He.
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Figure 2-27: Schematic diagram of nuclear gas cooled reactor coupled to a simple
recuperated Closed Brayton Cycle (CBC).

This section assembles the whole system of equations and presents some results. Once the
steady state model is developed, it is relatively straight forward to generalize it so that the
transient model can be solved.

2.4.1 Reactor Steady State Model

The equations for a simple steady state reactor are presented in Table 2-13 . In steady state the
point kinetics model (Hetrick, 1971) solution is trivial for a reactor that has one negative
feedback term that depends only on the average temperature of the fuel. In this case a steady
state reactor behaves very much like a constant temperature machine and adjusts the reactor
power level to keep the average fuel temperature constant with the fuel temperature being
proportional to the amount of reactivity inserted.
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Table 2-13: Lumped parameter steady state reactor and heat transfer equations.

Steady state equations for the reactor
. T is the average fuel temperature
Tf — TU + pmse% RX(I) f . ' V g 1u p u
r T is the initial fuel temperature (225 K)

o

P, =C, (T,-T,) Rx(2) a, is the negative fl.lel temperature
feedback coefficient (cents/K)
P —h o4 (T 7 ) Rx(3) o, = .02 cents/K
TR e cent = p /(100 p)
p is the delayed neutron fraction =
T _(T 4 +T, 3) R 4
L= e x(4) 0.006

P 18 the inserted reactivity

h,- A, is the effective heat transfer coefficient

times the area from the fuel to the

coolant
Ar=3.933m’, and hy = 396.7 W/(m*
K)

G, is the heat capacity of the coolant
C,=421.8 J/(kg-K)

m is the mass flow rate through the CBC
loop (kg/s)

T, is the reactor inlet temperature (K)

T, is the reactor outlet temperature (K)

T, is the average coolant temperature

Table 2-13 lists the equations for the reactor, equations Rx(1) through Rx(4). As seen in this
table the reactor is assumed to have one average fuel temperature, Tr. The average coolant
temperature, T, is taken to be the average of the coolant inlet and outlet temperatures, and the
steady state thermal power produced by the reactor is proportional to the temperature
difference between the fuel and coolant, and the heat transferred to the coolant results in a net
temperature increase of the fluid (To4 — To3).

The heat transfer coefficients and mass estimates were developed for a 313 pin reactor that
uses UN fuel and was clad with Nb1Zr. The fuel diameter was 9 mm and the clad thickness
was 0.5 mm. Each fuel pin was assumed to be 0.4 m long. These values were used to estimate
the heat transfer coefficients and the thermal capacitance of the reactor. The mass of the
pressure vessel and other structures were ignored in this form of the steady state model.

2.4.2 Recuperator Steady State Model

The recuperator model assumes a simple counter flow heat exchanger with the same fluid
flowing through both legs of the heat exchanger. This type of model is fully described in
Chapman, 1967 and Holman, 2001). The equations that were used are listed in Table 2-14 in
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equations Rep (1) through Rep (2). The effectiveness was optimistically estimated to be 0.95.
Given estimates of the materials and dimensions of the heat exchanger it is possible to
determine the overall heat transfer coefficient of the heat exchanger and relate this via the NTU
(Number of heat Transfer Units) to the effectiveness of the recuperator. The effectiveness is
the ratio of the actual heat transferred to the maximum heat that could be transferred in an ideal
heat exchanger (a counter flow heat exchanger of infinite area). It is in effect a measure of
how closely the cooler temperature on the each side of the heat exchanger approaches the
maximum temperature possible.

Table 2-14: Steady state counter flow recuperator model with recuperator effectiveness
set to 0.95.

Recuperator steady state model
I,=¢ (T5-T,)+T, Rep(1) T, is the compressor outlet temperature

T,  1isthe turbine outlet temperature (K)

Ts=Tys—6.(Is—T,) Rep2) 7 s the radiator/gas cooler inlet

temperature (K)
£ is the effectiveness of the recuperator

£,=0.95

2.4.3 Turbo-Alternator-Compressor Steady State Model

Next the system of equations for the turbo-alternator-compressor (TAC) is described. For the
turbine and compressor these equations are essentially the characteristic flow model described
in the previous section of this report, however, we have made a few additional corrections to
account for the pressure drop through the loop which is assumed to be 5% of the loop pressure.

Equations TAC(1) through TAC(4) are the characteristic flow equations through the
compressor and turbine. TAC(1) defines the temperature ratio for the compressor, TAC(2)
defines the temperature ratio for the turbine, TAC(3) defines the pressure ratio for the turbine,
and TAC (4) defines the pressure ratio for the compressor. TAC(5) states that turbine inlet
pressure p,4 1s the compressor outlet pressure reduce by (5%) the fractional pressure drop in
the loop. The fractional pressure drop is defined as the sum of all the fractional pressure drops
for each component within the loop. We make the assumption that ¢, = 5%. Equation

TAC(6) is a new equation. It states that the power produced by the turbine less the power used
by the compressor equals the power or load on the turbo-alternator-shaft. Effectively it is the
alternator load. (Note that the electrical power produced by the alternator would be the load
power times the efficiency of the alternator.) These three power terms must be in balance
during steady state conditions, otherwise the TAC shaft speed would be increasing or
decreasing.
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Table 2-15: Turbo-alternator-compressor steady state model, based on the 132 kWe
NGST/CNREC turbo-compressor set.

Turbo-Alternator Compressor Steady State Model

T, , T, is the compressor outlet temperature
_ZZfTrC(Talﬂpolﬂm’Nrpm) TAC(I) ? . .
T, T, 1isthe turbine outlet temperature (K)
T, 1is the radiator/gas cooler inlet

T :

. = fTrT (T04 H po4 ,m, Nrpm ) TAC(Z) Femperature' (K)
T, £, is the effectiveness of the recuperator
P, : £,=0.95

1 .:fprT (To45po4’m’ Nrpm) TAC(3) . *
Pos P,.. 1sthe power load on the TAC shaft
Por _ (TN, (1= 2,,) TAC(4) N,,, 1s the shaft speed (revolutions/s or
Por revolutions per minute)
Pos = Do (1=6,,) TAC(5) g,  isthe fractional pressure drop in the

CBC loop, ¢,,=0.05
Poa =mC, (T, ~=T,5) = i C,(T,,~T,) TAC(6)

dp,
g = > = TAC(7)
i=all components po

2.4.4 Space Radiator Steady State Model

The space based radiator model is described in Table 2-16. Again a very simple model is used.
In steady state it simply states that the heat or power lost by the coolant is radiated to space.
The model assumes that there is a gas chiller or heat exchanger that transports the heat from the
coolant to the radiator surface, with a constant temperature drop d7y,,, of 50 K. In reality the
temperature drop will depend on the power being radiated, but for this model a constant value
is assumed. The thermal power total temperature difference between the radiator coolant inlet
and outlet, m Cp (Tos -To1) equals the power radiated to space as described in equation
(RAD(1). The radiator is assumed to have a constant width and temperature for each radiating
surface incremental area dA.
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Table 2-16: Space radiator steady state model.

Turbo-Alternator Compressor Steady State Model

06 —d drop i i

A O Epaa _ J~T T, : 1 _ar RAD(1) T, is the radiator coolant outlet
Tor=dlaoy T =T temperature (K)

p space
T, is the radiator coolant inlet

temperature (K)
&, 1sthe emissivity the radiator

E.a=0.9

o2 is the Stefan-Boltzmann Constant
o=5.67x 10°®* W/(m*-K*

dT,

wop 18 the temperature drop between the
radiator coolant and the radiating
surface per incremental area dA,

dT, =50K

drop

A4,, 1s the radiating area of the radiator
(m?%), A_,=300 m*

rad

is the effective temperature of space,

space
in near earth orbit this value is taken to
be T. =225K

space

2.4.5 Gas Inventory Steady State Model

The last equations that are required to complete the set of equations is the gas inventory model.
Even though the turbo-compressor model determines the pressure ratios and the mass flow
rate, the absolute pressure is determined by the amount of coolant gas that is contained in the
closed loop. For the sake of simplicity, the loop is assumed to have two effective coolant
volumes, one for the low pressure leg of the loop and one for the high pressure leg of the loop.
Each volume has a near constant pressure and an effective average temperature. The sum of
the mass of coolant within each volume therefore equals the total mass in the loop which is
kept constant.
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Table 2-17: Gas inventory steady state model.
Turbo-Alternator Compressor Steady State Model

PV, P,V P, is the compressor inlet total pressure
my = — + — INV(1)
Ro : lep Ro ) Thp (Pa)
P, is the compressor outlet total pressure
T =02-T, +08-T, INV(2) (Pa)
r R is the gas constant R, = R/ MW e xe
0 g
T 4T =164.75 (J/kg-K)
T, =% INV(3) T,  is the effective average temperature of
the low pressure leg
T, is the effective average temperature of
the high pressure leg
v, is the low pressure leg volume,
V,=0.1m’
V,, 1s the high pressure leg volume,

V,,=0.15m’

m g, is the CBC loop fill mass,
m , =5.8735 kg

2.4.6 Steady State Equation Summary and Results for a Reactor Driven
Brayton Cycle Power Conversion System

The complete set of equations is defined in Table 2-13 through Table 2-17. These tables
correspond to the various CBC components including the reactor, the recuperator, the turbo-
alternator-compressor (TAC), the space radiator, and they include the gas inventory constraint
equation. With minor simplifications all of these equations have been collected into Table
2-18. Table 2-18 displays the equations in the form used for Mathcad™ Version 11.2a
(Mathsoft, 2005) which was used to solve the equation set. One of the internal non-linear
equation solvers (Levenberg-Marquardt) was used. The equation set lists the equations and
variables introduced and counts or keeps track of them. The problem set consists of 14
equations with 16 unknowns. Because there are two more unknowns than equations, solutions
can be only be obtained if two of the variables are treated as input parameters. The solution
used here treats the reactor fuel temperature and the shaft rpm as the independent variables.
Other pairs of independent variables have been used as well. For example, the same set of
equations has also been solved using the TAC load and fuel temperature as the independent
variables. Because the equations are non-linear, an iterative solution technique was used along
with initial guesses for the solutions. Many of the initial guess values for the variables are
listed on the right side of Table 2-18.
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2.4.6.1 Steady State Operating Map at Constant Fuel Temperature

A very useful plot that illustrates many of the features of reactor driven closed Brayton cycle
power conversion systems is illustrated in Figure 2-28 and in Figure 2-29. In Figure 2-28 the
TAC shaft load (equivalent to the alternator electrical power produced divided by the turbo-
alternator-compressor (TAC) shaft power is plotted as a function of shaft speed (rpm) for
various average reactor fuel temperatures. The TAC power is equivalent to the alternator
power divided by the total alternator efficiency that includes windage and electrical effects.
We sometimes refer to this power as the alternator power. For completeness we also show the
reactor power for the same conditions (see Figure 2-29). First let’s examine the alternator
power versus shaft rpm in Figure 2-28. The non-linear nature of the reactor driven Brayton
cycle is illustrated in this plot. Note that for a given load (say 100 kW) at an average fuel
temperature of 1100 K, that there are two shaft speeds that give steady state solutions. These
are 47,000 rpm and 62,000 rpm. It is obvious that only one of these solutions will be the true
value that the system will operate at because the shaft can only spin at one speed, but under
what conditions? Before answering this question first observe in Figure 2-29 that the reactor
power level at the lower rpm is about 280 kW, while at 62,000 rpm the reactor power is about
400 kW,. Obviously it would be highly desirable to operate at the lower shaft speed because
much higher thermal dynamic cycle efficiencies could be achieved at the lower shaft speeds.

As will be shown later, for the set of equations listed in Table 2-18, the higher shaft speed is
the only dynamically stable point. The lower rpm value is indeed a steady-state solution, but it
is dynamically unstable without implementing some type of dynamic control system. Because
the equations are steady state solutions, the dynamic effects are not captured in the solution.

In fact dynamic solutions of these equations show that for a fixed TAC load and for shaft
speeds below the lower rpm steady-state point, the CBC loop will result in a system wide
“stall””; that is, the shaft rpm will continue to decrease in speed until it stops. Similarly if the
shaft speed is above the lower rpm “stall” value (again for fixed load), the shaft speed will
increase and dynamically stabilize at the higher steady state rpm. These effects and more will
be explained in more detail in subsequent sections of this report.

Other important data such as the “break-even” or “self-starting” conditions can also be
obtained from the plot of TAC load (alternator power) versus shaft speed. The zero crossing
locations indicate the “break-even” or self-starting / self-operating conditions for the reactor
driven power conversion system. Thus at 25,000 rpm the average fuel temperature must be at
least 500 K or greater for positive power to be produced, that is for the system to self start. At
40,000 rpm shaft speed the self-starting fuel temperature must be near 600 K and at 60,000
rpm the self-starting rpm is 800K. Some caution is advisable here, because the fits and
extrapolations used to make the characteristic flow maps have inaccuracies at low shaft speeds
and low flow rate. Nevertheless, we believe the trends and rough numbers as described here to
be roughly correct. Future values may change as we improve our ability to model the flow
curves near zero flow and zero rpm.
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Table 2-18: Complete set of steady state equations for a reactor coupled to a closed
Brayton cycle.

Eqgns Variables No of Variables
Given
Py, = hAbar - (T¢ — Tebar) 1 P.th T.f T.cbar 3 Py = 4.3548x 10 kgm> s
P¢, = mdot - Cp - (To4 - T03) 2 mdot T.04 T.03 456
To4 + To3 Tebar = 885.4227K
Tebar = 3 cbar
2
Toa = 521.3507K
T.02 T.ol Pol 1 o
To2 = rTrComp(T01 ,Po1, Nrpm, mdot) 4 ° ° ol Nrpm 78910
1 12 =
Tos5 = rTTurb(T04,P04, Nrpm, mdot) 5 T.05 P.o4 Tos = 7833174
To3 = &x (Tos — Toa) + Toa 6 To3 = 770.2191K
13 To6 = 534.4491K
Toe=To5 —&x* (T05 - Toz) 7 T.06 06
Nrpm = 1 x 10°571
p.C= rprComp(TOl ,Po1, Nrpm, mdot) 8 p-C 14 p_C =3.617IMPa
p.T= rprTurb(T04,P04,Nrpm,mdot) 9 pT 15 p_T = 1.8277MPa
Por=p_T- (1) 10
Py = 1.782MPa
Pos=p_C- (I - 5dp) 1
2
To6-dTgrop Arad =300m
t - 1
Arad= mdov Cp r - } Jr 12
O frad T - Tspace
To1=dT grop
Pty = Pload + [mdot - Cp- (Tog — Tor )" 13 P.load 16

mdot - Cp - (T04 - T05) —mdot - Cp - (T()Z - Tol) = Pload

_ Po1 - Vip p_C- Vip 14
il = Ro - (2To1 + 8- Tog) * (To3 + Toa) Since this equation assumes no volume in
T, the recuperator I should use the average

temperature across the Rx and Radiator

12 3 45 6 7 8 910 11 12 13 14
cbeSys2 Ty, Nrpm) := Find(Pyy, Tepar. mdot, Tog, Tos. Tods To3 To2s To1P_C.b_T, Pioads Po1. Pod)

Another important behavior illustrated in Figure 2-28 answers the question, what happens if |
increase the flow rate by 10%. The answer is that it clearly depends on where you are on the
curves shown in Figure 2-28. Because the equations are non-linear, the response to
perturbations depends on the initial conditions. For example, if the initial operating point is on
the positive slope of the curve, say at the red dot (Piag Tac=100 kW, rpm =47,000, T=1100 K)
then a small increase in shaft speed will result in an increase in the electrical load or TAC
power level.
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TAC Load versus rpm for various
Average Fuel Temperatures
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Figure 2-28: Alternator or TAC shaft load plotted as a function of shaft speed for
various fixed turbine inlet temperatures.

Likewise if the initial operating point has a negative slope (for example at the green dot, P
load TAc=100 kW, T=1100K, rpm=63,000) then a small increase in shaft speed will result in a
decrease in TAC load or power generated. This behavior is real, and it has indeed been
measured in the Sandia Brayton Loop (see Section 4.4).

The behavior of the reactor driven CBC system (on the negatively sloped portion of the plot) is
counter intuitive as a decrease in load results in an increase in rpm but with a corresponding
increase in reactor power. It is stable, and it will load follow, but it is probably not how one
desires to operate the reactor and CBC machinery. Clearly operations on the left side or the
positively sloped portion of the plot is more desirable as increases in rpm result in increased,
power generation and increased reactor power level. As mentioned, this will require the use of
an active feedback control system.
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Reactor Power versus rpm for various
Average Fuel Temperatures
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