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ABSTRACT

The Microreactor Agile Non-nuclear Experimental Testbed (MAGNET)
facility is being constructed at Idaho National Laboratory’s (INL’s) Energy
Systems Laboratory to assist with the development, demonstration, and
validation of microreactor components and systems. MAGNET will
accommodate various types of test articles representative of different
microreactor designs. A power conversion unit (PCU) simulator loop was
proposed to use the rejected heat from the test article and mimic the thermal
hydraulic conditions (e.g., temperature, pressure and flow rate) that would be
experienced if an actual Brayton cycle PCU was attached. However, due to the
high-estimated cost of the PCU simulator and the availability of a turbogenerator
used for previous testing at Sandia National Laboratories, the PCU simulator
design was abandoned in favor of integrating an actual PCU into MAGNET. A
commercial Capstone C30 was modified by Sandia to use external electrical
heating, rather than combustion heating, to provide a power output from 1 to
~30 kWe. The C30 has a single-stage centrifugal combustor, a static radial heat
exchanger, and a radial inflow turbine arranged on a single shaft with a high-
speed alternator. Since the operating temperature and energy transfer per unit
working fluid mass are comparable, the MAGNET PCU will provide researchers
with the ability to evaluate the test article heat transfer under representative
operating conditions with the transient system behavior associated with a closed
Brayton cycle PCU. This report examines the integration of a modified
commercial Capstone C30 turbogenerator into MAGNET, outlines a proposed set
of tests, and describes future work.
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EXECUTIVE SUMMARY

Efficient operation of the power conversion unit (PCU) is essential to
facilitate the widespread deployment of nuclear microreactors. For these systems,
the advantages offered by Brayton power cycles make them attractive for
integration with microreactors. Integration of a modified Capstone C30 turbine-
alternator-compressor (TAC) unit from Sandia National Laboratories into the
Microreactor Agile Non-nuclear Experimental Testbed (MAGNET) testbed was
evaluated. Commercially available C30 TACs are designed to operate with
natural gas as the fuel source. However, this C30 unit was modified to use
external electrical heating to simulate a nuclear heat source. A 75 kWt
electrically heated test article and heat exchanger providing a turbine inlet
temperature of 600°C was evaluated for operation with the modified C30 in
MAGNET. Operation of a test article supplying a maximum thermal power of
250 kWt was also considered. Additionally, the open-cycle configuration of the
commercial C30 was reconfigured as a closed Brayton cycle (CBC) using
nitrogen as the working fluid. The key components of the PCU to be installed in
MAGNET are the compressor, turbine, alternator, internal recuperator, and
Basco®/Whitlock® gas cooler. Recommendations on using the Sandia
Basco®/Whitlock® gas cooler and the MAGNET XLG® cooler are provided
based upon heat transfer analyses. Turbine and compressor flow curves are used
to characterize performance over a range of expected operating conditions. The
integration of the C30 unit into the MAGNET loop provides an opportunity for
operator training on a small PCU. Users will have the ability to interface with the
controls and obtain feedback on certain aspects the integrated microreactor PCU
cycle.

The key points resulting from the CBC process modeling evaluation are
summarized below.

e The Capstone C30 TAC and Basco®/Whitlock® gas cooler have equipment
performance specifications that are compatible with MAGNET, and these
components are well-suited for closed Brayton cycle testing in conjunction
with 75 kWt MAGNET test articles. If MAGNET PCU testing is performed
with a microreactor test article exceeding 75 kWt thermal capacity, use of the
XLG® heat exchanger may be required in place of, or in addition to, use of
the Basco®/Whitlock® heat exchanger.

e When the Capstone C30 microturbine inlet temperature is decreased to
600°C from the typical combustion-fired scenario with 877°C turbine inlet
temperature while holding the total thermal power input constant at 75 kW,
the decrease in thermal efficiency associated with the decreased heat source
temperature results in a significant reduction in the overall net power
generation (11.4 kWe net at 600°C versus 25.2 kWe at 877°C).

¢ Evaluation of selected control schemes, including TAC shaft speed, turbine
inlet temperature, gas (working fluid) inventory, gas cooler duty, and
throttling valve control, indicated that each of these strategies could be used
to control net power output of the MAGNET PCU. The net power output at
the simulated design point is slightly higher than the ~30 kWe rating of the
Capstone C30 generator.



e Athrottling valve is not required for control of the MAGNET PCU, but
inclusion of one would provide the ability to test additional control schemes
and gain further insight into the transient operating characteristics of reactor-
driven closed Brayton cycles. A throttling valve with a Cv of 150 (USGPM
at 60°F and 1-psi differential pressure) is recommended for providing
accurate control of the MAGNET PCU configured with a 75 kWt test article.

Avreas for future work include the construction of a digital twin to facilitate
further understanding of the interaction between the reactor and the PCU. Data
from the coupled reactor-PCU could be used to develop and validate anomaly
detection algorithms to facilitate remote or autonomous operations. The coupled
system could also be used to test novel waste heat recovery systems. A dynamic
system model should be developed to further investigate the transient operation
(response times, system performance, control system parameters, etc.) of the
coupled reactor-PCU system. Additionally, grid connectivity could be explored
using the microgrid available at the Energy Systems Laboratory.

Vi
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Integration of a Microturbine Power Conversion Unit
1. INTRODUCTION

Microreactors, also known as very-small modular reactors or special purpose reactors, are being
considered for use in unique applications where other methods of megawatt-level energy production are
uneconomical or unavailable. These microreactors are envisioned to be:

e Factory manufacturable
o Transportable by truck, plane, train, and/or ship

e Able to produce <20 megawatt thermal (MWth) energy (to qualify as Hazard Category 2 under
10 CFR 830)

e Capable of semi- or fully autonomous operation.

Various types of microreactors are under development, including gas-, liquid-metal-, molten-salt-,
and heat-pipe-cooled concepts. In the United States (U.S.), microreactors could be deployed as early as
the mid-2020s.

The Microreactor Agile Non-nuclear Experimental Testbed (MAGNET) facility (illustrated in Figure
1) is being constructed to assist with the development, demonstration, and validation of microreactor
components and systems [1]. The purpose of the test bed is to support technology maturation that will
reduce uncertainty and risk relative to the operation and deployment of this unique class of systems.
Within MAGNET, systems and components can be safely tested, providing valuable information on
failure modes, operating regimes, and thresholds. The goal is to provide a testbed that is broadly
applicable to multiple microreactor concepts. Performance testing of relevant components will be
conducted under prototypical conditions to ensure safe operation of the microreactor.

The test bed is not required to simulate all of the physical processes and phenomena, just those that
either directly yield certain safety and performance figures of merit or provide data that can be used in the
broader evaluation to yield other important information. To increase the technological maturity of these
reactors, MAGNET is being designed to simulate the reactor core and heat removal section thermal
hydraulic performance data for prototypical geometries and operating designs and demonstrate integration
with relevant power conversion units (PCUs). The MAGNET facility will be used for evaluating
microreactor test article performance at representative operating conditions [2]. The test articles evaluated
in the MAGNET facility will be non-nuclear units heated using electrical resistance heaters. MAGNET
experiments will evaluate heat transfer and materials performance during tests in which the test article
transfers heat to a working fluid coolant that is circulated through the system.

MAGNET will have the ability to simulate the certain aspects of the microreactor envelope of the
microreactor, mainly focusing on thermal and structural evaluations [3]. Test articles are being developed
to demonstrate the performance of key components of proposed microreactor systems that represent
components that have not been previously tested and deployed in nuclear reactors, such as heat pipes or
printed circuit heat exchangers. Auxiliary systems to produce electricity or commaodities, such as the
PCU, desalination equipment, chemical conversion, and waste heat recovery, can be attached to the test
bed to demonstrate the utility of these systems. MAGNET is located in a high bay in INL’s Energy
Systems Laboratory facility, where there are other research capabilities, including facilities for testing
electrolysis (High-Temperature Steam Electrolysis), transportation battery systems, real-time grid
simulation, and thermal energy storage. The MAGNET PCU could integrate with any of these systems in
future testing to evaluate system integration, controls, and performance of integrated energy systems with
microreactor-based energy input.



Figure 1. MAGNET deployment in INL’s Energy Systems Laboratory building, Systems Integration
Laboratory.

This report provides an analysis of integrating the PCU into MAGNET. Section 2 describes the
integration of the PCU in the MAGNET loop and the testing objectives. The PCU components and
process design are provided. Section 3 includes the PCU operation and performance normal, off-design,
control schemes, and process start up and shut down. Section 4 outlines proposed static, dynamic, and
control systems testing.

2. INTEGRATION OF POWER CONVERSION UNIT IN MAGNET

PCUs are required to convert the nuclear heat to useable power. As such, the integration of PCUs
with the various reactor concepts under development is an essential element to the successful deployment
of microreactors. The MAGNET facility provides a test platform for evaluating the integration of PCUs
with electrically heated core designs and compact heat exchangers. MAGNET has an environmental
chamber capable of 107 torr vacuum to atmospheric pressure, a heat removal capacity of 250 kW, a
design pressure of 22 bar, and a maximum test article temperature of 750°C. The coolant, limited to
650°C, is either compressed N2 or He flowing in a closed loop with a recuperative heat exchanger, and
heat rejection is provided by chilled water (see Figure 2). The compressor and chiller are located on an
outdoor pad separated from the test chamber by a rollup door as illustrated in Figure 3. MAGNET
provides connectivity to test a variety of electrically heated microreactor core concepts, heat exchangers,
and auxiliary systems (such as PCUs and process heat or cooling systems) as illustrated in Figure 4. The
heat exchanger is a key component necessary to remove the heat from the test article and supply it to the
PCU.



Figure 2. MAGNET subsystems.

Figure 3. Equipment layout in MAGNET.
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Figure 4. The heat exchanger removes heat from the test article and supplies it to the PCU.



Brayton cycles, including open air, recuperated air, helium, and supercritical CO2, have been
investigated for coupling with microreactors [4,5]. In a previous study, a concept for PCU simulators was
investigated to extract the heat from the heat exchanger and mimic the thermal hydraulic conditions that
would be experienced if an actual Brayton cycle power conversion unit is attached. To appropriately
simulate the effects of the power and/or thermal conversion units, a set of thermal hydraulic conditions
was developed using process modeling. A separate flow loop was designed to incorporate a standalone
compressor and valve/heat exchanger combination to emulate a turbine to produce Brayton cycle flow
conditions [7]. The initial PCU simulator design was being revised to match not only turbine outlet, but
turbine inlet, conditions when an actual PCU used for previous testing at Sandia National Laboratories
became available at minimal cost to the program. Due to the high-estimated cost of the PCU simulator
and the option of using the Sandia PCU, the simulator concept was abandoned in favor of using an actual
PCU.

2.1 PCU Testing Objectives

Integration of microturbine hardware with the MAGNET test facility will provide the capability to
perform PCU tests relevant to microreactor electrical power generation applications. Potential MAGNET
PCU tests include: (1) replication of optimized PCU operating conditions, (2) transient testing, (3) control
system testing, and (4) integrated energy systems testing. The data from these tests will provide a basis for
comparing and validating aspects of the steady-state and dynamic models being used to design Brayton
cycles for microreactor power generation.

Brayton cycles are ideal for microreactor PCUs since they have the advantage of not needing to be
tied to a water supply for removing the waste heat from the power cycle. Therefore, they can be deployed
to remote areas or anywhere a water supply is not readily available. Few nuclear reactors have been
coupled to a CBC besides the ML-1 experimental reactor, which first generated electricity in 1962 and
operated for 3 years. This compact, mobile reactor was coupled directly to a recuperated closed-cycle,
gas-driven turbomachine [8]. There are potential issues associated with the controllability of reactors and
CBC systems. Because of the limited experience of coupling reactors and CBC systems, accurate
modeling of these systems is extremely important. Most land-based gas turbine power generation systems
operate with open cycles using air as the working fluid. In open-cycle systems, the compressor inlet
pressure is one atmosphere if operated at sea level, less if it is operated at high altitude. An advantage of
CBCs is the ability to operate well above atmospheric pressures.

There are many potential electrical power generation applications for microreactor-based PCUs.
Demonstrating that the test article (hereafter also referred to as “reactor”) heat exchanger is able to
achieve the design heat output performance at representative PCU operating conditions (specifically
reactor heat exchanger temperature, pressure, and flow rate) is important for verifying that simulated PCU
performance levels can be attained. Most, if not all, applications would experience transient operating
conditions associated with changes in load and/or process operating conditions. Example transient
conditions include PCU startup/shutdown, load-following operations, safety events, such as reactor loss
of power, etc. Transient testing would assess PCU performance in dynamic operating scenarios to provide
the data necessary to evaluate and improve the PCU hardware and control system configurations.

2.2 Microturbine PCU Equipment Specifications

The microturbine PCU to be used in MAGNET is a modified Capstone C30 unit that was previously
used for closed Brayton cycle (CBC) testing by Sandia. Standard Capstone C30 microturbine units are
designed for terrestrial power generation using a natural gas fuel source, which is combusted within an
internal combustion chamber. The modified Capstone C30 has been reconfigured to allow heat input from
an external source. Therefore, repurposing the Sandia unit will provide a microturbine unit with
specifications well suited for PCU testing with heat sources that generally match the thermal capacity
ratings of the test articles that will be tested in the MAGNET facility.



Figure 5 shows a schematic of the turbine-alternator-compressor (TAC) CBC integrated into
MAGNET. The cycle is completely closed and gas flows through the compressor and recuperator into the
reactor heat exchanger, into the turbine, back into the recuperator, and finally into the waste heat rejection
system (i.e., gas cooler). The turbine, compressor, and alternator are all mounted on the same shaft;
therefore, they rotate at the same speed. The TAC recuperator is a gas-gas heat exchanger, whereas the
reactor heat exchanger can be gas-gas or liquid-gas depending upon the reactor design. The Power
Management and Distribution subsystem rectifies and regulates the three-phase voltage and current, and
distributes power to the load and bus. It is also used to regulate the total electrical load and the frequency
rotational speed of the TAC. Power generated by the TAC can be fed to the electrical heaters in
MAGNET. A description of the various legs comprising the CBC loop is given in Table 1.

MAGNET
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Figure 5. Schematic of CBC loop in MAGNET.

Table 1. Description of components in the PCU loop.

Leg | Inlet Component Outlet Component
1 | Gas Cooler Outlet Compressor Inlet
2 | Compressor Outlet Recuperator Inlet Low-Temperature (LT) Leg
3 | Recuperator Outlet LT Leg Reactor Heat Exchanger Inlet
4 | Reactor HX Outlet Turbine Inlet
5 | Turbine Outlet Recuperator Inlet High-Temperature (HT) Leg
6 | Recuperator Outlet HT Leg Gas Cooler Inlet

The following subsections provide details of the MAGNET PCU major process equipment
components, including the gas heater, compressor and turbine, internal recuperator, and gas cooler.
Details presented for each component include the configuration, specifications, operating conditions, and
approach for modeling performance at design and partial load conditions, as applicable.



2.21  Gas Heating

The heat input to the PCU working fluid will be obtained from the MAGNET test articles, with the
heat transfer taking place through the reactor heat exchanger (RHX). With this arrangement, the heat is
transferred at a lower temperature (since MAGNET is limited to a maximum temperature of 750°C) than
in the original C30 configuration with natural gas combustion.

MAGNET provides the ability to test different types of microreactor components. The first test article
for MAGNET shakedown testing will be a heat pipe design with six electrical resistance heaters and a
single sodium-filled heat pipe. Following that initial test, a 2-m-long test article with 37 high-temperature,
sodium-filled heat pipes that extend from the core to the heat removal section (see Figure 6) will
demonstrate an electrically heated test article connected to the PCU in MAGNET. The 37 heat pipes test
article will use 54 electrical resistance cartridge heaters that will provide a total power of ~75 kWt [9].
The heat pipe nominal operating temperature is 650°C. The 37 heat pipes test article employs a double-
pipe type heat exchanger that is bonded directly to the test article, whereas follow-on test articles will
likely use a compact platelet type heat exchanger.

(a)
«—— Cap
Heat Pipes
Heat
[~ Exchanger
<—— ekFill Interface
+«—— Tube sheet
[ Core
(b) (c)

Figure 6. (a) Cross section of 37 heat pipes core block geometry, (b) test article core, and (c) heat removal
section.



2.2.2 Compressor and Turbine

The Capstone C30 is a microturbine unit designed for electrical power generation from hydrocarbon
fuel combustion. The C30 is a commercially available product that includes the TAC components
packaged in a compact unit. The C30 includes a single-stage centrifugal compressor to pressurize the inlet
gas and a radial turbine to expand the heated high-pressure gas. The unit also includes an integrated
recuperator to recover thermal energy from the turbine exhaust stream for use in preheating the heater
inlet stream. A cutaway view of a C30 TAC assembly is shown in Figure 7.

Figure 7. Cutaway view of the commercial Capstone C30 TAC unit [11].

The TAC components operate on a common shaft such that all components rotate at the same speed.
The shaft is supported via gas bearings that enable it to spin at rotational speeds approaching
100,000 revolutions per minute (RPM). The maximum rated power is ~30 kWe at 96,000 RPM and the
minimum power is 1 kW at 45,000 RPM. A photograph showing the compressor and turbine arrangement
of the C30 TAC unit is shown in Figure 8.

Figure 8. Compressor and turbine arrangement of the Capstone C30 TAC (photo courtesy of NASA
Glenn Research Center) [14].



The C30 process controller allows the C30 shaft speed to be varied to modulate power output for
load-following applications, and the system power electronics convert direct current power generated at
the varying shaft speeds to alternating current power at a frequency that can be exported to the electrical
grid. A summary of the Capstone C30 TAC specifications is listed in Table 2. As will be discussed below,
a C30 unit modified to allow external heat addition will be used for microreactor CBC testing at the
MAGNET facility. While the specifications listed in Table 2 apply to the natural gas combustion
application, these specifications remain applicable for applications with similar heat input and operating
conditions. MAGNET facility testing of the C30 TAC unit is expected to utilize a 75 kWi test article in a
CBC configuration (as compared to 115 kWt in an open Brayton cycle configuration for the natural gas
combustion application), so the performance of the C30 during MAGNET PCU testing is not expected to
exactly match the conditions listed in Table 2. Further evaluation of the C30 TAC performance over a

range of MAGNET PCU test conditions is included in Section 3.2

Table 2. Capstone C30 performance specifications.

Specification Value Reference or note
Design Application Natural gas combustion [8, 12]
Net power ~30 kWe [8,10,12]

System efficiency

26% Lower Heating Value

[12]; cited value is for hydrocarbon
fuel combustion applications

Heat load

115 kWt

[12]; calculated from net power and
system efficiency (Lower heating
value basis)

Compressor type/size Centrifugal/109.2 mm diameter [8]

Compressor efficiency 79% [10]

Turbine type/size Radial/101.6 mm diameter [8]

Turbine efficiency 84.3% [10]

Pressure ratio 3.7 [8]

Maximum pressure 413 kPa gauge (60 psig) [13]

Shaft speed 96,000 RPM [8, 10]

Turbine inlet temperature 824°C [10]

Turbine exit temperature 593°C [10]

Temperature ratio 1.27 Calculated from turbine inlet and
exit temperatures listed in [10]

Exhaust gas flow rate 0.31 kg/s [8]

Recuperator Effectiveness 0.86 [10]

Recuperator Pressure Drop 5.01% [10]

Total pressure loss 7.49% [10]

Acoustic emissions 65 dBA (full power at 10 m) [13]

In the natural gas power generation application, the elevated temperature and pressure gas that is sent
to the C30 turbine is produced by using the compressor to pressurize inlet air before combusting the high-
pressure air with natural gas in the combustion chamber. The combustion chamber is located inside the
unit immediately adjacent to the turbine, as shown in Figure 6. In the MAGNET microturbine PCU
application, heat addition will be provided by an electrically powered test article configured to provide
thermal hydraulic performance representative of a nuclear microreactor. The test article is significantly
larger in physical dimensions than the C30 microreactor combustion chamber; therefore, a modified




working fluid flow path is necessary to allow heat addition to the turbine inlet stream to occur external to
the Capstone C30 microturbine unit.

The Capstone C30 microturbine unit to be tested in the MAGNET facility is a unit that will be
obtained from Sandia. Sandia used the Capstone C30 unit to perform CBC testing as described in Sandia
reports [14]. Working fluids including Nz, Ar, CO., He, 90%N,-10%Ar, 90%Ar-10%He, 80%Ar-
20%He, and 70%N2—30%He, were used for flow characterization, transient modeling, static loop
performance or inventory control tests [14]. The CBC testing performed by Sandia also investigated cases
where the heat addition would be from a nuclear heat source. As is planned for the MAGNET
performance evaluation of microreactor test articles, the Sandia CBC testing simulated the performance of
a nuclear heat source using electric resistance heaters. The Sandia electric heaters were too large to be
placed within the existing Capstone C30 combustion chamber; therefore, modifications to the C30 unit
were performed to accommodate external heat addition.

Figure 9 shows a cross-sectional view of the Capstone C30 unit as modified by Sandia. The orange
line depicts the flow path of the working fluid through the compressor and cold side of the recuperator.
The red line depicts the flow path of the working fluid through the turbine and the hot side of the
recuperator. The Sandia modifications allow the working fluid from the cold side of the recuperator to
exit the C30 unit and flow to an external heating chamber (terminus of orange line). Following a heat
addition in the external heater, the working fluid flows through an array of tubes (origin of red line) that
penetrate the turbine exit dome, combustor annulus, and turbine inlet dome, respectively, to deliver the
heated working fluid into the combustion chamber, at which point it is routed to the turbine inlet.

In the original unmodified Capstone C30 configuration, the gas stream does not leave the assembly at
any point between the compressor inlet and the recuperator hot-side outlet. The high-pressure gas exiting
the compressor flows into the cold side of the recuperator. The recuperator cold-side outlet stream flows
through an annular duct positioned between the inner and outer turbine exhaust ducts before being
redirected by 180 degrees in the reverse axial direction to the combustion chamber inlet. The heated gas
leaving the combustion chamber enters the turbine in the radial direction and exits the turbine to the inner
turbine exhaust duct. The inner turbine exhaust duct directs the stream away from the turbine exit in the
axial direction. A turbine exit dome redirects the exhaust gas stream by 180 degrees to the outer turbine
exhaust duct where it flows in the reverse axial direction to enter the hot side of the recuperator in a
countercurrent heat exchange direction. The recuperator hot-side outlet stream is then exhausted from the
assembly. The flow configuration described above is shown in Figure 9 by the path that starts by
following the orange line, transitions to the white line, and ends with the red line.

Figure 9. Cross-sectional view of Capstone C30 microturbine assembly. The orange and red lines indicate
the gas flow path including the region of the unit housing modified to allow external heat addition. The
flow path through the compressor and recuperator are shown by the orange line. The flow path through
the turbine and recuperator are shown by the red line [14].



In the modified C30 unit, the combustion chamber is bypassed to allow heat addition via an external
gas heater. The modified configuration uses a set of ports that are retrofitted into the recuperator cold-side
outlet (annular) duct to allow gas to exit the C30 assembly in a radial direction, as shown in Figure 8. The
positioning of the outlet ports and the piping connecting the ports to the external heater inlet manifold are
shown in Figure 10. The high-pressure fluid collected in the heater inlet manifold then is directed into the
gas heater. In the Sandia CBC testing the gas heater was an electric unit that simulated heat input from a
nuclear source. Similarly, in MAGNET testing the gas heater will be performed in an electrically heated
microreactor test article that simulates heat addition at conditions representative of a full-scale
microreactor unit.

Figure 10. Photograph of Capstone C30 piping modifications to divert the recuperator cold-side outlet
stream to external heater unit.

Modifications performed by Sandia visible in Figure 10 include piping connecting four outlet ports to
the heater inlet manifold [8]. For MAGNET testing, the externally heated working fluid will be
reintroduced to the C30 assembly via the piping modifications implemented by Sandia. In the modified
configuration, the working fluid flows from the external gas heater into the combustion chamber instead
of from the recuperator cold-side outlet duct into the combustion chamber (the fluid is removed from the
assembly via the recuperator cold-side outlet duct per the description above). To deliver the externally
heated working fluid to the combustion chamber located in the interior of the C30 assembly, six ports
were drilled in each of the three surfaces that form the ducts for transporting the working fluid into and
out of the turbine. The three surfaces in which ports were added include the turbine exit dome, combustor
annulus dome, and turbine inlet dome. Six tubes pass through the ports in each of these three surfaces and
transport the heated working fluid into the combustion chamber. A photograph of the six tubes traversing
each of the duct boundary surfaces is shown in Figure 11. Downstream of the combustion chamber the
working fluid flows through the C30 assembly in a manner identical to the unmodified configuration,
except for the fact that the flow travels around the tubes that penetrate each of the turbine exhaust ducts.
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Figure 11. Photograph of Capstone C30 turbine exit dome (top), combustor annulus (middle “dome”), and
turbine inlet dome (bottom) with six tubes added by Sandia to transport heater outlet stream to turbine
inlet [8].

2.2.3 Recuperator

The recuperator is used to improve the efficiency of the power cycle. The Capstone C30 microturbine
unit uses an integrated recuperating heat exchanger to preheat the reactor inlet stream using heat
recovered from the turbine exhaust stream. Use of the heat recovered from the turbine exhaust stream to
preheat the reactor inlet stream allows for a smaller temperature differential across the heat exchanger
coupled to the microreactor test article. Assuming a constant rate of heat input, a smaller temperature
differential allows for increased working fluid mass flow rate and, consequently, increased power
generation from expansion of the pressurized working fluid via the turbine.

The Capstone C30 recuperator is positioned in the annular space surrounding the compressor and
turbine. The position of the recuperator relative to the compressor, turbine, and other C30 TAC
components is shown in Figure 10. Figure 12 is a photograph of a Capstone annular recuperator unit. The
working fluid exiting the centrifugal compressor in the radial direction flows into the cold inlet side of the
annular recuperator where it is heated before exiting via the cold-side outlet and subsequently directed in
the axial direction to the gas heater. After the working fluid has traveled sequentially through the gas
heater and turbine, the low-pressure turbine exhaust stream flow is redirected 180 degrees within the
housing such that it can enter the hot inlet side of the recuperator in a direction that provides
countercurrent heat exchange. The working fluid exiting the hot side of the recuperator is routed out of
the microturbine housing, at which point it is directed to the separate gas cooler heat exchange unit.
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Figure 12. Capstone microturbine annular recuperator [15].

According to Xiao et al [16], Capstone recuperators are a primary surface type recuperator with a
cross-wavy flow pattern. A diagram of the cross-wavy surface construction is shown in Figure 13. A
numerical investigation by Utriainen and Sundén [17] indicated that the cross-wavy duct configuration
increases the Nusselt number by 600% compared to straight ducts. Correlations for cross-wavy
recuperator Nusselt number and friction factor as functions of Reynolds number are provided in several
studies [18-20].

Figure 13. Schematic of a cross-wavy recuperator surface [16].

Despite the availability of correlations for evaluating heat transfer and pressure drop, this analysis
implemented a simplified evaluation of recuperator performance based on the number of transfer units
(NTU)-effectiveness method due to minimal information availability regarding the details of the
recuperator geometry and associated flow conditions.

2.2.3.1 NTU-Effectiveness Method

The NTU-effectiveness method can be used to calculate the rate of heat transfer in various heat
exchanger geometries based on the inlet stream temperatures and the flow rate and heat capacity of the
hot- and cold-side fluids. Heat exchanger effectiveness € is defined as the ratio of actual heat transfer to
the maximum possible heat transfer that could be obtained in a counterflow heat exchanger with infinite
surface area.
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__4a
€= dmax (1)

The maximum possible heat transfer gmax is obtained by evaluating expressions for the heat capacity
rates (product of mass flow rate and specific heat) of the hot- and cold-side fluids and then multiplying
the minimum heat capacity rate by the maximum possible temperature difference. Expressions for Cmin
and Qmax are included below:

Cinin = min(mccp,c,mhcp,h,) 2
Amax = min(Th,i - Tc,i) 3
where:

m designates the mass flow rate

¢, designates the fluid specific heat

T designates the stream temperature

Subscript i designates stream inlet conditions

Subscript ¢ and h designate the cold and hot streams, respectively.

NTU is defined as:
UA

NTU = — 4)
where:

U is the overall heat transfer coefficient

A is the heat transfer area.

Mathematical expressions for effectiveness are available for many heat exchanger types. The
effectiveness correlations generally take the form of e = f(NTU, c¢), where:
c= Cmin __ (mcp)min )

B Cmax Bl (mcp)max

In this analysis a double-pipe counterflow heat exchanger recuperator model is used to evaluate the
heat exchanger effectiveness. Although the recuperator geometry differs from a double-pipe
configuration, the countercurrent, single-pass flow arrangement of this configuration is representative of
the recuperator configuration. The effectiveness correlation for a double-pipe counterflow heat exchanger
(coaxial configuration with single pass for both hot and cold fluids) can be calculated from the following
relation [21]:

__ 1-exp[-NTU(1-c)]
- 1-c-exp[-NTU(1-¢)]

(6)

In the microturbine recuperator application the hot and cold-side fluids, and the flow rates of these
fluids, are equal such that Cmin = Cmax and the above expression can be simplified to [21]:

NTU

€= (forc=1) )

T 14NTU

A plot of counterflow heat exchanger effectiveness as a function of NTU is given in Figure 14 [22].
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Figure 14. Single-pass counterflow heat exchanger effectiveness versus NTU [22].

Knowledge of the effectiveness value and inlet stream temperatures allows the heat transfer rate to be
calculated as follows:

q = &Cpin (Th,i - Tc,i) (8)

Additionally, if the heat exchanger effectiveness is known (or equivalently, if all inlet and outlet
stream temperatures are known), the NTU for the heat exchanger can be calculated providing insight as to
the physical size of the exchanger in terms of the UA (product of overall heat transfer coefficient, U, and
exchanger heat transfer surface area, A). The NTU for a double-pipe counterflow heat exchanger can be
calculated from [22]

1 -1
NTU =L in(£2) (forc < 1) ©)
When c=1 the expression for double-pipe counterflow heat exchanger NTU is [22]:
NTU = i (forc =1) (10)

2.2.3.2 Microreactor PCU Recuperator Performance Evaluation

The Capstone C30 microturbine recuperator effectiveness at the design operating point was assumed
equal to a value of 86% [10]. Based on the equations presented above, for an effectiveness £ = 0.86 the
corresponding double-pipe counterflow heat exchanger NTU = 6.1. At the microturbine PCU design
operating point shown in the HYSYS model process flow diagram (Section 2.3, Figure 31), the heat
capacity rate Cnin is equal to 0.28 W/K such that the recuperator overall UA is equal to 1.7 W/K. This
value agrees with recuperator UA value calculated in the HYSY'S process simulator using a weighted end
point heat exchanger model (in the HYSYS model, the recuperator outlet stream temperatures were
calculated based on the specified recuperator effectiveness).

2.2.4 Gas Cooler

Two options exist for heat exchangers that could be used for the MAGNET PCU gas cooler. The first
option is to utilize the XLG® shell and tube heat exchanger that will be used to provide gas cooling
during testing of MAGNET microreactor test articles. The second option is to use the Basco®/Whitlock®
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shell and tube heat exchanger that was used with the modified Capstone C30 microturbine during Sandia

CBC testing. The configuration and specifications of the XLG® and Basco®/Whitlock® heat exchangers
are described in the following subsections.

2241 MAGNET Gas Cooler

The MAGNET facility includes a heat exchanger for cooling the working fluid prior to entering the
gas compressor (see Figure 4). The MAGNET gas cooler is specified as an XLG® 1-6 in./19 x 1 in.—60
in. -304/304-X shell and tube heat exchanger with 24 ft2 of heat transfer surface area.

The MAGNET gas cooler design is based on operating conditions that correspond to use of a 250
kWt test article. The MAGNET gas cooler has a nominal heat rejection capacity of 275 kWt; therefore, it
may be suitable for providing heat rejection for microturbine PCU testing with 75 kWt test articles (the
heat input of the microturbine PCU tests is limited by the capacity of the Capstone C30 TAC).

Specifications for the XLG® heat exchanger are shown in Figure 15 and Figure 16. The XLG® heat
exchanger specification sheet indicates that a tube-side corrugated pattern heat transfer surface is used.
INL representatives requested additional information from XLG® regarding the specifications of the
corrugated heat transfer surface but were unsuccessful in obtaining this information.
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Figure 15. MAGNET gas cooler specifications (Sheet 1 of 2).
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Figure 16. MAGNET gas cooler specifications (Sheet 2 of 2).

250 kWt Test Article MAGNET Operations
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Heat exchanger performance was simulated at design conditions to compare predicted performance
with that of the manufacturer. The gas cooler design condition corresponds to operation of the MAGNET
test loop with a 250 kWt test article and nitrogen working fluid.

AspenTech Exchanger Design and Rating (EDR) software in rating mode was used to predict heat
exchanger performance. The EDR heat exchanger rating mode requires the user to input heat exchanger
geometry specifications along with the relevant inlet and outlet process conditions. The software then
evaluates the heat exchanger performance, including the ratio of the actual-to-required heat exchanger
area. If the actual/required area ratio is less than one, the heat exchanger is predicted to have insufficient
heat transfer surface area, while if the actual/required area ratio is greater than one, excess heat transfer
area is predicted. If the actual/required area ratio is equal to one, it is predicted that the exchanger will
provide exactly the heat load that corresponds to the specified inlet and outlet conditions.

As a baseline estimate of the heat exchanger performance, a heat exchanger configuration matching
the XLG® exchanger specifications except with plain tube construction was specified in the EDR
analysis. Assuming equal tube length and tube diameter, the heat transfer area associated with plain tubes
is less than that for tubes with internal corrugation. Therefore, the reduced heat transfer area of the plain
tube configuration would be expected to result in decreased heat transfer capacity at otherwise equal
process operating conditions.

Results of the AspenTech EDR rating analysis for the plain tube construction are shown in Figure 17
and Figure 18. The results of this analysis are consistent with the expectation that excluding heat transfer
enhancements from the tubes would decrease exchanger duty. As can be observed from these figures, the
actual/required area without use of internal tube heat transfer enhancements is 18% indicating that the
heat exchanger would not be expected to satisfy the heat load at design conditions.

Resistance Distribution

Owerall Coefficient ! Resistance Summary Clean Dirty Max Dirty
Area required (tube OD base) ft 1254 1254 2238
Area ratio; actualrequired 013 018 1
COverall coeffigent BTU/(h-ftF) 4906 49.06
Overall resistance f*-h-F/IETU 0.0204 0.0204 0.0037
Shell side fouling ft*-h-FIBTU 0 0
Tube side fouling 0 0
Resistance Distribution BTUI(h-f-F) ft*-h-FIETU % % %
Shell side film 1087 66 0.0009 451 451
Shell side fouling 0 0
Tube wall 1684.23 0.0006 291 29
Tube zide fouling * 0 0
Tube side film * 53 0.0189 09258 9258

* Bazed on outside surface - Area ratio: Aoiai = 1.15

Figure 17. XLG® shell and tube exchanger without tube internal enhancements EDR rating analysis
results (U.S. units).
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Resistance Distribution

Owerall Coefficient ! Resistance Summary Clean Dirty Max Dirty
Area reguired (tube OD base) m? 17 1ni 21
Area rafio; actualrequired 0.18 0.18 1
Owverall cosfficent WIm?-K) 2786 2786
Overall resistance -k 0.00359 0.00359 0.00065
Shell side fouling -k 1] 0
Tube side fouling [1] 0
Resistance Distribution Wim™K) -k % % %,
Shell side film 6176 0.00016 451 451
Shell side fouling 0 0
Tube wiall 9563 5 0.0001 291 29
Tube side fouling * 0 0
Tube side film * 3009 0.00332 9258 9258

* Based on outside surface - Area ratio: Ac/ai = 1.15

Figure 18. XLG® shell and tube exchanger without tube internal enhancements EDR rating analysis
results (SI units).

A subsequent analysis was also performed in which the EDR input was modified to replicate the
manufacturer design specifications. Since no details of the tube corrugation were available, this analysis
did not attempt to modify the geometry of the tubes but instead iteratively change the heat transfer
specification for the tube enhancements to identify input parameters that result in the exchanger matching
the manufacturer’s published specifications. The EDR software includes the ability to specify the Sieder-
Tate coefficient to account for the presence of tube internal enhancements. The Sieder-Tate correlation
predicts the Nusselt number in turbulent pipe flow [21]:

0.14

Nu = 0.023Re8Pr'/3 () (11)
Hw

where:

Rep is the Nusselt number based on the inside diameter D of the pipe

Pr is the Prandtl number

u is the fluid viscosity at the bulk fluid temperature

L is the fluid viscosity at the heat transfer boundary surface temperature.

The Sieder-Tate is used for flows with large temperature differences and accounts for the variation in
fluid viscosity with temperature. Modifications to the Sieder-Tate coefficient will have a linear effect on
the value of the Nusselt number and the corresponding tube-side convective heat transfer coefficient. The
Sieder-Tate coefficient value selected to achieve an actual/required area value of 1.0 was selected by trial
and error. It was determined that modifying the Sieder-Tate coefficient to a value of 0.165 resulted in a
required/actual area ratio of 1.0 for the MAGNET 250 kWt test design operating conditions as calculated
by Aspen EDR. The heat exchanger overall performance calculation results for the EDR heat exchanger
rating calculation using the modified Sieder-Tate coefficient are shown in Figure 19 and Figure 20.
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Since the updated Sieder-Tate coefficient does not attempt to incorporate details of the tube geometry,
it is unknown exactly what type of tube internal enhancement geometry(ies) would correspond to the
updated coefficient of 0.165. It is worth noting that the EDR output included a warning message that the
expected input range for the Sieder-Tate coefficient for tube internal enhancement ranges from 0.01 to
0.1. The Sieder-Tate coefficient value of 0.165 selected to achieve an actual/required area ratio of 1.0 is
outside the expected input range, which implies that the corrugated pattern used to enhance the tube-side
heat transfer performance provides significant heat transfer performance enhancement. If the corrugated
pattern is damaged, becomes fouled, or is otherwise unable to perform as designed, it is expected that the
XLG® shell and tube heat exchanger would be unable to achieve the level of heat transfer performance
required to meet the design point heat load requirements.

Resistance Distribution

Owerall Coefficient ! Resistance Summary Clean Dirty Max Dirty
Area required (fube OD base) ft* 228 2238 228
Area ratio; actlualrequired 1 1 1
Overall cosficent ETU/h-ftF) 270.2 270.2
Owerall resistance ft*-h-F/BTU 0.0037 0.0037 0.0037
Shell side fouling f*-h-FIETU 0 0
Tube side fouling 1] 0
Resistance Distribution BTWMh-f*-F) ft*-h-FBTU % % %
Shell side film 11855 0.0008 2279 2279
Shell side fouling 0 0
Tube wall 1684.23 0.0006 16.04 16.04
Tube side fouling * 0 0
Tube side film * 441.76 0.0023 61.16 61.16

* Based on outside surface - Area ratio; Aoidi = 1.15

Figure 19. XLG® shell and tube exchanger with tube internal enhancement EDR rating analysis results
(U.S. units).

Resistance Distribution

Owerall Coefficient / Resistance Summary Clean Dirty Max Dirty
Area required (tube OD base) m* 21 21 21
Area rafio; actualrequired 1 1 1
Overall coefiicent Wim*-K) 15343 1534.3
Owerall resistance ma-kW 0.00065 0.00065 0.00065
Shell zide fouling me-K 0 0
Tube side fouling 0 ]
Resistance Distribution Wilm*-K) -k % % %
Shell side film 6731.6 0.00015 2279 22.79
Shell side fouling 0 0
Tube wall 95635 0.0001 16.04 16.04
Tube side fouling * 0 0
Tube side film * 2505 4 0.0004 61.16 61.16

* Based on outside surface - Area ratio: Ao/si= 1.15

Figure 20. XLG® shell and tube exchanger with tube internal enhancement EDR rating analysis results
(SI units).

75 kWt Test Article MAGNET Microturbine PCU Configuration
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Following evaluation of heat exchanger performance for the MAGNET 250 kWt test article design
point conditions, the performance of the XLG® heat exchanger was evaluated to assess its ability to reject
heat from the MAGNET microturbine PCU system configured with a 75 kWt test article for heat addition
and the Capstone C30 TAC used for power generation. The EDR rating analysis was performed using gas
cooler inlet and outlet conditions corresponding to the microturbine PCU with 75 kWt reactor heat input
(Section 3.2.3, Figure 44). At the specified microturbine PCU operating conditions, the XLG® heat
exchanger configuration with plain tubes resulted in an actual/required area ratio of 0.26, while the
corrugated tube configuration with a modified Sieder-Tate coefficient of 0.165 resulted in an
actual/required area ratio of 1.77. These results indicate that a heat exchanger with dimensions
corresponding to those of the XLG® shell and tube heat exchanger specified in Figure 14 and Figure 15
would require tube-side internal enhancement to meet the gas cooler heat load requirements of the 75 kWt
test article microturbine PCU system. The XLG® shell and tube heat exchanger with a corrugated surface
tube-side heat transfer enhancement should satisfy heat rejection requirements provided the actual
performance is consistent with that reported on the manufacturer-provided thermal calculation sheet.

In addition to the EDR heat exchanger rating analysis, an EDR heat exchanger simulation was
performed for conditions corresponding to microturbine PCU operation with a 75 kWi test article. The
EDR heat exchanger simulation predicts the exchanger outlet conditions based on specified heat
exchanger geometry and inlet conditions. In this analysis, the specified gas cooler inlet conditions
corresponded to the MAGNET microturbine PCU operating conditions from Section 3.2.3, Figure 44.
The simulated heat exchanger outlet conditions were calculated using a modified Sieder-Tate coefficient
of 0.165 to account for the corrugated internal tube surface per the above discussion. The predicted outlet
conditions for the XLG® shell and tube heat exchanger are shown in Figure 21 and Figure 22. The
temperature profiles of the hot and cold streams along the exchanger length are included in Figure 23. The
nitrogen outlet temperature predicted by the EDR simulation is 46.9°F (8.3°C).

Overall Performance

Simulation Shell Side Tube Side

Total mass flow rate Ibfh 55390 2462

Vapor mass flow rate (InfOut) I 0 0 2462 2462
Liquid mass flow rate Ib/h 55380 55380 0 0
Vapor mass fraction 0 0 1 1
Temperatures F 44 433 464.9 46.93
Bubble / Dew point “F I ! 4 !
Operating Pressures psi 58.02 55.75 1505 15.66
Film coefficent BTU/h-ftF) 1082.91 168.38

Fouling resistance fi-h-F/BTU 0 0

Velocity (highest) fi's .62 202.83

Pressure drop (allow.calc) psi 7.25 1 226 1.65 ! 03
Total heat exchanged BTUM 2572463 Unit AEL 1 pass 1 ser 1 par
Overall dean coeff. (plainfinned) BTUNRE-F) | 13384 Shell size 6 - 59.04 in Haor
Cwerall dirty coeff. (plainfinned) BTUMNRE-F) | 13394 ¢ Tubez Internal enhancemer

Effediive area (plain/finned) ft*| 228 Insert Mone

Effediive MTD °F 8447 No. 19 op 09 Tks 0085 in
ActualRequired area ratio (dirty/dean) 1 ! 1 Pattern 30 Pitch 1.225 in
Vibration problem (HTFS) Mo Baffles Single segmental Cut{%d) 49
RhoV2 problem Mo Total cost 11559 Dollanus)

Heat Transfer Resistance
Shell side / Fouling / Wall / Fouling / Tube side

Shell Side] | [Tube Side

Figure 21. XLG® 1-6 in./19 x 1 in.-60 in.-304/304-X shell and tube exchanger EDR simulation results
(U.S. units).
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Overall Performance

Simulation Shell Side Tube Side
Total mass flov rate kais 5.9791 0.3102
Vapor mass flow rate (In/Qut) ka's 0 0 0.3102 0.3102
Liquid mass fiow rate ka's 69791 69791 0 0
Vapor mass fraction 0 0 1 1
Temperatures °C 6.67 9.05 2405 83
Bubble / Dew point °C ! ! ! /
Operating Pressures bar 4 384414 1.1 1.07964
Film coeficent Wik 6149 9551
Fouling resistance m-KW 0 0
Velocity (highest) mis 11 61.82
Pressure drop (allovwicalc ) bar 0.49987 i 0.15586 011376 ! 0.02035
Total heat exchanged KW 754 Unit AEL 1 pass 1 ser 1 par
Overall dean coeff. (plainfinned) Wiim™-K) | 7606 7 Shell size 152 - 148062 mm Hor
COwverall dirty coeff. (plainfinned) Wiim™-K) | 7606 7 Tubes Internal enhancemer
Effective area (plain/finned) m* 21 0 Insert Mone
Effedive MTD "C 4593 HNa. 19 oD 2439 Tks 165 mm
ActualRequired area ratio (dirty/dean) 1 ] 1 Pattern 30 Pitch 3112 mm
Vibration problem (HTFS) Mo Baffles Single segmental Cut{%d) 49
RhoV2 problem Mo Total cost 11559 DallarUs)
Heat Transfer Resistance
Shell side f Fouling / Wall f Fouling / Tube side
Shell Sidel:- [Tube Side

Figure 22. XLG® 1-6 in./19 x 1 in.-60 in.-304/304-X shell and tube exchanger EDR simulation results
(SI units).

Figure 23. XLG® 1-6 in./19 x 1 in.-60 in.-304/304-X shell and tube exchanger EDR simulation stream
temperature profiles (TS=tube side, SS=shell side).
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2.2.4.2 Sandia CBC Gas Cooler

Sandia previously tested a CBC for simulated nuclear applications [8]. The Sandia CBC included a
Watlow 80 kWe electric gas heater for heat addition to the working fluid circulating through the ~30 kWe
recuperated Capstone C30 TAC unit modified for external heat addition. A Basco®/Whitlock® shell and
tube heat exchanger supplied cooling to the working fluid exiting the hot side of the TAC recuperator.
The Basco®/Whitlock® shell and tube heat exchanger used by Sandia for CBC testing is rated for 69.4
kWt of heat removal at the design conditions [8]. Gas flows inside of the tubes and water flows in the
surrounding space. The Basco®/Whitlock® shell and tube heat exchanger specification sheet are included
as Figure 24.

Figure 24. Specification sheet of Basco®/Whitlock® shell and tube heat exchanger used for Sandia CBC
gas cooling application.
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The Basco®/Whitlock® shell and tube exchanger used for Sandia CBC testing could also be used for
gas cooling in the MAGNET microturbine PCU testing using a 75 kWt test article and the Capstone C30
microturbine unit. Since the Basco®/Whitlock® shell and tube exchanger has already been demonstrated
to effectively reject heat during Sandia CBC testing, it would also be possible to use this exchanger for
MAGNET microturbine PCU heat rejection since the heat input would only be approximately 5 kW
greater than in the Sandia CBC testing.

The Basco®/Whitlock® shell and tube exchanger specifications listed in Figure 23 were input into
Aspen EDR to independently predict heat transfer performance for this exchanger. Although carbon steel
baffles are listed on the exchanger specification sheet, no spacing or baffle count information is provided.
It was assumed for this analysis that single segmental baffles at a spacing of 18 inches are present in the
heat exchanger. The EDR heat exchanger rating analysis results are shown in Figure 25 and Figure 26.
The EDR rating analysis indicates that the actual/required area ratio for a clean heat exchanger is 0.98,
suggesting that this heat exchanger area is approximately equal to that needed to achieve the design level
of heat rejection.

Resistance Distribution

Ovwerall Coefficient | Resistance Summary Clean Dirty Max Dirty
Area required (tube 0D base) ft 108.1 1115 106.1
Area rafio; acualrequired 098 0.95 1
Overall coefficient ETU/(h-t-F) 1433 139
Owerall resistance ft*-h-F/IETU 0.0698 0.072 0.0685
Shell side fouling ft*h-F/ETU 0 0.001
Tube side fouling 0 0.0012
Resistance Distribution BTWI(h-f*-F) ft*h-F/ETU 5% % %,
Shell side film 417.72 0.0024 3.43 333
Shell side fouling 999 95 0001 1.39
Tube wall 223013 0.0004 0.64 0.62
Tube side fouling * 284316 00012 1.65
Tube side film * 14.94 0.0669 9593 93.01

* Based on oulside surface - Area ratio; AcAi= 1.19

Resistance Distribution

Figure 25. Basco®/Whitlock® 08-114 shell and tube exchanger EDR rating analysis results (U.S. units).

Owerall Coefficient / Resistance Summary Clean Dirty Max Dirty
Area required {tube OD base) m? 10 10.4 99
Area ratio; actualrequired n.98 0.85 1
Overall coefficent WHmP-K) 814 789
Overall resistance - 0.01229 0.01267 0.01207
Shell side fouling m-KW 0 0.00018
Tube side fouling 0 0.00021
Resistance Distribution W me-K) mA-KW % % %
Shell side film EETAR:] 0.00042 343 131
Shell side fouling 5678 0.00018 1.39
Tube weall 126633 8E-05 064 062
Tube side fouling * ATET T 0.00021 1.65
Tube side film * 848 00179 9593 RN

* Based on outside surface - Area ratio; Acvai = 1.19

Figure 26. Basco®/Whitlock® 08-114 shell and tube exchanger EDR rating analysis results (SI units).

In addition to the EDR heat exchanger rating analysis, an EDR heat exchanger simulation was
performed with inlet conditions corresponding to those listed on the Basco®/Whitlock® exchanger
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specification sheet. The predicted outlet conditions for the Basco®/Whitlock® shell and tube heat
exchanger are shown in Figure 27 and Figure 28. The temperature profiles of the hot and cold streams
along the exchanger length are included in Figure 29. The nitrogen outlet temperature predicted by the
EDR simulation is 98.6°F (37°C).

Overall Performance

Si Shell Side Tube Side
Total mass flow rate Ibh 24750 2088
Vapar mass flow rate (InjOut) I/t 1] 0 2088 2088
Liquid mass flow rate I 24750 24750 0 0
Vapor mass fraction 1] 0 1 1
Temperatures “F 70 7866 540 98.61
Bubble / Dew peint °F ! L i
Operating Pressures psi Gl 59 76 35 3483
Film coefficient ETW/(h-ft*-F) 4181 1497
Fouling resistance fi*-h-F/BTU 0.001 0.0012
Velodity (highest) ftis 0.82 59.89
Pressure drop (allow./calc) psi 25 ! 0.24 0.2 ! 017
Total heat exchanged BTUM 231424 Unit BEM 1 pass 1 ser 1 par
Overall dean coeff. (plainfinned) ETWih-ft>F) | 1436 r Shell size 8622 - 114 in Hor
Overall dirty coeff. (plain/finned) ETWih-ft>F)| 1392 Tubes Flain
Effeciive area (plain/finned) ft*| 1061 Insert Mong
Effective MTD °F 156.6 Mo. 70 ob 0625 Tks 0049 i
ActualRequired area ratio (dirtyidean) 1 1.03 |Pattem 30 Pitch  0.7812 in
Vibration problem (HTFS) MNo Baffles Single segmental Cut{%d) 4218
RhoV2 problem Mo Total cost 11360 Dollar(US)
Heat Transfer Resistance
Shell side / Fouling / Wall / Fouling / Tube side
Shell Sidel:- [Tube Side

Overall Performance

Figure 27. Basco®/Whitlock® 08-114 shell

and tube exchanger EDR simulation results (U.S. units).

Simulation Shell Side Tube Side
Total mass flow rate ka's 3.1185 0.2631
Wapor mass flow rate {In/Out) ka's 0 0 0.2631 0.2631
Liquid mass flow rate ko's 31185 31185 0 0
Wapor mass fraclion 0 0 1 1
Temperatures “C 211 2592 28222 kn
Bubble § Dew point C ! i !
Operafing Pressures bar 4.13686 4.12049 241317 2.40143
Film coefficent VWi(m*-K) 23741 35
Fouling resistance me-KwY 0.00018 0.00021
Velodity (highest) m's 025 18.26
Pressure drop (allow icalc ) bar 017237 i 0.016837 0.01379 ! 0.01174
Total heat exchanged kw 67.8 Unit BEM 1 pass 1 ser 1 par
Overall dean coeff, (plainfinned) Wim=I) s 0 Shell size 219 - 28956 mm Hor
Qverall dirty coeff. (plainfinned) Wim=1) Fi: | Tubes Flain
Effeciive area (plain/finned) m 99 Insert MNone
Effective MTD °C a7 No. 70 oD 1583 Tks 124 mm
ActualRequired area ratio (dirty/dean) 1 ! 103 |Pattern 30 Pitch 19.84 mm
Vibration problem (HTFS) Mo Baffles Single segmental Cut(%d) 42.16
RhoV2 problem Mo Total cost 11360 DollarfUs)
Heat Transfer Resistance
Shell side / Fouling / Wall / Fouling / Tube side
Shell Side:- [Tube Side
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Figure 29. Basco®/Whitlock® 08-114 shell and tube exchanger EDR simulation stream temperature
profiles.

It is worth noting that the design performance is based on a cooling water inlet temperature of 70°F
(21.1°C), but in practice it is expected that a lower temperature cooling water source would be available,
resulting in a greater mean temperature difference and additional heat removal from the hot-side inlet
working fluid stream. For example, if a 50°F (10°C) cooling water source at the 24,750 Ib/hr (3.1 kg/s)
flow rate specified in the manufacturer specification sheet (Figure 23) were used, an EDR simulation of
heat exchanger performance suggests that the 2088-1b/hr (0.26 kg/s) nitrogen hot-side inlet stream could
be cooled from 540°F (282.2°C) to 80°F (26.8°C) instead of 95°F (35°C). It is also stated in Sandia
reporting that the Basco®/Whitlock® 08-114 heat exchanger is designed to reject 68.9 kW of heat at a
cooling water flow rate of 18 gpm, but that the heat exchanger is oversized for the design conditions and
is capable of handling cooling water flow rates up to 50 gpm for increased heat rejection [8]. The XLG®
heat exchanger specified for use in the MAGNET facility is rated for a cooling water inlet flow rate of
103 gpm (Figure 14) for heat rejection during operations with 250 kWt test articles, indicating that use of
valves or a piping arrangement to reduce the cooling water flow rate would be required if the
Basco®/Whitlock® exchanger were used in MAGNET operations with test articles having thermal power
ratings sufficiently below 250 kWt.

2.2.4.3 MAGNET PCU Gas Cooler Recommendation

For 75 kWt microreactor test-article-based PCU operations, is it recommended that the
Basco®/Whitlock® gas cooler be used. Aspen EDR simulations predict a heat transfer rate consistent
with the manufacturer-provided specifications sheet (69 kWt) and this unit has been proven during Sandia
CBC testing using a heat source rated at approximately 80 kWt [8]. Conversely, the XLG® heat
exchanger is predicted by Aspen EDR to have heat removal capacity lower than specified on the
manufacturer-provided specification sheet (267.5 kWt). The discrepancy is believed to be attributed to
the presence of internal heat transfer enhancements that are not characterized in the manufacturer-
provided specification sheet; therefore, these enhancements are not included in the Aspen EDR
simulation. Provided the XLG® heat exchanger does meet performance specifications, it would provide
heat removal capacity greater than required for testing 75 kWt microreactor test articles. The additional
lengths of process piping required to circulate working fluid to the XLG® heat exchanger would increase
system heat losses, decreasing net power output and thermal efficiency.
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If MAGNET PCU testing is performed with a microreactor test article exceeding 75 kWt thermal
capacity, use of the XLG® heat exchanger may be required in place of, or in addition to, use of the
Basco®/Whitlock® heat exchanger. In general, the heat input and heat rejection required to operate the
Capstone C30 microturbine unit do not exceed the heat addition and removal capacities of the 75 kWt
microreactor test article and Basco®/Whitlock® gas cooler, respectively. However, as will be shown in
the analysis of the gas inventory control scheme (Section 3.3.5), operations using high compressor inlet
pressures have the potential to exceed the heat input and removal capacity of the 75 kWt test article and
Basco®/Whitlock® gas cooler.

2.25 Instrumentation

Figure 30 indicates the locations of the MAGNET PCU temperature, pressure, and flow rate
instrumentation necessary to monitor process performance and provide input to the process control
system. In addition to the temperature, pressure, and flow rate measurements, instrumentation for reactor
thermal power and TAC net power are needed to compute system energy balances as well as for process
control. The TAC shaft speed is also required for full process control and data analysis.

Figure 30. MAGNET PCU preliminary process design P&ID.

In previous CBC testing, mass flow rate measurement has been performed by using a flow orifice
plate positioned in the gas piping [8]. Installation of the orifice plate in the pipe segment between the
recuperator hot-side outlet and the gas cooler inlet is specified to be consistent with the instrumentation
configuration used in Sandia CBC testing. Additionally, an orifice plate geometry consistent with the
Sandia CBC testing is recommended. In Sandia CBC testing, a flow orifice plate with a diameter equal to
Y pipe diameter (D) was used. The upstream pressure tap was located at a distance D from the orifice
plate and the downstream tap was located a distance ¥2 D from the orifice plate [8]. The mass flow rate
can be calculated from the pressure drop over the orifice plate according Equation 12:

m=CyS, |22, (12)
1-(2)
where:
m is the mass flow rate
Cq is the discharge coefficient
p is the gas density
dp is the pressure drop across the orifice plate

S is the pipe flow area
So is the orifice plate flow area [8].
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2.3 Microturbine PCU Process Design

The MAGNET PCU design is based on the use of a MAGNET test article heat source in a
recuperated CBC configuration. The external heat source modified Capstone C30 microturbine unit will
be used to compress the PCU working fluid prior to heat addition as well as to expand the working fluid
to produce electrical power. The modified Capstone C30 microturbine includes a recuperator to preheat
the main heat exchanger inlet stream using waste heat from the turbine outlet stream. Heat rejection from
the PCU will be achieved using a shell and tube heat exchanger (HX) gas cooler to transfer waste heat
from the PCU to a cooling water stream. The MAGNET PCU process design conditions and performance
were established using AspenTech HYSYS V10 process simulation software [6]. Process design
parameters are listed in Table 3.

Table 3. MAGNET Microturbine PCU design parameters.

Parameter Value Reference or Note

Working fluid Nitrogen Inert gas most similar to air used in
Capstone C30 natural gas combustion
applications; MAGNET PCU will be
capable of testing other inert gas

mixtures in addition to nitrogen

Turbine inlet temperature 1150 K (877°C) Wright 2006 [8]; p. 25

Turbine shaft speed 96,300 RPM Wright 2006 [8]; p. 58

Turbine efficiency 84.3% Capstone Turbine Corporation [10]

Compressor inlet temperature 35°C Based on Basco®/Whitlock® gas
cooler specification sheet [8] design
operating conditions

Compressor inlet pressure 1.013 bar Chosen to be consistent with inlet
pressure for Capstone C30 open
Brayton cycle natural gas combustion
application (1 atm)

Compressor efficiency 79.0% Capstone Turbine Corporation [10]

Recuperator effectiveness 86% Capstone Turbine Corporation [10]

Pipe size

150 mm schedule 40

Chosen to be consistent with design of
Sandia CBC per Wright 2006 [8]; p.190

Heat exchanger pressure drop

2% of inlet pressure

2% AP assigned to microreactor main

HX, recuperator shell side and tube
side, and gas cooler shell side and tub
side

A process flow diagram of the MAGNET PCU at the nominal design conditions is included as Figure
31. Note that the reactor thermal power input exceeds the thermal power rating of the 75 kW test articles
designated for microreactor PCU testing, indicating that in practice the PCU operating conditions will
differ from those indicated on this diagram when using 75 kW test articles. The MAGNET facility is
capable of testing test articles up to 250 kWt. The power output of the 250 kWt test articles could be
modulated to provide the heat input required to operate the PCU at the design point operating conditions
shown in Figure 31. If testing is performed at powers higher than 75 kWt, then a means for transferring
the excess heat to the main MAGNET loop is needed since the C30 cannot accept the entire 250 kW load.
However, it is possible to add additional units in parallel to accommodate the higher power. Capstone
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indicates that the C30 units can be connected to provide up to 30 MW of power [13]. This scenario has
not been analyzed here.

Figure 31. MAGNET Microturbine PCU design point operating conditions based on Capstone C30 TAC
and Basco®/Whitlock® gas cooler specifications.

A summary of the PCU performance metrics is shown in Figure 32. The net power output at the
simulated design point is slightly higher than the ~30 kWe rating of the Capstone C30 generator. During
actual operations, the power output would have to be reduced to avoid damaging the generator by
changing one or more process variables such as decreasing the shaft speed, decreasing the turbine inlet
temperature, throttling the turbine inlet flow using a throttling valve, decreasing the gas inventory, or
increasing the gas cooler outlet temperature. The effects of varying these control variables is further
investigated in Section 3.3.1.
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Figure 32. MAGNET microturbine PCU design point process operating conditions summary.

The pressure ratio of the MAGNET PCU is calculated as 3.4, which varies slightly from the design
pressure ratio of 3.7 listed in Wright 2006 [8] page 58. This discrepancy is due to the higher temperature
compressor inlet specification of 35°C used for the MAGNET PCU as compared to the Sandia CBC
compressor inlet temperature specification of 15°C. The 35°C compressor inlet temperature specification
used for the MAGNET PCU model is based on the Basco®/Whitlock® gas cooler outlet temperature
specification. When the MAGNET PCU HYSYS model compressor inlet temperature is changed to a
value of 15°C, the HYSYS model calculates an updated operating point with a compressor pressure ratio
that matches the value of 3.7 specified by Wright 2006 [8].

The MAGNET test articles provide a source of heat that can be used by the PCU. Additionally,
integration of the MAGNET main heat exchanger with the PCU will allow testing of heat removal from
the test articles under the dynamic operating conditions introduced by PCU performance testing.

The MAGNET test bed and the Sandia-modified Capstone C30 CBC systems will be combined to
allow the heat output from the MAGNET test articles to be used in the Capstone C30 microturbine. Since
both the MAGNET test bed and the Sandia CBC systems include heat sources, compressors, recuperators,
and gas coolers, a decision on which of these components to use in the MAGNET CBC PCU testing must
be made.

Although the Sandia CBC heat source can supply thermal energy under the conditions required to
operate the modified Capstone C30 microturbine, the heat source is not constructed with materials,
geometry, or a heat transfer configuration representative of a microreactor core. Conversely, MAGNET
test articles are specifically constructed to provide a hon-nuclear heat source that is otherwise
representative of a microreactor core. Testing of microreactor test articles under different operating
conditions is a primary objective of the MAGNET facility for configurations both with and without a
coupled PCU. Therefore, use of the MAGNET test articles for CBC PCU testing is critical to achieving
the objectives of MAGNET testing. Therefore, the MAGNET test articles will serve as the heat source
used for the CBC PCU testing.

The MAGNET facility and Sandia CBC systems both include compressors for gas compression and
circulation. The MAGNET system is rated at higher pressure than the PCU loop. The maximum
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allowable working pressure of the MAGNET loop is 25 bar, to allow flexibility to use CO., N2, or He as a
working fluid. The MAGNET facility compressor is a reciprocating unit that utilizes a downstream surge
tank to eliminate oscillations in the gas supply pressure and flow rate. The Capstone C30 compressor used
in the Sandia CBC is a centrifugal unit that is coupled to the same shaft as the turbine and generator and is
installed in the same housing as the recuperator. The integrated configuration of the Capstone C30 TAC
makes it impractical to operate the turbine separately from the compressor, recuperator, and generator.
Additionally, the highly coupled transient behavior of a CBC system can only be replicated by using a
TAC configuration that is representative of the hardware that would be used in actual power generation
applications (TAC components are conventionally installed on a common shaft in power generation
applications). Since the integrated configuration of the Capstone C30 TAC is more representative of the
hardware that would be deployed in non-experimental operations, the modified Capstone C30 hardware,
including the turbine, compressor, and generator, will be used for the CBC PCU testing.

The MAGNET shell and tube recuperator can be effectively disabled by using standard piping to
bypass the unit. Bypassing the MAGNET recuperator will allow the MAGNET test articles to be used as
the heat source while using the Capstone C30 integrated recuperator. Since the MAGNET compressor
and recuperator will be bypassed for PCU testing, it is practical to also bypass the MAGNET gas cooler,
which is located between the MAGNET recuperator cold-side outlet and the MAGNET compressor inlet.
Therefore, the Basco®/Whitlock® unit used for Sandia CBC testing can remain coupled to the modified
Capstone C30 unit. Use of the Basco®/Whitlock® gas cooler will allow the PCU cold-side configuration
to be remain unchanged from the Sandia CBC testing, which will minimize additional equipment
modifications and help to avoid troubleshooting associated with the PCU cooling equipment.

A schematic of the MAGNET and PCU integration is included in Figure 33. In this figure, the
MAGNET recuperator does not perform any heat exchange duty; rather, it would either (a) be replaced
with a plain pipe section or (b) the cold side of the recuperator would remain in use as a flow path for the
cold fluid without gas flow on the hot side to prevent heat transfer from the cold stream (BV-02 and
BV-05 closed to prevent flow to the hot side of the recuperator RHX-01). Additionally, the microturbine
unit would be isolated from the MAGNET gas cooler and MAGNET gas compressor such that the Sandia
CBC gas cooler and Capstone C30 compressor could be used for achieving the specified reactor inlet
conditions (BV-01 closed).
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Figure 33. Process flow diagram of MAGNET and microturbine PCU integration. MAGNET piping and
equipment components used for microreactor test article performance evaluation but not used for PCU
testing are designated using a lightened coloring scheme.

3. CAPSTONE C30 OPERATION AND PERFORMANCE

3.1 Normal Operations
3.1.1 Capstone C30 Operating Curve

The PCU operating point is defined as the set of operating conditions at which the process achieves
steady-state operation for a defined set of input parameters (independent variables that define the system
operation such as TAC shaft speed, turbine inlet temperature, gas inventory, etc.). Each point on the
steady-state operating curve corresponds to the intersection point of the compressor and turbine
characteristic curves (at a defined shaft rotational speed). Therefore, each point on the steady-state
operating curve corresponds to a different TAC shaft rotational speed. The operating curve provides an
indication of the system performance as a function of the TAC shaft speed, as well as dependent variables
such as the working fluid mass flow rate.

Figure 4-5 from Wright 2006 [8], reproduced as Figure 34 for convenience, provides an operating
curve that presents pressure ratio as a function of the system mass flow rate. Since the operating curve
presented by Wright uses the modified Capstone C30 microturbine unit, this operating curve can be
compared against the system performance predicted by the HYSYS MAGNET PCU off-design model.
The comparison of the operating curves for the MAGNET PCU and the Sandia CBC (from Wright 2006
[8]) is shown in Figure 34. Minor discrepancy between the MAGNET PCU and Sandia CBC operating
lines can be observed, with the HYSY'S model predicting a slightly higher-pressure ratio for all gas flow
rates. This discrepancy could be due to one or more factors including differences between the Sandia
CBC and MAGNET PCU manually input TAC characteristic curve data, differences in process simulator
fluid properties, and/or differences in the CBC balance of plant thermal and fluid transport performance,
etc.
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Figure 34. HYSYSS off-design operating curve (black line) compared to Capstone C-30 operating curve
(red dotted line based on NASA off-design performance curve mean line flow analysis models as
described in [8]). Compressor characteristic curves are designated with black lines and turbine curves
with blue lines.

3.1.2 Comparison of Capstone C30 CBC Process Conditions with Optimized
Recuperated Open Brayton Cycle

The predicted performance of the MAGNET PCU was compared with that of the optimized
recuperated air Brayton cycle. To provide as equal a comparison as possible, the MAGNET PCU off-
design condition simulation input parameters were adjusted to simulate operating conditions
representative of the optimized recuperated air Brayton cycle for a microreactor providing 10 MW of
thermal output. Specific input parameter specifications for the MAGNET PCU off-design simulation
included use of air as the working fluid, a gas cooler outlet temperature of 21.1°C, a turbine inlet
temperature of 600°C, and zero throttling valve pressure drop. A process flow diagram of the optimized
recuperated air Brayton cycle is included as Figure 35. A process flow diagram of the MAGNET PCU
with operating conditions scaled to those of the optimized PCU is included as Figure 36.
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Figure 35. Optimized recuperated air Brayton cycle nominal operating conditions.

Figure 36. MAGNET PCU predicted operating conditions with air working fluid, turbine inlet
temperature of 600°C, gas cooler outlet temperature of 21.1°C, and compressor pressure ratio of 2.12.

A shaft speed of ~73,000 RPM is required in the MAGNET PCU Capstone C30 microturbine to
match the optimized recuperated air Brayton cycle compressor pressure ratio of 2.12. At this shaft speed
the calculated Capstone C30 compressor and turbine efficiencies are 72.3% and 84.3%, respectively.
These values are considerably lower than the compressor and turbine efficiencies of 85% and 90%
specified in the optimized recuperated air Brayton cycle simulation. The MAGNET PCU simulation
includes pressure drop and thermal losses associated with the process piping, both of which are excluded
from the optimized PCU simulation. Additionally, a recuperator pressure drop of 5% is used in the
MAGNET PCU while a recuperator pressure drop of 2% is used in the optimized air Brayton cycle
simulation. Another key discrepancy between the optimized PCU and the MAGNET PCU is the
recuperator effectiveness; the optimized PCU specified a recuperator minimum internal temperature
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approach of 25°C, while the MAGNET PCU recuperator off-design effectiveness correlation results in a
lower level of heat exchanger performance with a minimum internal temperature approach of ~40°C.

As will be illustrated in Section 3.3, increasing the pressure ratio of the MAGNET PCU to a value
greater than specified in the optimized recuperated Brayton cycle simulations allows the MAGNET PCU
to operate with a higher cycle efficiency (greater than 15% efficiency for 600°C turbine inlet
temperatures). This is due in part to the operating characteristics of the Capstone C30 microturbine, which
provides increased operating efficiency at higher pressure ratios (see Figure 38).

The cumulative effect of the discrepancies between the PCU configurations evaluated is that the
MAGNET CBC has a thermal efficiency of 12.6% while the optimized recuperated open Brayton cycle
has a thermal efficiency of 35%. The significant difference between these efficiency values highlights the
importance of the individual component performance on the overall process performance, as well as the
adverse impact that operating at partial load conditions can have on PCU performance.

Since the operating temperature (600°C) and energy transfer per unit working fluid mass (~170 kJ/kg)
are comparable, the MAGNET PCU will provide the ability to evaluate the test article heat transfer under
representative operating conditions with the transient system behavior associated with a CBC PCU.
Commercially available equipment with specifications closer to those of the optimized PCU simulations
(i.e., nominal operating point efficiencies of 85% and 95% for the compressor and turbine, respectively)
could be procured for future microreactor PCU applications. Although use of TAC equipment with
operating point efficiency closer to that specified in the optimized PCU simulations would help support
performance at near optimal levels, the pressure drop and thermal losses associated with the process
piping that will be encountered in field PCU installations would result in performance levels lower than
predicted by the optimized PCU process models.

3.2 Off-Design Process Operation

Individual equipment component specifications and performance described to this point have been
specific to the design operating conditions for each of the individual equipment items. The system
components selected for the MAGNET PCU were not designed as an integrated system, rather the
selected components were chosen due to having nominal performance characteristics that are generally
compatible with the other process components. While each component is rated for a specific level of
performance at a defined operating point, the rated conditions do not necessarily correspond to the same
conditions at which each component will operate at the overall system’s nominal operating point.

The nominal operating conditions for the complete MAGNET PCU system described in Section 2.3
are based primarily on the Capstone TAC design operating conditions with several adjustments to account
for heat exchanger specific design parameters (the gas cooler design outlet temperature, heat exchanger
pressure drop assumptions, etc.). One of the implications of this is that, as indicated in Figure 30 in
Section 2.3, reactor power greater than the test article capacity is required to operate the TAC unit at its
nominal design output of ~30 kWe. Therefore, the TAC will have to operate at partial load conditions
when using a 75 kWt test article, whereas a 250 kWi test article will need to operate at a derated power
output to allow the C30 to operate at max capacity, or both the test article and TAC (as well as the other
system components, such as the gas cooler) will operate at partial load conditions to meet the target
electric load (i.e., load following).

The majority of the PCU testing will be focused on development of operating curves, testing of
control strategies, and evaluation of load-following performance capabilities, all of which will be
performed primarily at off-design (partial load) operating conditions. To characterize off-design system
operating performance, partial load performance models are required for each of the system components.
The equipment component performance predicted by these partial load components models is used by the
HYSY'S process model to predict the overall PCU performance at the specified partial load operating
conditions associated with different control strategies, partial load operating conditions, and/or system
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transient states. The following sections describe the assumptions used in modeling off-design MAGNET
PCU performance, as well as descriptions of the partial load models used for each of the PCU equipment
components.

3.2.1 Partial Load Modeling Assumptions
Major assumptions made in the modeling of MAGNET PCU partial load performance include:

o Quasi-steady-state compressor/turbine speed and inlet/outlet conditions rapidly equilibrate from
changes elsewhere in the system. The high-flow velocities through the small compressor and turbine
achieve equilibrium flow rates in less than a millisecond [14].

e Constant flow throughout the loop. The mass of the coolant in the loop is only about 20% of the mass
of the rotating turbomachinery [14].

These assumptions are in addition to those made for individual equipment component and/or overall
system design parameters, as well as equipment and system configuration assumptions.

3.2.2  Turbine and Compressor Characteristic Curves

The compressor provides the pressure differential required to circulate the PCU working fluid through
the main heat exchanger. The heated and pressurized working fluid is then expanded through the turbine
to drive the shaft and generate electrical power. The compressor and turbine head, flow, and efficiency
vary with process conditions, fluid properties, and shaft speed. The compressor and turbine geometry also
affect the fluid flow and thermodynamic performance such that different equipment designs will have
different flow and efficiency characteristics. Turbine and compressor flow curves are used to characterize
performance over a range of operating conditions.

Characteristic flow curves provide temperature ratio, pressure ratio, and efficiency of the turbine and
compressor as a function of the working fluid flow rate. When two of these three values are known,
thermodynamic relationships for gas compression and expansion can be used to calculate the third value.
Compressor and turbine characteristic curve data were included in the HYSY'S process model to enable
calculation of TAC performance at off-design process operating conditions.

3.2.21 Compressor Characteristic Curves

Characteristic curve data for the Capstone C30 compressor were obtained from Figures 2-16 in
Wright et al. [8]. The characteristic flow curves for the C-30 turbine and compressor in Wright et al. [8]
were generated from NASA off-design performance codes. The data are presented in terms of compressor
efficiency, pressure ratio, and temperature ratio as a function of mass flow rate.

To simulate the Capstone C30 TAC in the HYSYS process simulator with various gas compositions,
the Capstone C30 characteristic curves were converted to head versus volumetric flow and efficiency
versus volumetric flow curves. This conversion requires process operating condition and fluid
composition specifications. The compressor inlet conditions for the characteristic curves presented in
Figures 2-16 of Wright et al. [8] include an inlet temperature of 15°C and an inlet pressure of
101.325 kPa. The gas composition is assumed to be equal to 79 mol% nitrogen and 21 mol% oxygen as
this approximates the composition of air used in the gas combustion application for which the compressor
was originally designed.

The Capstone C30 compressor characteristic curves from Wright et al. [8] are presented in Figure 37
through Figure 39. Figure 37 is a plot of the compressor temperature ratio versus the mass flow rate.
Figure 38 is a plot of the compressor efficiency versus mass flow rate. Figure 39 is a plot of the
compressor pressure ratio versus mass flow rate. Data reproduced from these figures are shown as scatter
plot overlays; the reproduced data were subsequently converted to head and efficiency versus volumetric
flow for use in the HYSY'S process simulation software.
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Figure 37. Compressor temperature ratio mean line flow curves plot from Wright et al. [8].

Figure 38. Compressor efficiency mean line flow curves plot from Wright et al. [8].
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Figure 39. Compressor pressure ratio mean line flow curves plot from Wright et al. [8].

As previously indicated, thermodynamic expressions can be used to relate compressor and expander
temperature ratio, pressure ratio, and efficiency curves. When data points for two of these quantities are
known, the value of the third can be calculated from the following equation (Equation 2-1 page 38,
Wright et al. [8]):

y-1 =y
T, (32) " .
Toz — 1 4 2Po1 = (p_Z) e (13)
To1 Nsc Po1
where:

To is total temperature

Po is total pressure

v is the heat capacity ratio

nsc is the isentropic compressor efficiency

nNpc IS the polytropic compressor efficiency

Subscript 1 and 2 indicate compressor inlet and outlet conditions, respectively.

The equation above was used to verify that the reported values in Wright et al. [8] could be
reproduced from the imported data. Following data cross checking, the characteristic curve data were
converted to head (m#/s?) and isentropic efficiency (%) versus volumetric flow (m3/s) data for entry into
the HYSYS PCU process simulation compressor model.

The mass flow rate data were converted to volumetric flow rate using the compressor inlet stream
fluid density as calculated using the National Institute of Standards REFerence fluid PROPperties
(REFPROP) standard reference data program [23]. Compressor head was calculated from [24-26]:

Headioo = (725) ()| (2) -1 @
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where:

v is the heat capacity ratio (calculated using REFPROP based on compressor inlet conditions)

Zag 1S the average gas compressibility factor (calculated using REFPROP based on inlet and outlet
conditions)

R is the gas constant

MW is the molecular weight

Ta is the suction temperature

P, and P, are the suction and discharge pressures, respectively.

Outlet conditions used in this equation were computed based on characteristic curve data
(i.e., temperature and pressure ratios were used to determine outlet conditions and associated physical
properties).

3.2.2.2 Turbine Characteristic Curves

Although correlations for turbine temperature ratio and pressure ratio (from which efficiency could be
computed per the equations in the previous section) are presented in Wright et al. [8], evaluation of these
correlations did not successfully reproduce the associated plots. Therefore, the characteristic curve data
for the Capstone C30 turbine was obtained from Figure 4-5 in Wright et al. [8], which is included as
Figure 40 for the reader’s convenience. The data in this figure are presented in terms of pressure ratio as a
function of mass flow rate. Data reproduced from this figure are shown as a scatter plot overlay; the
reproduced data were subsequently converted to head versus volumetric flow for use in the HYSYS
process simulation software.

Figure 40. Capstone C30 compressor and turbine pressure ratio mean line flow curves plot from Wright et
al. [8].
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As with the Capstone C30 compressor characteristic curves, the C30 turbine characteristic curves
were converted to head and efficiency versus volumetric flow curves to simulate the Capstone C30 TAC
in the HYSY'S process simulator. This conversion requires process operating condition and fluid
composition specifications. The turbine inlet conditions for the characteristic curves presented in
Figure 4-5 of Wright et al. [8] includes an inlet temperature of 877°C. The turbine inlet pressure was
calculated for each of the curves based on the pressure ratio and the assumption that the turbine outlet
pressure is equal to 101.325 kPa. The gas composition is assumed to be equal to 79 mol% nitrogen and
21 mol% oxygen as this approximates the composition of air used in the gas combustion application for
which the compressor was originally designed.

The turbine characteristic curve data were converted to head (m?#/s2) and isentropic efficiency (%)
versus volumetric flow (m3/s) data for entry into the HYSYS PCU process simulation compressor model.
The mass flow rate data from the Capstone C30 turbine presented in Wright et al. [8] were converted to
volume flow rate (specified at turbine inlet conditions) using density of turbine inlet stream (calculated
with REFPROP).

The turbine head was calculated from Equation 15 [24-26]. Outlet condition values in this equation
were computed assuming an outlet pressure of 1 bar with the corresponding outlet temperature
determined from the isentropic flow relation Ts/T, = (Ps/P,)~1/¥ [27], which assumes isentropic
flow (and ignores turbine efficiency losses). Since the outlet temperature is only used to estimate fluid
physical properties at the turbine outlet the inaccuracy introduced from this calculation procedure is
believed to be minimal.

weadn = 35) (5 () -1 S

where:
v is the heat capacity ratio (calculated using REFPROP based on turbine inlet conditions)

Zavg IS the average gas compressibility factor (calculated using REFPROP based on inlet and outlet
conditions)

R is the gas constant

MW is the molecular weight

T, is the inlet temperature

P, and Ps are the inlet and outlet pressures, respectively.

Sandia reports reviewed for this analysis [8, 14] do not include a (reproducible) characteristic curve
for the Capstone C30 turbine efficiency and no other source for turbine efficiency characteristic curve
data were found. Since the turbine temperature ratio data were not available, it was not possible to
calculate the turbine efficiency from the pressure ratio and temperature ratio data per the gas compression
and expansion thermodynamic relations presented in the previous section. Therefore, in this analysis the
Capstone C30 turbine efficiency was assumed equal to the design point value of 84.3% as specified in
reference [10].

Wright et al. [8] suggests that the heat input to the turbine is scheduled at a rate so that at varying
shaft speeds, the head coefficient (the ratio of the gas turbine wheel tip speed to the spouting velocity) is
kept near 70%. This roughly keeps the turbine efficiency near its optimum value regardless of speed [8].
Based on this concept, the turbine efficiency is assumed constant at the design point value at all speeds
evaluated. This assumption is not valid for the entire turbine curve, but should be a reasonable
approximation at all points along the operating line (where turbine pressure ratio and compressor pressure
ratio are equal), which is where a converged steady-state model will exist.
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3.2.2.3 Heat Exchanger Performance at Off-Design Operating Conditions

At partial load (off-design) operating conditions, the microreactor main heat exchanger, recuperator,
and gas cooler fluid flow rates, temperatures, and pressures will differ from the design point operating
conditions. The changes in fluid velocity, as well as the changes in physical properties associated with the
partial load conditions, will affect the heat transfer coefficients on the hot and cold sides of these heat
exchangers. Variations in the heat transfer coefficients will result in changes in the exchanger UA product
(the heat transfer area remains constant, but the overall heat transfer coefficient will change with the hot-
and cold-side heat transfer coefficients). The following text describes the methods used to predict off-
design performance for each of the heat exchangers in the MAGNET PCU.

Microreactor Test Article Main Heat Exchanger

The microreactor test article main heat exchanger duty is treated as a control variable and no off-
design heat exchanger performance correlations are included since it is assumed that the reactor power
will be controlled to achieve the target outlet temperature. However, the separate performance evaluation
of MAGNET test articles will establish the heat transfer performance and off-design operating
characteristic of the non-nuclear microreactor test articles and the main heat exchanger that couple the
heat source with the PCU (Figure 4).

Recuperator

Changes in recuperator effectiveness at partial load operating conditions is discussed in several papers
that investigate recuperated microturbine performance [28-31]. The correlation presented by Malinowski
[28] was used to compute recuperator effectiveness as a function of the deviation of the working fluid
mass flow rate from the design operating conditions:

£o

€ T et (1-20)(G/Go)? (16)

where:
G is the mass flow rate through the compressor and turbine

Z is equal to a value of 0.7 based on regression of experimental data from the literature
Subscript 0 denotes design point conditions.

As discussed in the literature, when operating at partial load conditions in which the mass flow rate of
fluid on both sides of the recuperator is decreased simultaneously, the recuperator effectiveness tends to
increase to a value greater than that at the design point [30, 31].

Gas Cooler

The gas cooler performance is simulated using a simple weighted heat exchanger model with a fixed
outlet temperature specification of 35°C. In MAGNET PCU experiments it is anticipated that the cooling
water flow rate will remain at a constant value and the gas cooler outlet temperature will vary as a
function of the process operating conditions (i.e., the working fluid flow rate and gas cooler inlet
temperature). The simplified gas cooler simulation approach was used to decrease simulation time and to
provide results that can elucidate the impacts of changing individual control variables independent of
effects from varying gas cooler outlet temperature.

The heat exchanger duty required to achieve the gas cooler outlet temperature specified in the control
scheme analyses (Section 3.3) was compared with the specified cooling capacity of the
Basco®/Whitlock® exchanger. For the vast majority of operating conditions, the simulated heat
exchanger duty is significantly lower than the rated capacity, suggesting that the gas cooler outlet stream
could be cooled to a temperature lower than 35°C. PCU operations in which the gas cooler outlet
temperatures are lower than specified would have the effect of increasing power output and cycle thermal
efficiency. Conversely, for the small number of operating points for which the simulated gas cooler duty
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exceeds the Basco®/Whitlock® cooling capacity, the resulting elevated gas cooler outlet temperature
would have the effect of decreasing cycle net power output and thermal efficiency. In order to more
accurately predict the gas cooler outlet temperature at off-design process operating conditions it is
recommended that the HYSY'S process models be coupled with Aspen EDR software.

3.2.2.4 Pipe Flow at Off-Design Operating Conditions

HYSYS pipe segment models are used to predict heat and pressure losses as a function of the
specified pipe geometry and fluid flow conditions. As listed in Table 3, the HYSYS model specifies
150 mm (6 in.) nominal diameter schedule 40 pipe for circulation of the PCU working fluid. The pipe
segment model specifications include an assumed 100 mm (4 in.) of urethane foam insulation on the pipe
external surfaces. Since the MAGNET PCU test system will be installed in the INL Energy Systems
Laboratory high bay area, a constant ambient temperature of 21.1°C (70°F) is specified for all PCU
simulations (both design and off-design cases).

3.2.3 Predicted MAGNET CBC PCU Off-Design Performance

The partial load HYSYS model was used to evaluate the off-design performance of the MAGNET
PCU. The quasi-steady-state operating point for each set of input conditions was identified by using a
HYSYS “adjust” block to iteratively vary the CBC working fluid mass flow rate until the compressor
inlet stream pressure and the turbine outlet stream pressure are equal. This approach allows the pressure
drop and thermal load (or losses) from each process component to be accounted for at the specified partial
load operating conditions according to the methods discussed in the previous section. The turbine and
compressor characteristic curves are implemented to calculate the pressure ratio and efficiency
corresponding to the inlet flow conditions; recuperator effectiveness is determined as a function of the
mass flow rate relative to design conditions; and pipe pressure and thermal losses are calculated as a
function of the fluid flow rate and conditions.

As previously indicated, the PCU heat input required to operate the Capstone C30 microturbine at its
nominal operating conditions exceeds the thermal rating of the 75 kWt microreactor test articles.
Therefore, when a 75 kWi test article is used, the CBC will operate at partial load operating conditions
that differ from the nominal operation conditions identified in Figure 30. The HYSY'S process model was
used to predict MAGNET PCU performance when operating with heat input from a 75 kW1 test article.
Two approaches were evaluated for simulating the process operating point with 75 kWt test article heat
input. The first approach evaluated was to vary the gas inventory in the system. The second approach
evaluated was to vary the TAC shaft speed. Other control schemes are evaluated in greater detail in
Section 3.3.

Varying the working fluid inventory has the primary effect of changing the fluid density throughout
the system. Increasing the gas inventory (pressure) increases the fluid density, while decreasing the gas
inventory decreases the fluid density. When the gas inventory is decreased but the TAC shaft speed
remains constant, the volumetric flow rate through the system remains nearly constant but the mass flow
rate decreases, which in turn results in less heat transfer from the microreactor to the working fluid in the
main heat exchanger.

Predicted MAGNET PCU operating conditions and performance using gas inventory control to limit
heat input to 75 kWt for turbine inlet temperatures of 877°C and 600°C are shown in Figure 41 and
Figure 42, respectively. The turbine power output and compressor power requirements both decrease with
the mass flow rate, but the net effect of the decreased gas inventory is a decrease in the net power
generation from the system. For 877°C turbine inlet conditions there is only a small change in the PCU
thermal efficiency as a result of changing the gas inventory (33.5% vs 32.7% at nominal conditions), but
the net power generation decreases (25 kWe versus 32 kWe at nominal conditions) as a result of the
decreased thermal input. However, when the turbine inlet temperature is decreased to 600°C, the decrease
in thermal efficiency associated with the decreased heat source temperature results in a significant
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reduction in the overall net power generation relative to the case with 877°C turbine inlet temperature
(11.4 kWe net at 600°C versus 25.2 kWe at 877°C).

Figure 41. Microturbine PCU process operating conditions at 75 kWt reactor heat input, 877°C turbine
inlet temperature, 96,300 RPM turbine speed (gas inventory control scheme).

Figure 42. Microturbine PCU process operating conditions at 75 kWt reactor (RX) heat input, 600°C
turbine inlet temperature, 96,300 RPM turbine speed (gas inventory control scheme).

Varying the TAC shaft speed has the primary effect of changing the volumetric flow rate through the

system. Increasing the TAC shaft speed increases the fluid flow rate, while decreasing the shaft speed
decreases the fluid flow rate. The heat input to the working fluid is the product of the mass flow rate, the
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working fluid heat capacity, and the temperature differential across the main heat exchanger (Q=m cp
AT). The change in the working fluid mass flow rate associated with variations in the TAC shaft speed
has the largest effect on the heat transfer from the main heat exchanger (assuming fixed turbine inlet
temperature conditions). Although there is some variation in the main heat exchanger, AT, as a result of
changes in recuperator effectiveness and compressor efficiency associated with increases or decreases in
the fluid flow rate (the heat exchanger outlet T is specified, so changes in the AT are driven by changes in
the inlet temperature), these effects and those from variations in fluid properties are minor by comparison.
Therefore, changes to the TAC shaft speed directly impact the fluid flow rate, which effects the quantity
of heat that can be extracted from the test article. The quantity of heat extracted is directly related to the
amount of electrical power that can be produced via the TAC.

Predicted MAGNET PCU operating conditions and performance using TAC shaft speed control to
limit heat input to 75 kWt for turbine inlet temperatures of 877°C and 600°C are shown in Figure 43 and
Figure 44, respectively. For 877°C turbine inlet conditions there is only a small change in the PCU
thermal efficiency (32.3% versus 32.7% at nominal conditions) as a result of decreasing the TAC shaft
speed from 96,000 RPM to 89,000 RPM and the resulting reduction in the mass flow rate from 0.277 kg/s
to 0.233 kg/s, but the net power generation decreases (24 kWe versus 32 kWe at nominal conditions) as a
result of the decreased thermal input.

At a turbine inlet temperature of 600°C, the working fluid temperature differential across the main
heat exchanger is lower than when operating with an 877°C turbine inlet temperature. Assuming constant
fluid properties, a lower temperature differential requires increased gas flow rate to achieve the same heat
duty as a case with a higher temperature differential (Q= 1 ¢p AT). Therefore, the 600°C turbine inlet
temperature operating conditions require a higher mass flow rate, and consequently a higher TAC shaft
speed, than the 877°C case to achieve the same heat load in the main heat exchanger. However, since the
PCU thermal efficiency depends on the heat source temperature, the thermal efficiency of the PCU with
600°C turbine inlet temperature is lower than with a turbine inlet temperature of 877°C. The lower
thermal efficiency of the 600°C versus 877°C turbine inlet temperature results in lower net power
generation for the 600°C turbine inlet temperature despite having the same total thermal input as the
877°C turbine inlet temperature operating conditions.

Figure 43. Microturbine PCU process operating conditions at 75 kWt RX heat input, 877°C turbine inlet
temperature, 1.01 bar compressor inlet P (shaft speed control scheme).
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Figure 44. Microturbine PCU process operating conditions at 75 kWt RX heat input, 600°C turbine inlet
temperature, 1.01 bar compressor inlet P (shaft speed control scheme).

3.3 Control Schemes

Numerous control strategies are potentially applicable to microturbine PCUs. The control strategy
will likely depend on system configuration as well as the application for which the PCU is used. Control
strategies that are applicable for open or closed system configurations include controlling the
microturbine shaft speed, turbine inlet temperature, and/or throttling valve pressure drop. Control
strategies that are applicable for closed system configurations only include controlling gas inventory and
gas cooler duty. Each of these control strategies has different characteristics, such as response time and
effect on system thermal efficiency. PCU control strategy testing will help to identify the performance
attributes of each strategy in various steady stand and transient operating scenarios.

The LabVIEW system integrates the Watlow heaters and Capstone controllers for the PCU loop, as
well as the MAGNET loop. Some of the main control approaches for the TAC are given below [8].

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 usually 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 [13]. 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. The working fluid turbine inlet temperature can be increased or decreased by adjusting the power
from the electrical resistance heaters. The heater power can be adjusted to simulate startup, shutdown,
steady-state, accident, off-normal response, or for compensation caused by fuel burnup.

3. Bypass valves may be used for control by rapidly shunting 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 (Figure 4). This approach prevents over-speeding of the TAC shaft by shunting some
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of the gas around 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 occurs within seconds but has a pronounced
effect on 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 by
restricting 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 has a pronounced effect on 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 HX outlet temperature. This is generally a slow process that takes from minutes to hours
but can be used to maintain high thermal and electrical efficiency.

6. Another control approach is to adjust the compressor inlet temperature by increasing or
decreasing the heat removal capability of the gas cooler. This could be accomplished by increasing or
decreasing the coolant flow in the chiller.

3.3.1 TAC Shaft Speed Control

The Sandia-modified Capstone C30 microturbine includes a power converter and control unit. A
description of the power converter and control unit is provided by Wright et al. [8]: “The power
converter/inverter produces 480-V three-phase power at 60 Hz, regardless of shaft operating speed. This
power can be routed to the electrical grid or transferred to a resistive load bank. Because (Sandia)
purchased the grid connected version of the Capstone C-30 unit, it allowed (connection of) the power
converter/inverter to the grid rather than use a separate load bank. Because the electrical grid is used for
the load, most of this power goes right back into the heater. Thus, in effect the heater provides the load,
and (use of a) separate load bank (is not required). The Capstone internal controller (power inverter)
adjusts the phase difference between the power inverter and the grid to control the power draw by the
grid. This is the actual method used by the Capstone controller to regulate/control the shaft speed or
RPM. Furthermore, the grid power can also be used as a power source to “motor” the alternator to start
the gas turbine. All of these control mechanisms are provided by the Capstone controller, eliminating the
need to design, fabricate, and purchase electronics to provide these functions.”

Controlling the TAC shaft speed results in very fast response times and allows the electrical and
thermal efficiency of the system to remain high [8]. Figure 45 through Figure 47 include predicted system
performance data from the HYSY'S partial load model with a TAC shaft speed control strategy. Off-
design point equipment component performance is modeled as described in Section 3.2. The data in these
figures are based on compressor inlet pressure (CIP) of 1 bar and temperature of 35°C. Separate curves
for each of the dependent variables evaluated are given at turbine inlet temperatures of 877°C, 700°C, and
600°C.

Increases in the TAC shaft speed result in greater working fluid flow rates, which increase the reactor
power required to achieve the target turbine inlet temperature (Figure 45). The increased working fluid
flow rate and reactor heat output associated with increasing TAC shaft speed provide greater thermal
energy input to the turbine, which has the effect of increasing net power generation (Figure 46). For all
turbine inlet temperatures evaluated, the PCU thermal efficiency increases with TAC shaft speed up to
approximately 80,000 RPM, at which point it decreases with further increases in shaft speed (Figure 47).
MAGNET PCU operation with higher turbine inlet temperatures results in increased reactor power,
increased cycle efficiency, and increased net electrical power generation.
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Figure 45. Reactor thermal power as a function of TAC shaft speed with turbine inlet temperature as a
parameter.

Figure 46. Net power as a function of TAC shaft speed with turbine inlet temperature as a parameter.
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Figure 47. Cycle thermal efficiency as a function of TAC shaft speed with turbine inlet temperature as a
parameter.

The decrease in thermal efficiency at TAC shaft speeds exceeding 80,000 RPM is due primarily to a
decrease in compressor efficiency at the flow conditions corresponding to higher shaft speeds; system
configurations with increased working fluid flow rate (i.e., systems with decreased pressure losses) at
TAC shaft speeds exceeding 80,000 RPM would allow the compressor to operate closer to its peak
efficiency. The offset between the operating line predicted by the HYSYS MAGNET PCU model and
reported the Sandia CBC analysis also causes the MAGNET system to operate at a point with a lower
flow rate (see Figure 34); elimination of this offset would result in HYSYS PCU partial load model
predicted operating points closer to the peak efficiency operating points for the turbine and compressor.

The TAC shaft speed control strategy provides an effective way of modulating PCU net power
output, while retaining relatively high system efficiency. The rapid response times associated with this
control scheme make it well suited for applications that are characterized by sudden load changes of
significant magnitude.

Additional plots of PCU performance are included in Appendix A. Additional simulation data
presented as functions of TAC shaft speed in Appendix A include working fluid mass flow rate,
compressor outlet pressure (P2), and recuperator effectiveness.

3.3.2  Turbine Inlet Temperature Control

The turbine inlet temperature can be used to control the CBC PCU. A summary of the turbine inlet
temperature control scheme is provided by Wright et al. [8]: “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.”

Figure 48 through Figure 50 include predicted system performance data from the HYSYS partial load
model with a turbine inlet temperature control strategy. Off-design point equipment component
performance is modeled as described in Section 3.2. The data in these figures are based on CIP of 1 bar
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and temperature of 35°C. Separate curves for each of the dependent variables evaluated are plotted at
TAC shaft speeds of 50,000, 70,000, and 90,000 RPM.

Increases in the turbine inlet temperature have the primary effect of increasing the turbine inlet
enthalpy such that each unit of working fluid flowing through the turbine can be converted to a greater
amount of shaft work, and consequently, electrical power. The reactor thermal power slowly increases as
a function of the turbine inlet temperature (Figure 48). However, the net power output is a relatively
strong function of the turbine inlet temperature, especially with TAC shaft speeds of 90,000 RPM (Figure
49). The significant increases in net power generation combined with the minor increases in reactor
thermal power that occur as the turbine inlet temperature is increased have the net effect of increasing the
PCU thermal efficiency (Figure 50).
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Figure 48. Reactor power as a function of turbine inlet temperature with TAC shaft speed as a parameter.

Figure 49. Net power as a function of turbine inlet temperature with TAC shaft speed as a parameter.
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Figure 50. Cycle efficiency as a function of turbine inlet temperature with TAC shaft speed as a
parameter.

The net power output and reactor thermal power are generally greatest at elevated TAC shaft speeds.
However, the highest TAC shaft speed of 90,000 RPM displays the lowest cycle efficiency at a turbine
inlet temperature of 600°C and the highest cycle efficiency at a turbine inlet temperature of 877°C. This is
attributed in part to the discrepancies between the Sandia CBC and MAGNET PCU operating curves
(Figure 33). It is expected that in MAGNET PCU experimental testing, the higher TAC shaft speeds will
generally correspond to the highest process efficiencies due to the higher shaft speed operating points
being closest to the Capstone C30 TAC nominal operating conditions (96,300 RPM) where the
compressor and turbine efficiencies are generally expected to be at their highest values.

Additional plots of PCU performance are included in Appendix A. Additional simulation data
presented as functions of turbine inlet temperature in Appendix A include working fluid mass flow rate,
compressor outlet pressure (P2), and recuperator effectiveness.

3.3.3 Turbine Bypass Valve Control

A turbine bypass valve can be used to shunt working fluid around the turbine, providing the ability to
control PCU power output. A synopsis of the turbine bypass valve control scheme is provided by Wright
et al. [8]: “Bypass valves may be used for control because they can rapidly shunt gas from a high-
pressure leg to a low-pressure leg. This approach prevents over-speeding of the TAC shaft by shunting
some of the gas around 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.”

This control scheme requires modification to the piping configuration of the Capstone C30
microturbine unit. For the purposes of the initial process design, this control scheme has not been
modeled or evaluated to date. Due to the inefficient operation associated with PCU operation using this
control scheme, it is anticipated that it would only be implemented in applications where very fast system
response times are required. It is recommended that this control scheme be evaluated in future analyses of
microreactor applications for which rapid response times are necessary and temporary inefficient PCU
operation can be tolerated.
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3.3.4  Throttling Valve Control

A throttling valve installed in a low-temperature process location can be used to control PCU power
output [8]. Positioning the throttling valve in a low-temperature process location requires that it be
installed between the turbine outlet and compressor inlet as shown in the proposed piping and
instrumentation diagram (P&ID) for a MAGNET PCU configuration that includes a throttling valve
(Figure 51). The throttling valve increases the pressure drop throughout the CBC loop. The increased
pressure drop restricts the gas flow rate and causes the TAC unit to operate at a lower pressure ratio and,
therefore, power output. However, since the increased pressure drop associated with use of the throttling
valve shifts the PCU operation to a lower flow rate operating point on the turbine and compressor
characteristic curves, the overall process efficiency is decreased as a result of operating the turbine and
compressor at conditions under which they are less efficient.

Figure 51. MAGNET PCU preliminary process design P&ID for configuration with throttling valve.

The MAGNET PCU partial load HYSYS process model was updated to include a throttling valve
immediately downstream from the gas cooler (Figure 52). This location provides the coolest working
fluid temperature such that the throttling valve materials of construction and actuating mechanisms are
not adversely impacted by high-operating temperatures. The chosen location provides a flow restriction
downstream of the turbine, such that the turbine pressure ratio is decreased as a result of applied back
pressure. The throttling valve was sized such that at 25% valve opening a negative value for the PCU net
power is attained (Figure 53) with all other process components operating at nominal conditions (TAC
shaft speed of 96,300 RPM, CIP of 1 bar, compressor inlet temperature of 35°C, turbine inlet temperature
of 877°C). This results in a valve flow coefficient Cv with a value of 150 (USGPM @ 60°F and 1 psi
differential pressure). The relationship between the throttling valve position and the resulting pressure
drop for each of the temperatures evaluated is plotted in Figure 54 .
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Figure 52. MAGNET PCU operating point with throttling valve 100% open (877°C turbine inlet T,
96,300 RPM TAC shaft speed, 1 bar compressor inlet pressure).

Figure 53. MAGNET PCU operating point with throttling valve 25% open (877°C turbine inlet T, 96,300
RPM TAC shaft speed, 1 bar compressor inlet pressure).
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Figure 54. Throttling valve pressure drop (flow coefficient Cv of 150) versus position.

Figure 56 through Figure 57 include predicted system performance data from the HYSY'S partial load
model with use of a throttling valve control strategy. Off-design point equipment component performance
is modeled as described in Section 3.2. The data in these figures are based on a TAC shaft speed of
96,300 RPM, a CIP of 1 bar, and a compressor inlet temperature of 35°C. Separate curves for each of the
dependent variables evaluated are plotted at turbine inlet temperatures of 877°C, 700°C, and 600°C.

As the throttling valve closes, the differential pressure drop across the valve increases. The flow
restriction associated with closure of the valve decreases the working fluid flow rate and causes
backpressure that forces the turbine to operate at a lower pressure ratio. As the throttling valve pressure
differential increases, the decreased working fluid flow rate causes a decrease in the reactor thermal
power (Figure 55) and the PCU net power output (Figure 56). The pressure drop associated with the
throttling valve decreases the amount of power generated from the pressurized turbine inlet stream,
resulting in a decrease in PCU cycle efficiency with increasing throttling valve pressure drop (Figure 57).
These trends are consistent for all turbine inlet temperatures evaluated.

When the throttling valve pressure drop is sufficiently high to result in negative net power generation,
the gross turbine power output is less than the compressor power input requirement. Therefore, when
negative net power operating conditions exist, the alternator must be used as a motor to drive the
compressor and turbine. Use of an external source of electrical power is required when the alternator is
used as a motor since the PCU consumes, rather than produces, power when the net power generation is
negative.

53



Figure 55. Reactor thermal power as a function of throttling valve pressure drop with turbine inlet
temperature as a parameter.

Figure 56. PCU net power as a function of throttling valve pressure drop with turbine inlet temperature as
a parameter.
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Figure 57. PCU cycle efficiency as a function of throttling valve pressure drop with turbine inlet
temperature as a parameter.

Additional plots of PCU performance are included in Appendix A. Additional simulation data
presented as functions of throttling valve position in Appendix A include working fluid mass flow rate,
compressor outlet pressure (P2), and recuperator effectiveness.

3.3.5 Gas Inventory Control

CBC power output can be controlled via gas inventory control. This control scheme involves
increasing or decreasing the absolute pressure of the loop by changing the quantity of working fluid used
in the closed loop. In general, the low- and high-pressure sides of the CBC will increase or decrease with
corresponding changes in the gas inventory. Therefore, the pressure ratios at which the compressor and
turbine operate are not directly affected by changes in the gas inventory. However, changes in the fluid
density resulting from changes in the system pressure will impact the working fluid mass flow rate and
the associated process variables. Increases in pressure will generally increase the power generated for the
same reactor temperature [8]. Since changing the gas inventory is a relatively slow process, the gas
inventory control scheme is a control scheme that provides a low response time. However, the gas
inventory control scheme can be used to vary net power generation while keeping both the thermal and
electrical efficiency at relatively high levels [8].

Figure 58 through Figure 61 provide predicted system performance data from the HYSYS partial load
model with a gas inventory control strategy. Off-design equipment component performance is modeled as
described in Section 3.2. The data in these figures are based on a turbine inlet temperature of 600°C and a
CIP (P1) of 1 bar. Separate curves for each of the dependent variables evaluated are plotted at TAC shaft
speeds of 50,000, 70,000, and 90,000 RPM.

In general, MAGNET PCU operation with increased working fluid inventory results in increased
reactor thermal power, increased net electrical power generation, and a slight decrease in cycle thermal
efficiency. Increases in the MAGNET PCU gas inventory result in greater working fluid flow rates, which
increase the reactor power required to achieve the target turbine inlet temperature (Figure 58). The
increased working fluid flow rate and reactor heat output associated with increasing gas inventory provide
greater thermal energy input to the turbine, which has the effect of increasing net power generation
(Figure 59). For all TAC shaft speeds evaluated, the PCU thermal efficiency decreases mildly with CIP
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(Figure 60). The efficiency decrease is attributed to decreased recuperator effectiveness and increased
frictional losses with increased fluid density and mass flow rate.

At elevated CIPs (greater than approximately 2 bar) the working fluid density and mass flow rate
increase to values larger than predicted for the other control schemes evaluated. The increase in working
fluid mass flow rate results in reactor heat input (Figure 58) and gas cooler heat rejection requirements
(Figure 61) that exceed the capacity ratings of the 75 kWt microreactor test article and the
Basco®/Whitlock® gas cooler, respectively. Therefore, testing the PCU with elevated CIP may require
use of a microreactor test article with thermal power output greater than 75 kWt (such as a 250 kWt
microreactor test article) as well as heat rejection capacity beyond what can be provided by the
Basco®/Whitlock® gas cooler (i.e., use of the XLG® and Basco®/Whitlock® gas coolers in a series
configuration may be required).

As described in Section 3.3.1, the relatively low thermal efficiency at a TAC shaft speed of
90,000 RPM is due primarily to a decrease in compressor efficiency at the flow conditions corresponding
to higher shaft speeds; system configurations with increased working fluid flow rate (i.e., systems with
decreased pressure losses) at TAC shaft speeds exceeding 80,000 RPM would allow the compressor to
operate closer to its peak efficiency. The offset between the operating line predicted by the HYSYS
MAGNET PCU model and reported the Sandia CBC analysis also causes the MAGNET system to
operate at a point with a lower flow rate (see Figure 33); elimination of this offset would result in HYSYS
PCU partial load model predicted operating points closer to the peak efficiency operating points for the
turbine and compressor.
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Figure 58. Reactor thermal power as a function of compressor inlet pressure with TAC shaft speed as a
parameter.
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Figure 59. Net power as a function of compressor inlet pressure with TAC shaft speed as a parameter.

Figure 60. Cycle thermal efficiency as a function of compressor inlet pressure with TAC shaft speed as a
parameter.
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Figure 61. Gas cooler duty as a function of compressor inlet pressure with TAC shaft speed as a
parameter.

Additional plots of PCU performance are included in Appendix A. Additional simulation data
presented as functions of gas inventory (i.e., CIP) in Appendix A include working fluid mass flow rate,
compressor outlet pressure (P2), and recuperator effectiveness.

3.3.6  Gas Cooler Outlet Temperature Control

Another control approach is to adjust the gas cooler outlet temperature (compressor inlet temperature)
by changing the heat duty of the gas cooler [8]. Increased compressor inlet temperature decreases the
working fluid density and decreases the mass flow rate of fluid that is circulated by the compressor. This
shifts the compressor pressure ratio curves (e.g., the black lines in Figure 33) to the left such that the PCU
operates at a point with lower pressure ratio. The increased compressor inlet temperature also results in an
increased compressor outlet temperature, which has the effect of decreasing the reactor thermal power
input required to achieve the target turbine inlet temperature.

The combined effects of increased compressor inlet temperature result in a decrease in the cycle net
power generation as well as a decrease in the cycle thermal efficiency. The gas cooler outlet temperature
control strategy is characterized by a medium response time, as the cooling water flow rate can be
changed relatively quickly but the thermal inertia of the gas cooler will slow the time for the changes to
affect process operations.

Figure 62 through Figure 64 include predicted system performance data from the HYSY'S partial load
model with a gas cooler outlet temperature control strategy. Off-design equipment component
performance is modeled as described in Section 3.2. The data in these figures are based on CIP of 1 bar
and TAC shaft speed of 96,000 RPM. Separate curves for each of the dependent variables evaluated are
plotted at turbine inlet temperatures of 600°C, 700°C, and 877°C.

As the gas cooler outlet temperature increases, the reactor thermal power decreases, the net power
decreases, and the cycle thermal efficiency decreases. The reactor thermal power, cycle net power, and
cycle thermal efficiency are each at their greatest values when the turbine inlet temperature is highest, and
at their lowest values when the turbine inlet temperature is lowest. When operating with a turbine inlet
temperature of 600°C, the cycle net power generation becomes negative at a gas cooler outlet temperature
of approximately 100°C (i.e., external power addition is required to maintain the TAC shaft speed set
point). When the turbine inlet temperature is 700°C, the net power generation becomes negative at a gas
cooler outlet temperature of approximately 175°C. Further increases in the gas cooler outlet temperature
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result in a greater magnitude of negative net power generation. The thermal efficiency also becomes
negative at each of the gas cooler outlet temperatures identified above.
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Figure 62. Reactor thermal power as a function of gas cooler outlet temperature with turbine inlet
temperature as a parameter.

Figure 63. Cycle net power as a function of gas cooler outlet temperature with turbine inlet temperature as
a parameter.
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Figure 64. Cycle thermal efficiency as a function of gas cooler outlet temperature with turbine inlet
temperature as a parameter.

Additional plots of PCU performance are included in Appendix A. Additional simulation data
presented as functions of gas cooler outlet temperature in Appendix A include working fluid mass flow
rate, compressor outlet pressure (P2), and recuperator effectiveness.

3.4 Process Startup/Shutdown

3.4.1  Startup

Initial PCU startup operations are focused on system operability checks and will require net power
addition to circulate working fluid. As the reactor power and/or TAC shaft speed are increased the gross
turbine power will also increase. At the TAC operating speed referred to as “self-sustaining” conditions
the net power generation will be greater than zero and the TAC shaft will not require external power input
to sustain the target rotational speed. During startup “Turbine efficiencies must be high enough, at a speed
approximately 40% to 85% of its design speed, in order for the engine to sustain itself without starter
power” [32].

Heat addition in natural gas fueled turbines is constrained by the air flow rate. During normal natural
gas combustion turbine operations, the fuel must be added to the air at near stoichiometric ratios.
However, nuclear heat-based microturbines can heat the working fluid to a specified turbine inlet
temperature independently of the flow rate. This characteristic provides additional flexibility for the
startup and shutdown of nuclear microreactor-based PCUs. A proposed startup routine based in part on
the procedure used by Sandia to operate the modified Capstone C30 microturbine unit is provided below:

7. Initiate instrumentation and controls.

8. Purge/charge system with working fluid of desired composition and pressure. Inert gas, such as pure
nitrogen, to be used for initial system operability testing.

9. Start flow of cooling water to gas cooler. System interlock to require at least 5 gpm of cooling water
flow for the test loop to run.
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10.

11.

Command turbine to spin to 25,000 RPM (approximately 1 second required for shaft to spin up to this
speed). At this point, the alternator will utilize external power to drive the compressor/turbine shaft,
which will initiate flow of working fluid through the loop.

When the LabVIEW control system detects a TAC shaft speed of 25,000 RPM, the heater PID control
loop will be enabled. At this point the heater output can be controlled by setting the target outlet
temperature or the heater power output.

a. If the heater outlet temperature is specified, the LabVIEW PID loop will control the heater power
output. The LabVIEW system will be configured to shut off the heater power if the temperature
differential between the heater inlet and outlet exceeds 200°C.

b. If manual heater control is specified, the heater power output will remain at the setpoint and the
outlet temperature will vary based on process operating conditions.

Increase TAC shaft speed to the point at which steady-state control can be initiated (nominally

40,000 RPM). During speed up, the LabVIEW control system will increment the speed in 1000-RPM
increments. The alternator power is monitored to ensure that the external power input does not exceed
3 kWe. Therefore, the time required to achieve the target speed will be dependent on the heating rate.

When a TAC shaft speed of 40,000 RPM has been achieved, the system can be switched to steady-
state operating mode. The heater outlet temperature and shaft speed can be adjusted to achieve the
desired operating conditions. The following steps illustrate one possible approach for increasing PCU
net power output once the steady-state operating mode is enabled. Therefore, the example presented
below assumes that the PCU will operate under quasi-steady-state conditions and the HYSYS off-
design process model can be used to characterize system performance.

a. Ramp up reactor power output until 500°C outlet temperature is reached. This is the approximate
minimum temperature at which self-sustaining operations are achieved as predicted by the
HYSYS off-design PCU model (Figure 65).

b. Gradually increase TAC shaft speed to 80,000 RPM (approximately 83% of TAC design speed)
while holding turbine inlet temperature constant at 500°C. During this step, the working fluid
mass flow rate will increase (Figure 66), which will require a corresponding increase in the
reactor thermal power to maintain the target outlet temperature (Figure 67).

c. Increase turbine inlet temperature to target value while holding TAC shaft speed constant at
80,000 RPM. Increasing the turbine inlet temperature will require an increase in reactor thermal
power output (Figure 68).

d. Increase TAC shaft speed to target value while maintaining target turbine inlet temperature.
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Figure 65. Net power versus TAC shaft speed.
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Figure 66. Working fluid mass flow rate as function of TAC shaft speed with 500°C turbine inlet
temperature and 1 bar compressor inlet pressure.
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Figure 67. Reactor thermal power as function of TAC shaft speed with 500°C turbine inlet temperature
and 1 bar compressor inlet pressure.

60
50
40
30

20

reactor power [k\WW]

10

450 500 550 600 650 700 750 BOO 850 900
RX temperature (°C)

Figure 68. Reactor thermal power as function of turbine inlet temperature with 80,000 RPM TAC shaft
speed and 1 bar compressor inlet pressure.
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3.4.2 Shutdown

The MAGNET Capstone C30 microturbine-based PCU shutdown procedure will be programmed into
the system LabVIEW control system. Therefore, the shutdown procedure can be initiated by the system
operator by initiating the shutdown command from the control system interface. The shutdown procedure
is designed to ensure that the system is shut down without equipment damage (from operation at
conditions outside normal operating ranges including component temperatures, speeds, etc.). The
following general action list summarizes the shutdown procedure implemented in Sandia testing [8],
which will also be applicable for shutdown of the MAGNET PCU:

1. Initiation of the shutdown routine first turns the heater power to zero. From this point the controller
monitors the generator power output. Normally the net power output is positive, but as heater output
decreases, the net power output will eventually become negative such that the alternator will be
motored to maintain the target shaft speed.

2. The RPM is reduced in 5000 RPM increments to keep the motor power to less than 3 kWe. The shaft
speed is expected to decrease to 40,000 to 45,000 RPM while maintaining motor power below 3 kWe.

3. During the shaft speed reduction operations, the turbine inlet temperature is monitored. When the
turbine inlet temperature gets below the shutoff temperature set point of 200°C, then the turbine is
shut down completely. Complete turbine shutdown is achieved by commanding the TAC shaft speed
to 25,000 RPM, waiting several seconds, and then sending the final shut down sequence commands to
the Capstone controller. At zero RPM the Capstone controller is rebooted.

3.5 Dynamic Stability

As noted by Wright et al. [8], reactor-driven CBCs have unique operating characteristics, including
the existence of two steady-state TAC operating points for a given reactor thermal power output. One
steady-state TAC operating point occurs at a higher TAC shaft RPM and the other occurs at a lower TAC
shaft RPM. The decrease in TAC load at high RPM is due in part to choked flow conditions at higher
flow rates. The lower RPM operating point is characterized by a lower reactor thermal power input
requirement than the higher RPM operating point. Since both steady-state operating points for a given
turbine inlet temperature are characterized by the same net power output, the lower RPM operating point
would result in more efficient cycle operation.

To evaluate the stability of the two operating points, a dynamic model (non-steady-state operations) is
required. At non-steady-state operating conditions, it is possible that a mismatch can exist between the
load and the cycle net power output. The magnitude of this power discrepancy is designated by the
excess power. The excess power, Py, is the sum of the load, turbine power, and compressor power per
Equation 17.

Px = Pload + Prurbine — Pcomp (17)

Although two steady-state operating points are possible, only the higher RPM operating point is
inherently stable (i.e., when a perturbation in the load decreases the shaft speed the excess power is
positive for the high RPM operating point), which will result in the shaft speed accelerating back to the
steady-state operating condition (“stable operating point” in Figure 69). Conversely, when a load
perturbation decreases the shaft speed at the low RPM operating point, the excess power is negative,
which further decreases the shaft speed and leads to a condition where the shaft speed will continually
decrease leading to a system stall (“unstable operating point” in Figure 69). Additional details and
discussion of reactor-driven CBC dynamic stability are provided by Wright et al. [8].
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Figure 69. Excess power versus TAC shaft speed for a fixed reactor power. When Py > 0 RPM increases,
when Py < 0 RPM decreases.

Although two steady-state operating conditions are possible, a dynamic process model is required to
model system transient behavior (i.e., the excess power variable is only applicable to dynamic system
modeling). It is recommended that a MAGNET PCU dynamic system model be developed to further
investigate the transient performance of the specific system to be installed and operated at the INL
facility. This dynamic model would include system dimensions and specifications specific to the
MAGNET PCU installation for the purposes predicting and verifying control scheme response time and
performance, as well as furthering the understanding of reactor-driven CBC system performance and
operational characteristics. Information gained from a dynamic system model would be valuable for
advancing microreactor PCU technology and useful for designing and deploying future microreactor PCU
demonstrations.

As previously discussed, the lower RPM steady-state operating point requires lower reactor thermal
power input than the higher RPM operating point while providing the same level of net power generation.
Therefore, the lower RPM operating point is more thermodynamically efficient and is the desired
operating point. Previous testing by Sandia indicates that use of an active feedback control system can
successfully maintain PCU operations at the more efficient, lower RPM operating point [8]. The
Capstone microturbine controller that accompanies the Sandia-modified Capstone C30 microturbine unit
can provide rapid feedback control. Use of this controller will enable the MAGNET PCU to stably
operate at points where net power generation is negative (during process startup, operations with low
turbine inlet temperature, operations with high-pressure drop across throttling valve, etc.) as well as at
points that are inherently instable (i.e., the unstable but more efficient, low RPM TAC operating point
discussed above).

4. PROPOSED TESTS

As part of the PCU simulator design, a staged approach for the tests will be outlined with the range of
conditions for each PCU connected to either a heat pipe- or gas-cooled microreactor. The data
management plan defines the operating envelope and information needed from tests, as well as the
granularity and number of measurements to be made. The focus is on obtaining measurement data that
will be useful to evaluate performance and enable trade studies of different PCU configurations.
Performance modeling using Aspen HYSY'S will be used to guide the testing.

4.1 Basic Operability Testing

Initial system testing will emphasize verification of basic system operability and performance. In
addition to demonstrating PCU startup/shutdown functionality, initial testing will collect data necessary to

65



evaluate the system energy balance and compute individual equipment component performance
(compressor and turbine efficiency, recuperator effectiveness, etc.). Basic operability testing data will be
collected primarily at steady-state operating conditions after allowing the process to equilibrate to any
control system or equipment configuration changes. Steady-state operating conditions selected for basic
operability testing should be attained by adjusting TAC shaft speed and/or turbine inlet temperature, since
the TAC and heater controllers must be implemented to achieve the setpoint targets. Therefore, the TAC
and heater controller functionality will be demonstrated in collecting the PCU basic operability data. A
list of basic system operability data to be collected during initial system operability testing is included
below:

1. Startup/shutdown procedures

a. Verify positive net power generation at approximate conditions specified in Figure 64.

b. Verify functionality of reactor heater control (i.e., validate that heater controller achieves
specified target turbine inlet temperature)

c. Verify gas cooler functionality and ability.
2. Energy balance (steady-state operating conditions)
a. Verify performance of each component
b. Quantify system heat losses
3. Verify predicted characteristic curves
a. Turbine head and efficiency versus flow
b. Compressor head and efficiency versus flow
4. Establish system operational curves (system pressure ratio versus mass flow rate)
a. Power versus RPM at varying turbine inlet T
b. Verification of self-starting/self-sustaining conditions

c. ldentification/verification of operating conditions with multiple operating points (i.e., stable and
unstable operating points).

4.2 Transient Behavior
4.2.1  Control Scheme Testing

The performance of the MAGNET PCU based on use of different control schemes is predicted from
the HYSY'S off-design process model in Section 3.3. Experimental testing is required to confirm the
simulated process performance and to determine the response time, accuracy, and stability of each control
scheme. A summary of the experiments proposed to evaluate each of the process control schemes
identified for load-following applications is included in Table 4. The dependent variables in each of the
proposed tests include the reactor thermal power (controlled to achieve the target turbine inlet
temperature), the process pressure ratio, the working fluid mass flow rate, and the cycle net power output.
Experimental data collected during control system testing will be used to compute and/or verify the
reactor thermal power output, turbine efficiency, compressor efficiency, cycle thermal efficiency,
recuperator effectiveness, gas cooler duty, system frictional pressure losses, and overall process energy
balances (i.e., difference between energy input and energy output). A minimum data collection rate of
1 Hz for PCU testing is suggested (higher frequency data collection may be required for evaluation of
certain control schemes or system perturbations and the corresponding response times). Three sweeps of
each independent variable are recommended for each combination of control scheme test input
parameters to ensure the replicability of experimental data.

12.
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Table 4. Proposed MAGNET PCU control scheme testing.

Independent Variable

Parameters

Data Collection

TAC shaft speed:

50,000 to 90,000 RPM (recommend
modification of RPM floor as needed
to start RPM test sweeps at operating
point where net power generation is

Turbine inlet T:
600°C, 700°C, **877°C

Compressor inlet Pressure: 1 bar*

Gas cooler working fluid outlet T:

Experiment repetitions:
3 sweeps of TAC shaft
speed range for each
combination of test input
parameters

35°C
equal to zero) . .
Throttling valve position: 100%
Turbine inlet T: TAC shaft speed: Experiment repetitions:

0 to ~100 kPa (dP test sweep with
throttling valve fully open to
position at which PCU net power
generation is substantially negative;

TAC shaft speed: 96,300 RPM
Compressor inlet Pressure: 1 bar*

Gas cooler working fluid outlet T:

600°C, 50k, 70k, 90k RPM 3 sweeps of turbine inlet
650°C, Compressor inlet Pressure: 1 bar* | T for each combination
;ggog Gas cooler working fluid outlet T: of test input parameters
*%800°C, e 5

**877°C Throttling valve position: 100%

Throttling valve pressure Turbine inlet T: Experiment repetitions:
differential: 600°C, 700°C, **877°C 3 sweeps of throttling

valve position range for
each combination of test
input parameters

1 to 5 bar compressor inlet pressure
(gas inventory adjustments to be
made during testing; at 0 RPM
pressure is equal on high- and low-
pressure sides of process [i.e.,
pressure ratio equals one])

50K, 70K, 90K RPM
Turbine inlet T: 600°C

Gas cooler working fluid outlet T:

35°C
Throttling valve position: 100%

corresponds to valve position of 35°C

100% open to approximately 20%

open when using a throttling valve

with Cv of 150)

Gas inventory: TAC shaft speed: Experiment repetitions:

3 sweeps of gas
inventory range for each
combination of test input
parameters

Gas cooler outlet T:
25°C

50°C

100°C

150°C

200°C

250°C

Turbine inlet T:
600°C, 700°C, **877°C

TAC shaft speed: 96,300 RPM
Compressor inlet Pressure: 1 bar*
Throttling valve position: 100%

Experiment repetitions:
3 sweeps of gas cooler
outlet T for each
combination of test input
parameters

*Powered-down system-wide pressure (TAC shaft speed of 0 RPM) will differ from 1 bar due to
migration of working fluid from high-pressure side to low-pressure side (pressure ratio of 1 at 0 RPM).
**Testing at turbine inlet temperatures above 750°C is currently not allowable with the current test
enclosure but could potentially be possible if MAGNET is modified for a higher maximum temperature.
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4.2.2 Testing of Dynamic Response to System Perturbations

Power cycle operations are subject to internal and external perturbations that can cause system
operations to deviate from the nominal operating conditions. For the power cycle to operate reliably, it
must be able to rapidly and robustly recover from perturbations. Therefore, a series of experiments for
evaluating the dynamic response of the MAGNET PCU to system perturbations is proposed. A proposed
set of system perturbation tests are included in Table 5. The experiments include simulated loss of reactor
power, disturbances in cooling system operation/performance, as well as perturbations to the system
pressure and external load.

Note that the C30 is intended for baseload operations rather than for repeated start/stop cycles or fast
and frequent steps in active power. Non-baseload operating regimes can induce increased
thermomechanical stresses and accelerated aging of generator components. Since the C30 is not designed
for flexible power generation including renewables that involve high rates of cycling, this aspect of power
generation would be best assessed by computer modeling.

Nuclear reactors include numerous mechanisms and operating procedures to ensure safe and reliable
operations. In the event of a safety-related event occurs, it is likely that a nuclear reactor will “trip,”
which involves a rapid shutdown by immediately stopping fission reactions. During such an event the
residual heat in the reactor core and ancillary equipment must continue to be removed to prevent damage
from overheating system components or mechanical stress associated with large thermal gradients. The
PCU provides a mechanism for removing the reactor decay heat. Immediately following reactor trip the
decay heat is likely to provide PCU heat input sufficient to maintain self-sustaining PCU operations. As
heat is removed from the core, the decay heat load will decrease and the PCU heat input will eventually
become insufficient to maintain working fluid circulation without alternator motoring using an external
electrical power source. The loss of power tests will determine the extent to which the heat source can be
cooled without the use of external electrical power. It is proposed that two scenarios are evaluated: (1)
instantaneous shutdown of electric resistance heater output, and (2) downward ramp of electric resistance
heater power output with time at a rate representative of the thermal decay associated with a nuclear
microreactor trip. The rapid temperature decline from electric resistance heater depowering (first
scenario) will provide a bounding case for nuclear applications.

Transient gas cooler operations have the potential to significantly impact PCU process performance.
Since numerous heat rejection technologies could be applicable for field-deployed microreactor PCU
systems, it is important to characterize the impact of cooling system transients on system performance and
operability. The MAGNET PCU gas cooler duty can be perturbed by varying the cooling water flow rate.
Recommended transient testing includes changes in cooling system duty to simulate changes in heat sink
conditions, source, or functionality (ambient temperature, cooling water source, impaired cooling system
performance, etc.).

Perturbations to the PCU system pressure could occur during online working fluid inventory refresh
(e.g., composition adjustment or system purge), as a result of system configuration changes (bringing
units online in a modular system configuration, isolation valve position changes, etc.), from changes in
ambient temperature, or incidents resulting in system leakage/loss of pressure. System pressure
perturbation testing will be achieved by implementing step changes in the CIP via addition or removal of
working fluid from the system. It is recommended that changes to system pressure be initiated and
monitored at the compressor inlet. Since differences exist between the high- and low-pressure-side fluid
density during system operation, changes in CIP may differ from changes to system pressure at process
shutdown conditions.

Variations in the external load occur with high frequency in power generation applications. Variations
in load have the potential to disturb or even destabilize PCU operations. The PCU control system must be
able to respond to changes in load quickly and accurately. The control system performance and tuning are
critical to achieving these requirements. Rapid and stable control system response is needed to ensure that
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transients do not cause the system to oscillate out of control (e.g., a decrease in load can cause TAC RPM
to increase, which increases working fluid flow rate, which may increase reactor power and further
imbalance thermal power input requirements relative to the required power output). It is recommended
that external load perturbations be investigated by initiating deviations in load with varying magnitude
based on scenarios representative of potential field-deployed PCU applications. Additionally, load
perturbations should be applied both at the high RPM (stable) and low RPM (unstable) operating
conditions. Introducing load perturbations at the high RPM operating point can be performed to verify the
dynamic stability at this operating point (i.e., verify that active TAC speed control is not required to
recover from external disturbances). Introducing load perturbations at the low RPM operating point
should be performed to verify the ability of the TAC controller to maintain operations at this unstable
operating point and prevent the system from stalling or accelerating to the high RPM operating point
(which is inherently stable but less efficient than the low RPM operating point).

Table 5. Proposed MAGNET PCU system perturbation testing.

Perturbation

Process Variable Change

Data Collection

Loss of reactor
(resistance
heater) power

Reactor (resistance heater) thermal
power output reductions.

(1) Instantaneous shutdown of
resistance heater thermal power output.
(2) Resistance heater thermal power
output versus time profile representative
of the thermal decay occurring upon
nuclear reactor trip.

Change in gas

Step change reductions in cooling water

Experiment repetitions:

system pressure

pressure.

cooler duty flow rate from max value to value where | Evaluate 5 different step changes in
net power generation becomes negative | cooling water flow rate (each starting at
or compressor inlet temperature of max flow rate with a step change to a
250°C is reached (whichever comes lower flow rate).
first).

Change in Step changes in compressor inlet Experiment repetitions:

Repeat experiment with rapid
compressor inlet pressure changes of
approximately 10 kPa, 50 kPa, 100 kPa,
and 200 kPa.

External load
perturbations

Increases and decreases in alternator
load when operating at:

(1) High RPM (stable) steady-state
operating condition. Test with RPM
controller enabled and disabled to verify
dynamic stability at this operating point.
(2) Low RPM (unstable) steady-state
operating condition. Test with RPM
controller enabled to prevent stall.

Experiment repetitions:

Investigate external load perturbations
of varying amplitude. Magnitude of
perturbations to be determined based on
representative operational scenarios.

During system perturbation testing, comprehensive process condition versus time data will be

collected to enable subsequent evaluation of the system response time as well as to assess the impacts of
the perturbations on process performance (changes in performance during the transient event as well as
the ability of the system to return to the specified operating conditions). To evaluate whether the system
response time is sufficiently rapid to achieve target ramp rates, process condition and system performance
data must be collected at a frequency higher than the target response time. A minimum data collection
rate of 1 Hz for PCU testing is suggested (higher frequency data collection may be required for evaluation
of certain control schemes or system perturbations and the corresponding response times).
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Data to be recorded during system transient testing include process instrumentation data (temperature,
pressure, flow rate), heater controller data (resistance heater electrical power input), TAC controller data
(TAC shaft speed, electrical power output), and system configuration/control data (control system
setpoint values, computed process performance values, etc.). Process and equipment component
performance data to be computed from the experimental data include turbine efficiency, compressor
efficiency, cycle thermal efficiency, recuperator effectiveness, reactor thermal power input, gas cooler
duty, system frictional pressure losses, and overall process energy balances.

5. SUMMARY AND RECOMMENDATIONS

The Capstone C30 microturbine unit (as modified by Sandia for external heat addition) and the
Basco®/Whitlock® gas cooler have been evaluated for PCU testing using the MAGNET test articles as
the heat source. It is concluded that the Capstone C30 microturbine and Basco®/Whitlock® gas cooler
have equipment performance specifications compatible with the MAGNET testbed, and these equipment
components would be well suited for CBC testing in conjunction with the MAGNET 75 kWt test articles.
Since the operating temperature (600°C) and energy transfer per unit working fluid mass (~170 kJ/kg) are
comparable between the C30 PCU and a full-scale recuperated air Brayton cycle producing 10 MWt,
MAGNET can offer the ability to evaluate the test article heat transfer under representative operating
conditions with the transient system behavior associated with a CBC PCU.

Use of the Basco®/Whitlock® heat exchanger (unit from Sandia CBC testing) is recommended for
MAGNET PCU testing using 75 kWt test articles. Aspen EDR simulations predict that the
Basco®/Whitlock® heat exchanger can provide heat rejection capacity consistent with the value listed on
the manufacturer-provided specification sheet.

The XLG® exchanger (gas cooler identified for MAGNET test article performance evaluation) is
believed to contain internal heat transfer enhancements; however, information about the enhanced heat
transfer surfaces is not immediately available. The performance predicted by Aspen EDR for an
exchanger with equivalent geometry and no internal enhancements varies significantly from the
performance on the manufacturer-provided specification sheet. Additionally, the XLG® heat exchanger
will be operated using extended length piping to interface with a cooling source external to the Energy
Systems Laboratory. The heat losses associated with the extended piping have the potential to adversely
affect PCU testing and a more compact heat rejection system, such as the water cooled
Basco®/Whitlock® unit, are, therefore, expected to support more efficient PCU operations due to lower
heat losses and lower pressure losses.

Supplemental gas cooling duty would be required if a test article with thermal capacity that
significantly exceeds 75 kWt is used with the PCU. The XLG® heat exchanger could be incorporated in a
series configuration to provide additional cooling duty.

The MAGNET test article operating temperatures are generally lower than the nominal turbine inlet
temperatures achieved for the Capstone C30 original design application of power generation from natural
gas combustion. Therefore, the C30 microturbine unit is expected to operate with a lower thermal
efficiency in MAGNET PCU testing. At nominal operating conditions of 96,300-RPM TAC shaft speed,
600°C turbine inlet temperature, and 75 kWt reactor thermal power output (achieved using gas inventory
control with CIP of 1.026 bar per Figure 42) the predicted MAGNET PCU performance based on HYSYS
process modeling is a net power output of 11.4 kWe with a cycle thermal efficiency of 15.2%. To
achieve the Capstone C30 rated power output of 30 kWe at this turbine inlet temperature and CIP, thermal
input exceeding 75 kWt would be required. Increased thermal input could be provided by a 250 kwit
microreactor test article, although this level of thermal power would exceed the input requirements of a
single Capstone C30 TAC unit. Therefore, testing with a 250 kWt microreactor test article would require
the thermal power output of the test article to be modulated in accordance with the TAC thermal input
requirements, or alternatively, use of multiple C30 units installed in parallel to utilize the full 250 kWt
microreactor test article thermal power output and to achieve higher electrical power output. PCU
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operation with microreactor test article thermal power output levels significantly greater than 75 kWt
would require increased gas cooler capacity.

The MAGNET test chamber is rated for a pressure of 22 bar, which exceeds the peak operating
pressure identified in the HYSY'S process modeling evaluation of the MAGNET PCU load following
control schemes. The highest localized pressure identified in HYSYS modeling corresponds to
compressor outlet pressure of 10.5 bar at the maximum system pressure evaluated in the pressure gas
inventory control scheme. A reactor thermal input greater than 250 kWt is required to achieve this
operating point; therefore, PCU operating pressures of this magnitude are not expected during MAGNET
testing.

Several control strategies were analyzed to predict PCU performance as a function of selected control
variables at varying partial load operating conditions. HYSYS process modeling of selected control
schemes, including TAC shaft speed, turbine inlet temperature, gas (working fluid) inventory, gas cooler
duty, and throttling valve control schemes, indicated that there are numerous strategies that can be used to
control net power output of reactor-driven CBC PCUs for load following applications.

Ultimately, each control scheme investigated has different operating characteristics and should be
tested to evaluate performance. The control schemes that are expected to result in the greatest thermal
efficiency include the TAC shaft speed, gas inventory, and turbine inlet temperature control schemes. The
control schemes expected to provide the most rapid response times include the TAC shaft speed and
throttling valve control schemes. Experimental testing is necessary to validate the results of the HYSYS
control scheme simulations and to verify performance of individual process components (turbine and
compressor characteristic curves, recuperator performance, etc.).

For MAGNET PCU testing use of the gas inventory control scheme with compressor inlet pressures
exceeding 2 bar may require heat addition and heat rejection at capacities greater than what can be
provided by a 75 kWt test article and the Basco®/Whitlock® gas cooler, respectively. Therefore, gas
inventory control scheme testing at higher system pressures may require use of 250 kWt test articles and
increased gas cooler capacity (e.g., use of the XLG® and Basco®/Whitlock® gas coolers connected in
series as described above).

A throttling valve is not required for control of the MAGNET PCU, but inclusion of one would
provide the ability to test additional control schemes and to gain further insight into the transient
operating characteristics of reactor-driven closed Brayton cycles. A throttling valve with a Cv of 150
(USGPM @ 60°F and 1 psi differential pressure) is recommended for providing accurate control of the
MAGNET PCU configured with a 75 kWt test article.

Implementation of the control schemes discussed above will require development of a LabVIEW (or
equivalent) control system capable of interfacing with the Capstone C30 TAC controller and the
MAGNET test article electrical resistance heater control system. The LabVIEW control system will
control these subsystems to operate the PCU at the specified operating conditions and provide global PCU
functionality, including data acquisition and startup/shutdown routines. The control system must support
feedback control functionality to test the control schemes evaluated in this report (e.g., control of heater
thermal power output to achieve a target outlet temperature setpoint).

Due to the quasi-steady-state modeling limitations of ASPEN HYSY'S, a dynamic system model
should be developed to further investigate the transient operation (response times, system performance,
control system parameters, etc.) of the coupled reactor-PCU system. Additionally, grid connectivity could
be explored using the microgrid available at the Energy Systems Laboratory. A dynamic model would
include system dimensions and specifications specific to the MAGNET PCU installation for the purposes
predicting and verifying control scheme response time and performance, as well as furthering the
understanding of reactor-driven CBC system performance and operational characteristics. Information
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gained from a dynamic system model would be valuable for advancing microreactor PCU technology and
useful for designing and deploying future microreactor PCU demonstrations.

The integration of the C30 unit into the MAGNET loop provides an opportunity for operator training
on a small PCU. Users will have the ability to interface with the controls and obtain feedback on certain
aspects the integrated microreactor PCU cycle. Areas for future work include the construction of a digital
twin to facilitate further understanding of the interaction between the reactor and the PCU. Data from the
coupled reactor-PCU could be used to develop and validate anomaly detection algorithms to facilitate
remote or autonomous operations [33]. The coupled system could also be used to test novel waste heat
recovery systems.
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Appendix A

PCU Controls
A-1. TAC Shaft Speed Control

Figure A-1. Cycle net power as a function of TAC shaft speed with turbine inlet temperature as a
parameter.

Figure A-2. Reactor thermal power as a function of TAC shaft speed with turbine inlet temperature as a
parameter.
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Figure A-3. Working fluid mass flow rate as a function of TAC shaft speed with turbine inlet temperature

as a parameter.
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Figure A-4. Cycle thermal efficiency as a function of TAC shaft speed with turbine inlet temperature as a

parameter.
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Figure A-5. Compressor outlet pressure as a function of TAC shaft speed with turbine inlet temperature as
a parameter.

Figure A-6. Recuperator effectiveness as a function of TAC shaft speed with turbine inlet temperature as
a parameter.
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Figure A-7. Gas cooler duty as a function of TAC shaft speed with turbine inlet temperature as a
parameter.

A-2. Turbine Inlet Temperature Control

Figure A-8. Cycle net power as a function of turbine inlet temperature with TAC shaft speed as a
parameter.
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Figure A-9. Reactor thermal power as a function of turbine inlet temperature with TAC shaft speed as a
parameter.
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Figure A-10. Working fluid mass flow rate as a function of turbine inlet temperature with TAC shaft
speed as a parameter.
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Figure A-11. Cycle thermal efficiency as a function of turbine inlet temperature with TAC shaft speed as
a parameter.
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Figure A-12. Compressor outlet pressure as a function of turbine inlet temperature with TAC shaft speed
as a parameter.
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Figure A-13. Recuperator effectiveness as a function of turbine inlet temperature with TAC shaft speed as
a parameter.

60
50
40
30 —8— 50,000 rpm

70,000 rpm
20

90,000 rpm

gas cooler duty [kWt]

10

550 600 650 700 750 800 850 900
turbine inlet temperature (°C)

Figure A-14. Gas cooler duty as a function of turbine inlet temperature with TAC shaft speed as a
parameter.
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A-3. Throttling Valve Control

Figure A-15. Cycle net power as a function of throttling valve pressure drop with turbine inlet
temperature as a parameter.

Figure A-16. Reactor thermal power as a function of throttling valve pressure drop with turbine inlet
temperature as a parameter.
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Figure A-17. Working fluid mass flow rate as a function of throttling valve pressure drop with turbine
inlet temperature as a parameter.

Figure A-18. Cycle thermal efficiency as a function of throttling valve pressure drop with turbine inlet

temperature as a parameter.
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Figure A-19. Compressor outlet pressure as a function of throttling valve pressure drop with turbine inlet
temperature as a parameter. All data points based on compressor inlet pressure specification of 1 bar.
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Figure A-20. Recuperator effectiveness as a function of throttling valve pressure drop with turbine inlet
temperature as a parameter.
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Figure A-21. Gas cooler duty as a function of throttling valve pressure drop with turbine inlet temperature
as a parameter.

A-4. Gas Inventory Control

Figure A-22. Cycle net power as a function of compressor inlet pressure with TAC shaft speed as a
parameter.
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Figure A-23. Reactor thermal power as a function of compressor inlet pressure with TAC shaft speed as a

parameter.
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Figure A-24. Working fluid mass flow rate as a function of compressor inlet pressure with TAC shaft

speed as a parameter.
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Figure A-25. Cycle thermal efficiency as a function of compressor inlet pressure with TAC shaft speed as

a parameter.
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Figure A-26. Compressor outlet pressure as a function of compressor inlet pressure with TAC shaft speed

as a parameter.
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Figure A-27. Recuperator effectiveness as a function of compressor inlet pressure with TAC shaft speed
as a parameter.
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Figure A-28. Gas cooler duty as a function of compressor inlet pressure with TAC shaft speed as a
parameter.
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A-5. Gas Cooler Outlet Temperature Control

Figure A-29. Cycle net power as a function of gas cooler outlet temperature with turbine inlet temperature
as a parameter.
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Figure A-30. Reactor thermal power as a function of gas cooler outlet temperature with turbine inlet
temperature as a parameter.
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Figure A-31. Working fluid mass flow rate as a function of gas cooler outlet temperature with turbine
inlet temperature as a parameter.

Figure A-32. Cycle thermal efficiency as a function of gas cooler outlet temperature with turbine inlet
temperature as a parameter.
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Figure A-33. Compressor outlet pressure as a function of gas cooler outlet temperature with turbine inlet
temperature as a parameter.

Figure A-34. Recuperator effectiveness as a function of gas cooler outlet temperature with turbine inlet
temperature as a parameter.
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Figure A-35. Gas cooler duty as a function of gas cooler outlet temperature with turbine inlet temperature
as a parameter.
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