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Abstract

There is a lot of interest in modular nuclear microreactors and the benefits they bring for
mobile power in remote areas and process heat applications (World Nuclear Association, 2020).
Many companies in the nuclear power industry are developing various types of reactors, ranging
from high temperature gas reactors (HTGRs), sodium-cooled fast reactors, molten salt reactors,
light water reactors, and heat pipe cooled reactors. Each reactor type requires different thermal
conditions to achieve their most efficient operations. Many of these miniaturized transportable
reactor designs remain largely untested and unproven. To aid in the development of the
miniaturized reactors, Idaho National Laboratory (INL) is developing a Microreactor AGile
Non-nuclear Experimental Testbed (MAGNET). The MAGNET will be used to simulate the
thermal conditions (pressures, temperatures, heat transfer fluids, etc.) that microreactors are
expected to deliver. The MAGNET facility will accommodate various electrically heated
microreactor prototypes. However, the first reactor type under consideration is a heat pipe
cooled test article. The working fluid being considered to cool the heat pipes in the MAGNET
system is nitrogen or helium with a max operating temperature of 600°C. To help in the
development of the MAGNET facility, models were developed in Aspen HYSYS (Aspen

Technology, Inc., 2016) to approximate the thermal conditions throughout the test loop.

The MAGNET models created could be used to simulate the experiments and potential
experiments for the MAGNET. This could save time and money by reducing the number of
costly experiments that provide little information. It could also be used to simulate off design
conditions to determine safety parameters that could be potentially dangerous, like extreme
pressures or temperatures. From the analyses, it was shown that the upper end temperature while
using helium could reach close to 635°C. This approaches the upper limit of the piping at 650°C,
making helium potentially dangerous unless changes are made to the mass flow rate or heat
pipe power load. The models also showed a detailed pressure drop throughout the system
showing that the MAGNET’s compressor could handle the required pressure ratio. However, it
also showed concern about the compressor handling the required mass flow rates. Another
major application drawn from the HYSYS models was a representation of the heat loss and
temperature loss throughout the piping. This showed that the heat loss from the piping was

minimal when the power applied to the heat pipes was at least greater than 75 kW.



Modular nuclear microreactors generate power using various power conversion units
(PCUs). Several common PCUs include steam Rankine cycles, air Brayton cycles, closed
helium Brayton cycles, recuperated Brayton cycles, supercritical carbon dioxide cycles, and
organic Rankine cycles. Combined power cycles can also be used to increase the thermal
efficiency of the PCU. Combined cycles could include a Brayton cycle with a steam Rankine
bottoming cycle. An advantage of the MAGNET is having the ability to easily attach a PCU to
the MAGNET. Two options were considered for adding a PCU to the MAGNET. The first
option was to find a physical PCU unit to attach to the test loop and the second option was to

develop a PCU simulator.

The MAGNET HYSYS models were designed with a compressor and turbine to model a
PCU. The configuration made was a recuperated Brayton cycle. The cycle was optimized by
varying the outlet pressure of the turbine to achieve the highest thermal efficiency of 8.57%
with nitrogen and 15.5% with helium. A PCU simulator was also designed from the research
that Brayton cycles can be uniquely identified by three state points and knowing the pressure
ratio. The PCU simulator simulates simple and recuperated Brayton cycles using a series of
heat exchangers and valving. The major advantage of the PCU simulator was that it could
simulate various Brayton cycles under various compressor and turbine efficiencies. However,
the major disadvantage was that the system has be large capital cost estimated near 2.15 million

dollars.

A simple Brayton cycle start up process was analyzed to provide understanding for the start-
up process of a nuclear powered Brayton cycle. The data provided an upper limit for realistic
compressor and turbine adiabatic efficiencies of 85% and 90%, respectively. From the analysis,
the three key state points were collected which would allow the PCU simulator to simulate start
up processes. An understanding for how a nuclear powered Brayton cycle could start up was
also learned from the analysis. One could say that the nuclear powered PCU start up is similar
to a conventional natural gas PCU except when the start up process begins. The nuclear reactor
would be at operating temperatures before the PCU started. Then the heat could be applied to

the PCU instantly instead of at conventional timing in natural gas PCU.

This thesis details the development of the Aspen HYSYS MAGNET model as well as the

development of the PCU simulator, including cost estimates and start up analysis.
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Chapter 1: Introduction
1.1 Background

1.1.1 Modular Nuclear Microreactors

The idea of small modular nuclear power has reignited people’s interest in nuclear power.
This form of nuclear power adds a lot of versatility to what used to be a stagnant field. Instead
of being a large, expensive, and stationary plant, small microreactors are transportable and
reduce the impact of capital costs. This class of microreactors is new, which bring many new

advantages and challenges (World Nuclear Association, 2020).

Modular nuclear microreactors are versatile reactors. This versatility comes from their
factory fabrication, transportability, and self-adjustability. These reactors are simply designed
so that many of the components are fabricated and assembled in a factory. This removes the
need for large construction zones for assembling the micronuclear reactor. It removes large
overhead and capital costs. It decreases the required time to set up and operate the unit. Once
the units are assembled, they should be quick to install and allow for a “plug-and-play” setup
(Office of Nuclear Energy, 2018; Vitali, Lamothe, Toomey, Peoples, & Mccabe, 2018).
Customers can purchase these units without the worry of on-site construction zones and gain

electrical access rapidly.

Once the units are assembled, they can be shipped directly from the factory to the desired
location. Many of the current designed units are small and can fit within international standard
organization (ISO) shipping containers. ISO containers are easily transportable by truck, train,
boat, and airplane. An example rendering of a current reactor design being shipped is the
HolosGen Holos Reactor, shown in Figure 1.1. Transportability is a desirable feature for many
applications. Because the units are small, they require only a small amount of land, and can

operate virtually anywhere.

A design consideration for microreactors is that they are designed to be self-adjusting and
self-regulating. This is achieved by implementing passive cooling systems that are cooled by
the ambient air. This prevents overheating and reactor meltdown, suggesting that the reactor

would not require many specialized operators to be present continuously to monitor and operate



the reactor (Office of Nuclear Energy, 2018). The use of passive cooling systems makes the

reactors safe and require little maintenance while operating in public.

Figure 1.1 Rendering of the HolosGen Holos Reactor Shipping (HolosGen, 2017)

There are many reasons for the development of modular microreactors because of the large
number of possible applicational uses for them. Some of the possible applications include
providing power for military bases, military forward operations, remote areas, and for disaster
areas. The Department of Defense (DoD) and Department of Energy (DOE) facilities have
major interest in this technology and plan on operating these reactors by the end of 2027
(Charles, 2018). In 2016, the DoD was the largest consumer of energy using 21% of the total
federal energy consumption. They used 201.4 billion BTUs which cost 3.7 billion dollars. Most
of the energy demand was met by the use of electricity, natural gas, and other fuels like coal
and oil. A remote domestic military airbase in Alaska is an example of a military facility that
has a constant need of fuel. This airbase uses 800 tons of coal per day and consistently produces
between 10-15 MWe. The use of a small modular microreactor could reduce or remove the
constant need of coal for the airbase. One or two reactors could supply the needed power to this
airbase (Nuclear Energy Institute, 2018).

Another major application of microreactors for the US military is for their forward operating
bases. As designed, microreactors are easily transportable, robust, reliable, and quick to set up.
An example for military use is the Westinghouse eVinci reactor, shown in Figure 1.2. Several
major advantages for microreactors in forward operating bases are that they create energy
independence, provide process heat applications, and remove the need for constant fuel
resupplying which saves lives and money. Microreactors are being designed to operate 24/7 for

several years without shutting down which provide energy resilience and independence. Power



is generated by using the heat from the microreactor, while the excess heat is removed to cool
the system. The excess heat from the reactor could be used in these forward bases to desalinate
water and provide heating for the bases (Nuclear Energy Institute, 2018). Also, Juan A. Vitali
et al showed in a report that energy independence would be beneficial since approximately
18,700 casualties (52%) of the approximately 36,000 total US casualties over the last nine years
came from land transport missions. Removing the need for constant refueling caravans can save
lives. Along with saving lives, it is estimated that there is an annual fuel cost of 256 million
dollars to operate the 286 annual refueling convoys (Vitali, Lamothe, Toomey, Peoples, &
Mccabe, 2018; Allen, Hartford, & Merkel, 2018).

Another use of the small reactors includes being transported to natural disaster areas to
provide electricity for hospitals and other emergency responders. Since the microreactors are
designed to be small, transportable, and quick to set up, use in a natural disaster area could
provide power quickly and efficiently to critical infrastructure. (Vitali, Lamothe, Toomey,
Peoples, & Mccabe, 2018). HolosGen, a microreactor company, showed that they have a model
that can be airlifted into a disaster area and quickly provide power to emergency responders,
water pump and sewage stations, water purification plants, ect. This would bring needed relief
to cities hit by a disaster and could prevent further damage and provide necessities to the cities

(HolosGen, 2017). A rendering of the HolosGen Holos reactor is shown in Figure 1.3.

Microreactors could also be used to supply power and heat to isolated communities and
mining towns where it could be difficult or expensive to transport fuels to (Charles, 2018). The
use cases in these locations are similar to that of the remote military bases and forward operating
bases. These units could provide power, district heating, and heat process applications like
desalinization of water to these areas. This allows these communities to thrive while not being
tethered to the need of fuel. HolosGen provided data for their reactor in isolated communities.
They detail that many of these areas receive their power from diesel generators costing around
34.5¢/kWh or more. The price per kWh depends on the difficulty of transporting fuel to the
area. HolosGen estimated that they could produce electricity under similar conditions at a cost
of 5.19¢/kWh with fuel that could last years (HolosGen, 2017). The heat from the microreactor
could also be used for heating in the town and for cleaning water. A rendering of a possible

application for the reactors in rural or mining towns is shown in Figure 1.4.



Figure 1.2 Rendering of Westinghouse eVinci Military Transportation (Charles, 2018)
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Figure 1.3 HolosGen HOLQOS Microreactor Deployed for Natural Disaster Aid (HolosGen,
2017)



Figure 1.4 Modular Nuclear Microreactor Application in Rural or Mining Town (Charles,
2018)

There are a wide variety of microreactors proposed by the nuclear power industry, including
sodium-cooled fast reactors, molten salt reactors, high-temperature gas reactors (HTGRs), light
water reactors, and heat pipe cooled reactors. Each reactor type has unique working fluid
temperatures, which in turn have a profound effect on the efficiency of the PCU to produce
power and provide process heat (McKellar, Boardman, Bragg-Sitton, & Sabharwall, 2018).
Some examples of companies developing modular nuclear microreactors are X-energy,
HolosGen LLC, General Atomics, NuScale, MicroNuclear LLC with INL and the University
of ldaho, Westinghouse with Los Alamos National Laboratory (LANL) , and Oklo (Nuclear
Energy Institute, 2018).

X-energy designed the Xe-Mobile which is a high temperature gas cooled reactor. Their
design uses helium to cool the reactor which produces at least 1 MW of electrical power. The
Xe-Mobile is an easily transportable design contained in an ISO container (X-Energy LLC,
2020) They also developed the X-battery, which is another high temperature gas cooled reactor
with a thermal rating of 10 MWs. Their reactor designs are designed to be operated
autonomously and are capable of providing power, heat, and to support hydrogen production
(Nuclear Energy Institute, 2018).



The Holos reactor by HolosGen LLC uses subcritical nuclear fuel cartridges in their reactor.
This fuel is inserted into a large metal block with cooling channels and cooled by helium or
carbon dioxide. Their design is mobile and quick to begin operating. Their design is also
modular which makes it possibly to create large varying power ratings. The reactor can supply
3 MW, and up to 81 MW, using a closed recuperated Brayton cycle with a bottoming organic

Rankine cycle to generate the power (Filippone & Jordan, 2018).

General Atomics is developing a mobile nuclear power supply that can supply 4-10 MWe.
Their design is transportable through shipping containers and can be operated autonomously.
They estimate that their refueling period is greater than 10 years. From General Atomics
expertise in advanced military products, their nuclear power supply is high performance with a
high degree of safety (Nuclear Energy Institute, 2018; General Atomics, 2018).

NuScale’s microreactors is their NuScale Power Module. This unit is a light-water
microreactor and has a power range of 1 to 10 MWe.. Their design estimates that their plant can
operate 10 or more years without the need for refuel and also have highly automated control
room as they have These units are being considered to produce power, heat, desalination, and

hydrogen production for DoD facilities, towns, and industry (Nuclear Energy Institute, 2018).

MicroNuclear, INL, and the University of Idaho are developing the Molten Salt Nuclear
Battery. This microreactor is described as a battery as once the operational lifetime has expired,
a new unit would be inserted. This microreactor operates of natural convection like heat pipes
with the reactor core installed on the inside of the unit. The reactor core is cooled by molten
salt and transfers heat to the desired process. This unit will produce 10 MW and have an

expected operational lifetime of ten years (MicroNuclear LLC, 2020).

Westinghouse is developing a microreactor with LANL. This is a heat pipe cooled reactor
and is a solid monolith which contains many holes to hold nuclear fuel and heat pipes. LANL
developed a heat pipe reactor for space exploration that is currently under development to
become a microreactor with Westinghouse. The reactor is known as the eVinci microreactor.
This reactor operates within the range of 600°C to 700°C and can provide between 200 kW to
15 MWe.. They project that their reactor can operate up to 10 years without the need for refueling
or maintenance since there is little moving parts in their design. (Kennedy, et al., January 2019;
McClure, Poston, Rao, & Reid, 2015; Westinghouse, 2019; Nuclear Energy Institute, 2018).



Oklo is developing the Aurora reactor which is another heat pipe cooled reactor. Their
design uses little moving parts and operates on natural physical forces. The reactor is a fast
reactor and is not easily transportable as their design is meant to be installed underground. They
project that their microreactor can produce 1.5 MW, and have a refueling life span of more than
20 years (Nuclear Energy Institute, 2018; U.S. NRC, 2020).

1.1.2 Power Conversion Units

Power conversion units (PCU) are how modular nuclear microreactors generate power.
PCUs can be structured in many ways to produce power, while the most common types for
large power generation are Brayton cycles, recuperated Brayton cycles, and Rankine cycles.
Combinations of those cycles are also used to create a combined thermal cycle, which have
higher thermal efficiencies (Cengel & Boles, 2011).

Thermal efficiencies are an important factor when discussing power cycles. Thermal
efficiency is a measure to determine how effective the system is at producing the desired
product with the given input. In terms of power cycles, it is how much electrical power is
produced from the given heat input from the heat source, as shown in Equation 1.1 (Cengel &
Boles, 2011). This is a common method of comparing different power cycles. It is more
desirable to have a higher thermal efficiency as it means the heat addition to the system is being
utilized better. Companies search for higher thermal efficiencies because the heat input is

generally the cost of fuel.

Wour = W; Equation 1.1
Den = Q—
mn
Where: Wout — net work out of the system
Win, — net work into the system
Qin — heat into the system

Temperature and entropy (T-s) diagram and a pressure and specific volume (P-v) diagram
are often used to aid in understanding of power cycles. T-s diagrams detail how the temperature
and entropy change throughout the power cycle with the addition and removal of heat (q) at

varying pressures. P-v diagrams show how the pressure specific volume of the working fluid



change throughout the system. These two diagrams provide the same network produced by the
cycle and is represented by the area enclosed, see Figure 1.5. These diagrams are useful to show
how the power cycle operates, including where heat is added or removed (Cengel & Boles,
2011).
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Figure 1.5 Example of a T-s and P-v Diagram (Cengel & Boles, 2011)

Non-recuperated Brayton cycles are common power cycles to use when the working fluid
is a gas. These cycles can either be “open” or “closed” which refer to the cycle either using
ambient air or recirculating the same working fluid in a closed loop. In an open loop air Brayton
cycle, ambient air would be drawn into the compressor and then exhausted back to the ambient
air through the turbine. An example of an open air Brayton cycle is shown in Figure 1.6. This
orientation is considered an open loop because the working fluid is not being recirculated
throughout the system. A closed loop orientation would take the exhaust from the turbine, cool
the working fluid, and then flow back into the compressor, as shown in Figure 1.7. The working
fluid in a closed loop orientation could be helium (He), carbon dioxide (CO2), air, etc, since
the working fluid remains within the loop. An example of the T-s and P-v diagrams are shown

in Figure 1.8.
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Recuperated Brayton cycles operate similarly to non-recuperated Brayton cycles, other than
it operates with the addition of an intermediate heat exchanger, see Figure 1.9. In the heat
exchanger, the compressor exhaust exchanges heat with the high temperature turbine exhaust.
This decreases the required heat addition for the heat source and can greatly increase the thermal
efficiency of the system (Cengel & Boles, 2011). For a closed loop recuperated Brayton cycle,
the working fluid leaving the recuperating heat exchanger would then pass through a chiller and
then flow back into the compressor. An example of a T-s diagram is shown in Figure 1.10. It is
shown that recuperation increases the heat input which would lower the required heat input.
This increases the thermal efficiency of this power cycle. These cycles have higher thermal
efficiencies and operate at lower pressure ratios compared to their non-recuperated counter
parts, as shown in Figure 1.11 where T1/T3 is the ratio between the lowest temperature and

highest temperature in the cycle.
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Figure 1.9 Recuperated Open Air Brayton Cycle
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Figure 1.10 T-s Diagram of a Closed Loop Recuperated Brayton Cycle (Cengel & Boles,
2011)



0.7
0.6
0.5

04

nlh.ﬁm}flﬁm

0.3
02
0.1

11

With regeneration

Without regeneration

"“"T|fT_';:D.2

e TUTy =025

u

Ty/Ty =033

] ] -

| ]
5 10 15 20 25

Pressure ratio, 7,
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Recuperated Brayton Cycles (Cengel & Boles, 2011)

A Rankine cycle is anot

microreactors. Rankine cycles

her possible power cycle that can be used with modular
consist of four components: Gas turbine, pump, boiler, and a

condenser. An example of a steam Rankine cycle is shown in Figure 1.12. This cycle is a closed

loop cycle. As an example, water can be used as the working fluid for the power loop. Liquid

water enters the pump and becomes pressurized. The water then passes through the boiler and

vaporizes. The vapor passes through the gas turbine which converts mechanical energy into

electrical energy. Once through the turbine, the water vapor passes through a condenser,

condenses back into liquid water, and then reenters the pump. This process can be seen in the

T-s diagram shown in Figure 1.13. The working fluids for this power loop are liquids that can

vaporized. Refrigerants or other organic working fluids can also be used within this power cycle
and are called Organic Rankine Cycles (ORC) (Cengel & Boles, 2011).
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Figure 1.13 T-s Diagram for Steam Rankine Cycle (Cengel & Boles, 2011)

A common way to raise the thermal efficiency of power cycles is to create a combined
cycle. Combined cycles have a main power cycle operating off the main heat source, as
described above, and a secondary cycle connected to the cooler on the main cycle. The cooling
section of the main power loop heats the secondary loop and then generates extra power. A
common combined cycle would be a recuperated open air Brayton cycle with a bottoming steam
Rankine cycle, an example is shown in Figure 1.14. The hot exhaust leaving the Brayton cycle
would boil the water in the Rankine cycle. Typically, the Brayton topping cycle would use
natural gas as the fuel, instead of a nuclear reactor, and have high inlet turbine temperatures.

The hot air exhausted from this cycle would then boil the water in the steam Rankine cycle. A
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T-s diagram of an open air Brayton cycle topping cycle with a bottoming steam Rankine cycle
is shown in Figure 1.15. The state point numbers correlate with the state points in Figure 1.14.
It is observed that the exhaust heat from the gas cycle heat provides the required heat for the
steam cycle (Cengel & Boles, 2011). An example of an increase in thermal efficiencies from
combined cycles is shown in a recent scoping study by Idaho National Laboratory (INL) and
the University of Idaho (Ul). They have shown that for a microreactor operating on a
recuperated open air Brayton cycle with a reactor outlet temperature of 650°C (heat pipe or
molten salt reactor), the thermal efficiency can increase from 36% to 40% with the addition of
an ORC attached to a recuperated air Brayton cycle (Litrel, Guillen, & McKellar, 2018).
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Figure 1.14 Combined Open Air Brayton Cycle with Bottoming Steam Rankine Cycle
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1.2 Scope of Work

The new class of modular nuclear microreactors are largely untested and unproven. Thus,
to aid in the development of the new class of modular nuclear microreactors, INL is developing
the Microreactor AGile Non-nuclear Experimental Testbed (MAGNET) which will allow for
the testing of various nuclear reactor types under safe conditions. The reactor types will be
tested using electrically heated cartridges to mimic the heat produced from nuclear fission. This
makes testing the reactor types safe from radiation and the article can be tested in steady state
conditions, off design conditions, and safely tested to failure (Guillen, et al., 2019). Aspen
HYSYS (Aspen Technology, Inc., 2016) has been used to develop the MAGNET and aid in its
development. Aspen HYSYS models have been created for the MAGNET as well as PCU and
a PCU simulator.

1.3 Thesis Outline

The course of discussion throughout this report begins in Chapter 2 with the development
of the MAGNET Aspen HYSYS models. This entails detailed components and various process
parameters at normal operations as well as off design conditions. Chapter 3 begins the Aspen
HYSYS development of a physical PCU attached to the MAGNET as well as the development
of a PCU simulator. The final chapter, Chapter 4, details the analysis of a simple Brayton cycle

start up for off design simulations in the PCU simulator.
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Chapter 2: Microreactor AGile Non-nuclear Experimental
Testbed

2.1 Introduction

Experimental work will be performed at INL at the Microreactor AGile Non-nuclear
Experimental Testbed (MAGNET) shown in Figure 2.1. The purpose of the MAGNET is to
assists with the development, demonstration, and validation of microreactor components and
systems. It will aid in moving the microreactor technology further by reducing the uncertainty
and risk relative to the operation and deployment of these units. The MAGNET is being
designed such that the systems and components can be safely tested in steady state operations,
off design conditions, and to failure points. This will provide valuable information on failure
mechanisms and limits. A goal of the MAGNET is to be diverse enough to test multiple
microreactor concepts. The first test article the MAGNET is being designed for is a heat pipe

cooled reactor prototype (Guillen, et al., 2019).

The MAGNET has the following specifications operating with a heat pipe cooled reactor
(Guillen, et al., 2019):

e Power: nominal 250 kWth.

e Heat pipe working fluid: Sodium.

e Heat pipe operating temperature: 650°C.

e Heat pipes are cooled with a closed nitrogen or helium loop.

e Experiments may require up to 300 hours of continuous testing.

e Horizontally oriented heat pipes.

Aspen HYSYS v. 9 from AspenTech© (Aspen Technology, Inc., 2016) has been used to
help aid in the development of the MAGNET. Aspen HYSYS is a chemical thermo-process
modeling program that simulates process conditions throughout systems. Aspen HYSYS
models of the MAGNET have been designed to estimate the process conditions throughout the
testbed.
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Figure 2.1 Rendering of the INL MAGNET Facility Design
2.2 MAGNET Aspen HYSYS Model Development with 250 kW of
Heat Pipe Power

A process flow diagram of the INL MAGNET facility is shown in Figure 2.2 (O'Brien,
2019). The current testbed was designed to operate with a maximum gas coolant temperature
of 600°C and a maximum design pressure of 2200 kPa. The working fluid within the loop will
be either nitrogen or helium, depending on the tests. Aspen-HYSYS was utilized to create a
process model for the test loop and is shown in Figure 2.3 with its accompanying process data
sheet in Table 2.1. The process model estimates the pressure losses in the equipment and heat
losses in the piping. Modeling approximations for the equipment found in the MAGNET have
been made based on data sheets and assumptions which are described later in this chapter. The
temperature and pressure values shown in the INL process diagram, Figure 2.2, and the Aspen
HYSYS model, Figure 2.3, match closely.

The process data was based on a 250-kW heat pipe reactor with 600°C exit temperature
from the vacuum chamber. There are two similar models, one using nitrogen as the working
fluid and the other using helium. Both models assume the same conditions but use different
fluids. The process conditions and flow sheets for both the nitrogen and the helium models are
found in Appendix A for comparison. The models and figures shown throughout the chapter
are the nitrogen cycles unless specified otherwise. The conditions surrounding the heat
exchangers were set as close as possible to the information found in their respective data

sheets, found in Appendix E and Appendix F.
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Table 2.1 Aspen HYSY'S Process Model of 250 kW Nitrogen Microreactor AGile Non-
Nuclear Experimental Testbed Process Conditions

Material Streams

HX-01 HX-01 RHX-01
Hot In CWR CWS Hot Out Cold In
Temperature (°C) 283.15 17.78 6.67 20.00 32.95
Pressure (kPa) 1222.01 473.89 500.01 1210.68 1285.14

Mass Flow (kg/s) 0.92 6.76 6.76 0.92 0.92
RHX-01 Vacuum
Cold Out Chamber In 6 Chiller In  Chiller Out

Temperature (°C) 358.75 358.07 19.97 17.78 6.66
Pressure (kPa) 1274.36 1272.00 1194.00 483.36 473.69

Mass Flow (kg/s) 0.92 0.92 0.92 6.76 6.76
CWS-04 CWR-01 CWR-05 CWS-02 15

Temperature (°C) 6.66 17.78 17.78 6.66 32.95

Pressure (kPa) 485.46 451.51 483.52 520.19 1286.02

6.76 6.76 6.76 0.92
RHX Hot RHX Cold

16 Comp Out 4-2 Avg Avg
Temperature (°C) 19.97 33.14 33.07 440.94 195.85
Pressure (kPa) 119341 1326.67 1302.91 1232.14 1279.75
Mass Flow (kg/s) 0.92 0.92 0.92 1.00 1.00

Vacuum RHX-01 RHX-01

2 Chamber Out Hot In Hot Out Comp In
Temperature (°C) 6.65 600.00 598.47 283.42 19.94
Pressure (kPa) 520.39 1246.93 1241.33 1222.96 1180.88
Mass Flow (kg/s) 6.76 0.92 0.92 0.92 0.92
CWS-03 CWS-06 13 14 CWR-02
Temperature (°C) 6.66 6.67 33.07 32.95 17.78
Pressure (kPa) 519.99 484.84 1302.35 1286.59 451.31

Mass Flow (kg/s) 6.76 6.76 0.92 0.92 6.76
CWR-03 CWR-04 CWS-05

Temperature (°C) 17.78 17.78 6.67

Pressure (kPa) 450.90 483.72 485.03

Mass Flow (kg/s) 6.76 6.76 6.76
Energy Streams
PIPE- PIPE-
PIPE-RHX- RHX-01 RHX-01

01 Cold Out Hot In Hot Out  PIPE-HV-

Heat Pipes Heat Heat Heat 03 Heat

Heat Flow (MW 2.50E-01 6.88E-04 1.62E-03 2.64E-04 7.91E-05

Mass Flow (kg/s) 6.76
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PIPE-HX-

(0} = [0] & PIPE-HV-02 Chiller
Heat Heat Dut

Heat Flow (MW) -6.77E-06 -6.67E-07 1.25E-02 2.60E-01

-5.76E-06

PIPE-CWR- PIPE-HV-
Heat 01 Heat

Heat Flow (MW) -2.03E-05 -7.01E-06 -2.42E-06 -1.03E-05 5.91E-06

Chiller Pump
Power
Heat Flow (MW) 9.53E-06 3.91E-04
Heat Exchangers

-6.12E-06 -4.83E-06

-2.61E-05

Chiller HX-
RHX-01 01

Duty (MW) 0.324 0.260
LMTD (°C) 245.17 84.80
UA (W/°C) 1320.68 3065.07
Minimum Approach (°C) 239.72 13.33

2.2.1 MAGNET Piping and Valves
The MAGNET model is used to estimate the expected conditions of the testbed. This

detailed model incorporates the piping and fittings found within the system. The piping
components model the length of the pipe, the pipe size, the pipe insulation, pipe fittings, and
the change in height for each pipe segment. The piping data was obtained from INL
documentation and AutoCAD *.dwg files detailing exact pipe lengths and elevation changes.
The pipe segment lengths, heights, and fittings were constructed as described in Aspen HYSYS
Operations Guide. An example of the configuration is shown in Figure 2.4. The reference height
for all the pipes is 10 inches from the ground, as that is the height of the skid the MAGNET is
mounted on.

Each pipe segment includes all the piping and fittings between the components in their
names. For example, “Pipe-CWS-HV-003 to HX-01" is the cold-water service pipeline from
the valve HV-003 to chiller HX-01. It includes the piping, lengths, elevation changes, and the
fittings. Figure 2.5 shows the first 5 elements out of the 14 total elements for “Pipe-CWS-HV-
003 to HX-01.” These elements represent different pipe fittings: such as pipes, reducers, tees,

and elbows. Pipe unions were also modeled as piping with an equivalent length to approximate
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the correct pressure drop. These elements are used to calculate the pressure loss due to friction

and minor losses throughout the piping section.

Fittings

Example of Pipe Sections and
Fittings Modalled in the Pipe
Segment Operation

Figure 2.4 AspenTech HYSY'S Operations Guide for Pipe Sections (Aspen Technology,

2005)
Segment 1 2 3 4 5
Fitting/Pipe Pipe Swage:Abrupt Pipe Elbow: 90 Long Pipe
Length/Equivalent Length 0.7361 0.0000 0.3658 1403 0.4514
Elevation Change 0.0000 0.0000 0.0000 0.0000 -0.4514
Quter Diameter 1143 <empty> 88.90 <empty> 88.90
Inner Diameter 102.3 <empty> 77.93 77.93 7793
Material Mild Steel Mild Steel Mild Steel Mild Steel Mild Steel
Roughness 4.572e-005 4.572e-005 4.572e-005 4.572e-005 4.572e-005
Pipe Wall Conductivity 45.00 45.00 45.00 45.00 45.00
Increments 5 1 5 1 5
FittingNo <empty> <empty> <empty> 1 <empty>

Figure 2.5 Pipe-CWS-HV-003 to HX-01 Piping Elements
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Various data can be obtained for each pipe segment found & Elevation
within the Aspen HYSYS model. Examples of the information ;E"”Pera*“"e
ressure
that can be gathered from the pipe segments are shown in Figure Vapour Fraction
2.6. This information can be turned into useful plots and broken Eea;_“"'tns
radients
down across the length of the pipe segment. This allows for Liq Holdup
. . . . Water Holdup
graphical representations to determine the effects of fittings, g
q Re
pipe length, and elevation change. Using the pipe segment Vap Re
. Lig Velocity
“Pipe-CWS-HV-003 to HX-01,” the same as above, the Vap Velocity
elevation change and pressure in the pipe have been plotted and Deposit Thickness

Deposit Volume

shown in Figure 2.7. The pressure is shown to decrease across

the pipe segment from the CWS 4-inch Ball Valve and 4-inchto ~ Figure 2.6 Pipe Segment
3-inch reducer. The pressure makes a sharp drop at the reducer, Information
around 1.1 m along the length of the pipe, then decreases to the elbow. The pressure is shown
to increase between ~1.1 m to ~3 m along the length of the pipe due to a decrease in elevation.
After this change, the pipe is then kept at a constant elevation and the pressure gradually drops.
The piping modeled only incorporates vertical or horizontal piping and the profile is shown in
Figure 2.8. It should be noted that the pipe length is slightly longer than physically present due
to the estimation of the union pressure drops using equivalent pipe lengths. It should also be
noted that the fluid being used for the chilled water loop is EG50, which is a water and ethylene
glycol mixture. The mass composition used is about 55% of water to 45% of ethylene glycol.
The percentages were determined to match the given properties from the chiller HX-01 data

sheet supplied by the manufacturer.

Figure 2.9 shows similar plots for the pipe “Pipe-HV-03 to HV-01” which has a working
fluid of pure nitrogen. This pipe segment has 32 different piping elements. Figure 2.10 shows
the pressure and elevation changes compared to the total pipe length of the MAGNET. The

graph starts at the exhaust of the compressor and terminates at the inlet to the compressor.
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Figure 2.10 MAGNET Piping Pressure Drop and Height Profile using Nitrogen at 250 kW of
Heat Pipe Power
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The valving is located between the physical pipe segments in the MAGNET. The valves are
all isolation valves of varying sizes and will either be fully opened or fully closed during
operation. Aspen HYSYS calculated the pressure drop across the valves using the Cv supplied
by the manufacturer. The gas valves are three-inch valves and the chilled water valves are four-
inch valves. The Cv values used are shown in Table 2.2. The pressure drop varies for each

Aspen HYSY'S model depending on flow rates and fluid conditions.

Table 2.2 Valve Flow Coefficients (Keckley Company)

Valve Flow Coefficients
Size Cv Size Cv Size Cv

1-1/2" 100 A 055 KN 610
2" 145 o 425 KN 920

The MAGNET is using Thermo 1200 for the piping insulation and is four inches thick. The

insulation was assumed to be placed on all pipe segments. To accurately describe the pipe
segments, the thermal conductivity of the insulation was considered for each pipe segment.
According to the manufacturer, the thermal conductivity of the insulation is dependent on the
mean temperature (Johns Manville, 2019). The manufacture’s insulation information is shown
in Appendix D. The mean insulation temperature was based on the average of the pipe inlet and
outlet temperatures of the working fluid and the ambient temperature. The ambient air
temperature surrounding the piping is assumed to be 21.11°C for all piping, both the indoors
and outdoors. The MAGNET gas piping has an insulation thickness of 4 inches. The chilled
water piping uses a different type of insulation with a thickness of 1.5 inches. An example of
the inlet temperature, outlet temperature, mean temperature, and thermal conductivity for the
nitrogen loop with the heat pipes operating at 250 kW are shown in Table 2.3. The thermal
conductivity values vary for each model as the inlet temperatures differ due to the working fluid
and heat pipe power load. The insulation’s thermal conductivity for the chilled water loop was
also adjusted for each model. The exact values for the thermal conductivities of the insulation

can be seen in Appendix A through Appendix C under the Piping Segments section in the tables.

Aspen HYSYS also estimates the outside heat transfer coefficient surrounding the piping

using the ambient temperature and the airflow across the pipes. The ambient air temperature is
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the same as above, 21.11°C, and the airflow is assumed to be 1 ft/sec (0.31 m/s). Both the
ambient temperature and the airflow across the pipes can easily be adjusted. The airflow was
estimated for the conditions found in the testing facility and the velocity is within the expected
air speed range for thermal comfort, as shown in Figure 2.11. This figure was created from the
American Society of Heating, Refrigerating, and Air-Conditioning Engineers (ASHRAE) 55
parameters (Jenkins, 2019).

Table 2.3 Piping Thermal Conductivity Values

Average
Pipe
Temperature

©C)

Mean Thermal
Temperature ~ Conductivity
(°C) (W/me°C)

Pipe Inlet Pipe Outlet
Temperature Temperature
°C) “C)

RHX-01 Hot
in Piping

RHX-01 Hot
out Piping
RHX-01 Cold
in Piping
RHX-01 Cold
out Piping

OPERATIVE TEMPERATURE (°F)

64 64 72 75 79 82 46 20

AIR SPEED (m/s)
AIR SPEED (fpm)

18 19 20 21 22 23 24 25 20 27 28 29 30 3 32

OPERATIVE TEMPERATURE (°C)

Comfortable | Too Hot | Too Cold | Too Drafty
7

Figure 2.11 Thermal Comfort Chart using ASHRAE 55 Parameters (Jenkins, 2019)
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2.2.2 Heat Exchangers

2.2.2.1 Recuperating Heat Exchanger

A recuperating heat exchanger is in the design of the MAGNET. These types of heat
exchangers are generally used to preheat the working fluid before entering the process.
Preheating the gas reduces the required heat addition to the working fluid from the heater. It
can also increase the mass flow rate of the system at a constant heat load which can increase
production (Cengel & Boles, 2011). The recuperating heat exchanger used in the MAGNET is
a printed circuit heat exchanger (PCHE) and is used to preheat the gas before it enters the
vacuum chamber containing the heat pipes. This lowers the electrical energy used to power the
electric heaters to activate the heat pipes. INL specified the desired process conditions of the

recuperating heat exchanger, shown in Table 2.4.

Table 2.4 MAGNET Recuperating Heat Exchanger Design Conditions

Cold Side Parameters Hot Side Parameters

Mass Flow Rate 0.938 kg/s 0.938 kg/s
Nominal Inlet Pressure 12 bar_g 10.625 bar g

Nominal Pressure Difference 0.375 bar_g 0.375 bar_g
Nominal Tin 38°C 600 °C
Nominal Tout 360 °C 290 °C

An approximation for the MAGNET recuperated heat exchanger was modeled in Aspen
HYSYS to approximate its performance in the Aspen HYSYS models. This allowed the
recuperating heat exchanger to be operated at off design conditions, where the design conditions
are nitrogen at 250 kW of heat pipe power. The heat transfer and pressure drop correlations
were found in the Physical Model Development and Optimal Design of PCHE for Intermediate
Heat Exchangers in HTGRs (Kim & No, 2012). The correlations shown in Kim and No’s paper
for pressure drop are shown in Equation 2.1 and Equation 2.2. Their Nusselt number correlation
is shown in Equation 2.3. They did not include the Prandtl number in their correlations and their
justification was that the Prandtl numbers remained nearly constant. In the MAGNET models
for both helium and nitrogen, the Prandtl numbers also remain nearly constant. The model may
be a better approximation for helium compared to nitrogen as there is little variation in the
helium Prandtl number. The Prandtl numbers are shown in Table 2.5. The “Hot Avg” and “Cold
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Avg” Prandtl numbers are based off the average temperature across the heat exchanger, not the

averages of the Prandtl numbers.

f+Re=15.78 + a- Re” Equation 2.1
= ZAL:p?JZ Equation 2.2
Nu = 4.089 + ¢ - Re? Equation 2.3
Where: f — Fanning Factor
Re — Reynolds Number
Nu — Nusselt Number

AP — Pressure Drop

Dy, — Hydraulic Diameter

L, — Actual Channel Length in a Pitch
v — Velocity

p — Fluid Density

a,b,c,d - Fitting Constants for Geometry

0.009126 0.9913 0.001255 1.058

NOTE: a, b, ¢, and d were interpolated between the listed values

Table 2.5 Recuperating Heat Exchanger Prandtl Number Comparison

Recuperating Heat Exchanger Prandtl Number Comparison
Hot In HotOut HotAvg ColdIn Cold Cold

Out yA\V/o
0.8112 0.7469 0.7747 0.7461 0.7584 0.7395

0.6722 0.6729 0.6728 0.6714 0.6727 0.6729

A PCHE was sized and designed to meet the conditions set by INL by following Kim and
No’s approach. This heat exchanger approximates how the MAGNET PCHE could perform.



29

The manufacture has not provided details on the performance or internal structure for a more
accurate model. However, this is a good approximation and starting point for the heat
exchanger. The design was set to match Kim and No’s heat exchanger found in their report.
They assumed that the flow channels are half circles and are counter current that are oriented
parallel to each other, but the channels could be zig-zagged, as shown in Figure 2.12. The
physical dimensions of the recuperating heat exchanger were approximated to fit within the
manifold manufacturing drawings, shown in Appendix E. With the estimated outer dimensions,
the PCHE was designed in Dassault SolidWorks to develop a reasonable sized PCHE with an
appropriate plate count, channel count, channel size, channel angle, and heat transfer surface
area. This ensured a design that could physically be made. The parameters were adjusted to
match the UA from the MAGNET design specifications, which was approximately 1332 W/°C.
The overall heat transfer coefficient (U) was found using the correlation found in Equation 2.3,
which produced a distinct heat transfer area (A). The flow channel parameters and number of
plates were adjusted to match the needed U and A. The found area was held constant for every
Aspen HYSYS model. The exit temperatures were also adjusted to match the calculated UA
from the known U and A from the correlation. The resulting heat exchanger design is shown in
Figure 2.13. The accompanying table detailing the internal structure of the heat exchanger is
shown in Table 2.6. It should be noted, again, that this could approximate the MAGNET
recuperating heat exchanger and is not the exact heat exchanger being supplied.

The advantage of having a designed heat exchanger in the model is that it can simulate
results when off design conditions are used. The recuperated heat exchanger design functions
from an imbedded spread sheet found within Aspen HYSYS. The process variables are adjusted
to match the heat exchanger’s UA and pressure drop calculated in the spread sheet. The heat
transfer area remains constant and the overall heat transfer coefficient and pressure drops are
calculated using the correlations. A comparison between the inlet and outlet conditions using
helium and nitrogen compared to the MAGNET design conditions are shown in Table 2.7. From
the table, the nitrogen cycle matches closely to the MAGNET design conditions. The text in
red shows the difference in the temperatures coming out of the heat exchanger. The nitrogen
and helium temperatures vary greatly from each other, but it is also seen that the nitrogen has a

much larger mass flow rate.
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Table 2.6 MAGNET Recuperating Heat Exchanger Interal Parameters

Diameter (D)

Hydraulic Diameter (Dh)
Pitch (P)

Theta (Degrees)

Theta (Rad)

Length per Pitch (Lp)

Flow Area per Channel (Af)
Channels per Sheet
Number of Sheets

Number of Pitches

Af for Cold Channel

Af for Hot Channel
Perimeter

Surface Area per Pitch (As)
As Cold per Channel

As Hot per Channel

Total As Cold

Total As Hot

2.00 mm

1.22 mm
24.60 mm
6.43

0.112

24.76 mm
1.571 mm~2
65

112

9

5.718 E-3 m"2
5.718 E-3 m"2
5.142 E-3m
1.273 E-4 m"2
1.146 E-3 m"2
1.146 E-3 m"2
4.170 m"2
4.170 m"2

Recuperating Heat Exchanger Internal Parameters

0.002 m
0.00122 m
0.0246 m

0.02476 m
1.57 E-6 m"2
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Table 2.7 Recuperating Heat Exchanger Performance Comparison at 250 kW of Heat Pipe

Power

RHX-01 Comparison at 250 kW Heat Pipe Power

Temperature [°C]
Hot In
Hot Out
Cold In
Cold Out
Hot Side Pressure Drop (kPa)

Cold Side Pressure Drop (kPa)
Duty (kW)

U (W/m”2C)

UA (WIC)

A (m"2)

Mass Flow Rate (kg/s)

Nitrogen

598.5
283.5
33.05
358.8
18.45
10.83
323.8
316.8
1321
4.170
0.919

Helium

598.9
208.5
34.88
425.1
17.28
11.16
556.1
767.7
3201
4.170
0.274

MAGNET Design

600
~290
38
360
37.5
375
326.95

1332

0.938

It should be noted, for all heat exchangers shown in this report, that there is a smaller

difference in temperature when helium is used compared to nitrogen. This is due to a difference
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in the specific heat (Cp) values for the two fluids. Since both fluids in these operating ranges
can be assumed to be ideal gases, the governing equation can be simplified and is shown in
Equation 2.4. The equation shows that helium has the same amount of heat transfer for a smaller
change in temperature compared to nitrogen as helium’s Cjp is approximately 5 times large than

nitrogen at room temperature (Cengel & Boles, 2011).

0= mC,AT Equation 2.4

2.2.2.2 Heat Pipe Heat Exchanger Approximation

Los Alamos National Laboratory (LANL) is currently developing a heat pipe heat
exchanger using a plenum to distribute flow to the tubes surrounding the heat pipes. These tubes
perform like many tube-in-tube heat exchangers that are connected in parallel. Figure 2.14
shows a general schematic of LANL’s heat pipe cooled reactor with attached heat exchanger
(McClure, Poston, Rao, & Reid, 2015). A double tubed heat exchanger was designed in an
Aspen HYSYS spread sheet to approximate the performance of the heat pipe heat exchanger
under varying process parameters. This heat exchanger was designed assuming a pure double
tubed heat exchanger in parallel. It is not LANL’s heat exchanger design as their information
is unknown. The design in Aspen HYSYS is only an approximation to give a general idea of
how different conditions affect the performance of MAGNET. This is, however, a good
approximation. The double tubed heat exchanger was sized to heat nitrogen to 600°C assuming
the full power load of 250 kW at 2 kW per heat pipe. This means there are 125 heat pipes in the
system, and they are assumed to operate at 650°C (Guillen, et al., 2019). Figure 2.15 shows the
configuration of the heat exchanger attached to the heat pipes in the MAGNET Aspen HYSYS
model. The heat exchanger is a bunch of double tubes in parallel which increases the total heat
transfer area, illustrated in Figure 2.16. It is assumed that the total MAGNET flow is split evenly
across each heat pipe. The heat pipes are filled with sodium and sodium’s properties have been
estimated using “Thermodynamic and Transport Properties of Sodium Liquid and Vapor” (Fink
& Leibowitz, 1995). This allows for an approximation for the outlet temperature of the working
fluid.
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Figure 2.14 LANL’s Sample Schematic of Heat Pipe Reactor with Heat Exchanger Attached
(McClure, Poston, Rao, & Reid, 2015)
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Figure 2.16 MAGNET Double Tubed Heat Pipe Heat Exchanger Illustration

The heat exchanger was designed from standard double tubed heat exchanger correlations.
The equations used were obtained in Design of Fluid Thermal Systems by William Janna. To
solve for this type of heat exchanger, it was assumed that the heat pipes were isothermal. This
is a fair assumption as heat pipes only vary by a small amount across the condenser (Advanced
Cooling Technologies, 2020; Meseguer, Perez-Greande, & Sanz-Andres, 2012). Therefore, the
process of finding the required heat transfer coefficient was done by finding the heat exchanger
effectiveness and number of transfer units (NTU) at the design conditions. Since the heat pipe
is isothermal and condensing, the equations for the solution simplify greatly. From the
correlations, U was found and then the inner diameter of the outer pipe was adjusted to match

the required UA. The diameters were held constant after the correct area was found.

hD 4 .
Nu = == 0.023(Re)5Pro4 Equation 2.5
f

The double tubed heat exchanger was sized around heat pipes that have condenser lengths
of 3.28 ft (1 m) and diameters of 5/8 in. The outside tube’s inner diameter for the heat exchanger

is 0.7772 in. This allows for an accurate approximation of the outlet temperature of the working
fluid in the MAGNET during varying process parameters. The heat exchanger is designed in
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an Aspen HYSYS embedded spread sheet. The sizing of the double tubed heat exchanger is

shown in Table 2.8 with an single tube illustration in Figure 2.17.

Table 2.8 Double Tubed Heat Pipe Heat Exchanger Design

Double Tubed Heat Pipe Heat Exchanger Design

Heat Pipe Outer Diameter 1.59e-2m
Outer Pipe Inner Diameter 197e-2m
Length of Heat Pipe 1.00 m
Heat Transfer Surface Area 4.99 E-2 m"2
Heat Pipe Power 250 kW
Single Heat Pipe Power Load 2 kW
Number of Heat Pipes 125

Figure 2.17 MAGNET Double Tubed Heat Exchanger Single Tube Sizing

The described double tubed heat exchanger was created in an Aspen HYSYS heat
exchanger model to compare the spread sheet results. The Aspen HYSYS heat exchanger used
the same design parameters and tube sizes as was designed in the Aspen HYSY'S spread sheet.
The Aspen HYSY S heat exchanger model was a single double tubed heat exchanger. The model
could not simulate a duty load of 250 kW since it could only have 9 heat exchangers in parallel.
This limited the comparison and validation to 9 heat pipes at 3 kW each. Thus, the models were
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compared to a heat pipe power load of 27 kW. The resulting temperatures were similar to each
other, as shown in Table 2.9. The Aspen HYSYS heat exchanger shows that the heat pipe
temperature decreased slightly while still undergoing a near complete phase change. The fluid’s
phase changes from 1 (pure vapor) down to 0.0553 (near liquid). The pressure drop on the cold
side (MAGNET gas) calculated by Aspen HYSYS is approximately 2% of the vacuum
chamber’s inlet pressure. Since the actual geometry of the real heat exchanger is not known, an
assumption of a 2% pressure drop from 1266 kPa has been made across the spread sheet heat
exchanger. This assumed pressure drop is held constant for each of the different variations in

the process conditions.

Table 2.9 Heat Pipe Heat Exchanger 27 kW Aspen HYSYS Comparison

Heat Pipe Heat Exchanger at 27 kW

Aspen HYSYS
Heat Exchanger

Aspen
HYSYS
Spread Sheet
Number of Heat Pipes
Temperature [°C]
Hot In
Hot Out
Cold In
Cold Out
Hot Side Pressure Drop (kPa)
Cold Side Pressure Drop (kPa)
Duty (kW)
U (W/m»2°C)
UA (W/°C)
A (m"2)
Cold Fluid Mass Flow Rate (kg/s)

The use of an approximated heat pipe heat exchanger has allowed for the comparison of the
heat pipe performance between nitrogen and helium. Using nitrogen as the working fluid, the
vacuum chamber outlet is approximately 600°C, while the helium loop temperature is closer to
634°C. The pipe insulation, thermo 1200, is rated to 650°C and the design operating
temperature of the test loop is 600°C. The comparison between nitrogen and helium are in Table

2.10. The models using the heat pipe heat exchanger are found in Appendix B.
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Table 2.10 Heat Pipe Heat Exchanger Comparison for 250 kW

Heat Pipe Heat Exchanger

250 kW
Nitrogen  Helium
Number of Heat Pipes 125 @ 2 kW
Temperature [°C]
Hot In 650 650
Hot Out 650 650
Cold In 358.1 451.7
Cold Out 600.0 634.3
Hot Side Pressure Drop (kPa) 0 0
Cold Side Pressure Drop (kPa) 25.33 25.0
Duty (kW) 250.0 250.0
U (W/m”2°C) 293.9 556.8
UA (W/°C) 1832 3471
A (m"2) 6.234 6.234
Cold Fluid Mass Flow Rate (kg/s) 0.919 0.264

2.2.2.3 Chiller Heat Exchanger

Modelling the chiller heat exchanger, HX-01, was attempted; however, it was determined
that critical information of the internal structure was lacking. This heat exchanger uses
corrugated tubes, which enhance the heat transfer and increase the pressure drop considerably.
Two separate shell and tube heat exchangers were modeled in an attempt to simulate the
MAGNET chiller heat exchanger: one was modeled with the Aspen HYSYS heat exchanger
component and the other was with standard equations. These heat exchanger models were built
using the specifications provided by the manufacturer but used smooth tubes instead of
corrugated tubes. This was done since the heat transfer correlations were known. The results
were vastly different from the manufacturer’s data, as shown in Table 2.11 to Table 2.13. The
cold side is the chilled water entering the chiller heat exchanger and the hot side is the nitrogen
in the MAGNET. The manufacturer’s datasheet is found in Appendix F.

The exit temperatures shown in Table 2.12 and Table 2.13 are very comparable. The two
varied slightly from each other because Aspen HYSYS used the current process fluid properties
at the current temperatures while the book calculations used average properties between the

large ranges set by the manufacture.
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Table 2.11 Chiller HX-01 Manufacturers Data

Manufacturer
Cold In Cold Out
Temp (°F)
Pressure Drop (Psi)

Log Mean Temp Difference (°F)
Fitted Heat Transfer Area (ft*2)
Duty (BTU/hr)

UA (BTU/hr °F)

U (BTU/hr ft"2 °F)

Table 2.12 Chiller HX-01 Book Calculations using Equations and Correlations Found in
Design of Fluid Thermal Systems 4th ed (Janna, 2015)

Book Calculations

Cold In Cold Out Hot In Hot Out
Temp (°F) 44 53.72 527 303.8
Pressure Drop (Psi) 2.38 0.73
Log Mean Temp Difference (°F)
Fitted Heat Transfer Area (ft*2)
Duty (BTU/hr)
UA (BTU/hr °F)
U (BTU/hr ft"2 °F)

Table 2.13 Chiller HX-01 Aspen HYSYS Model using the Heat Exchanger Design Module

HYSYS Calculations
Cold In Cold Out Hot In Hot Out
Temp (°F) 44 53.11 527 320
Pressure Drop (Psi) 1.60 0.70
Log Mean Temp Difference (°F) 366.3
Fitted Heat Transfer Area (ft"2) -
Duty (BTU/hr) 4.260 E5
UA (BTU/hr °F) 1.16 E3
U (BTU/hr ft"2 °F) -

Several different attempts were used to obtain the exit temperatures the manufacturer
showed. First, the lengths of the designed heat exchangers were adjusted while the rest was held
constant. The lengths needed to be around 30.5 ft long (up from 4.92 ft) to obtain similar outlet

temperatures. This made the UA similar between the manufacturer’s specifications, but the heat
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transfer area was about 6 times larger than what the manufacturer showed. This is most likely
not an effective design. Second, Richard Christensen, The Nuclear Engineering Program
Director at the University of Idaho and heat exchanger expert, said that the fluted tubes could
enhance heat transfer between 2 to 5 times (Christensen, 2020). Using this idea, the heat transfer
coefficients were scaled by about 5.7 on the tube side and about 5.2 on the shell side. This was
done while keeping the original length and design. This produced an appropriate exit
temperature that matched the manufacturer’s data. However, simply scaling the heat transfer
coefficient might not accurately describe the effects of flow, fluid mixing, pressure drop, and
heat transfer. Lastly, other heat transfer correlations were found and tested. Some had many
values, like the Reynolds number, that were way out of the expected ranges while other
correlations produced decent values, but the exit temperatures were still too high. It may be
necessary to perform tests on the chiller HX-01 and collect data to build an accurate Aspen
HYSYS heat exchanger model. The performance data could be used to create heat transfer
correlations and could be simulated within Aspen HYSYS. The current values found within the
nitrogen and helium MAGNET models are shown in Table 2.14. An approximation applied to
adjust the chiller unit’s mass flow rate to maintain a chilled water outlet temperature of 64°F
(17.77°C). This makes the inlet and exit temperature of the chilled water and the MAGNET gas
exit temperature to remain constant, which matches the chiller HX-01 manufacture’s data sheet.

Table 2.14 Current Chiller HX-01 Values for the Nitrogen and Helium MAGNET Cycles
using 250 kW of Heat Pipe Power without the Heat Pipe Heat Exchanger

Current Chiller HX-01 Values

Nitrogen
Duty (kW)/(BTU/hr) 260 (887200) 269 (916200)
UA (W/C)/(BTU/hr °F) 3065 (5810) 4611 (8740)
Min. Approach (°C)/(°F) 13.33 (24.00) 13.33 (24.00)
LMTD (°C)/(°F) 84.81 (152.7) 58.26 (104.9)

2.2.3 Compressor

The compressor in the MAGNET is used to drive the flow and control the pressure of the
MAGNET working fluid. A Corken Inc compressor, model FD691-4, has been purchased for
the MAGNET. It is a 25 hp reciprocating compressor. The compressor is single staged with a
variable speed drive. An attempt was made in Aspen HYSY'S to model the compressor making

it function from the rotational speed of the unit. However, the results from Aspen HYSYS did
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not match the manufacture’s data; therefore, the unit does not operate off the compressor

specifications.

Aspen HYSYS has an option to model reciprocating compressors and requires internal
information about the compressor to function. This information lets Aspen HYSYS simulate
the compressor using the rotational speed. The needed data required for the compressor model
is shown Table 2.15. To accurately model the compressor, the bore size, stroke size, cylinder
type, and the speed are needed. The Corken compressor specification sheet is shown in Figure
2.18 and provides the needed information for Aspen HYSYS. A performance sheet was also
obtained from INL and is shown in Figure 2.19. The pressures and temperatures in the
performance sheet were used to determine the default fixed clearance volume to match the
volumetric efficiency listed. For some of the conditions in the performance sheet to be met, the
adiabatic efficiency of the compressor needed to be 100% to match the outlet temperature of
126°F. It was also determined that the default fixed clearance volume needed to be 24.25%.
Though the exhaust temperature and volumetric efficiency were met, the flow rate of the gas
was incorrect. The performance sheet showed a piston displacement of 48 CFM and Aspen
HYSYS calculated 22.08 ACFM or 363.19 SCFM. This model was also used to check the

compressor performance at the MAGNET conditions.

Table 2.15 Aspen HYSYS Reciprocating Compressor Input Data

HYSYS Reciprocating Compressor Input Data
Number of Cylinders 1

Cylinder Type Single-Acting, Outer End
Bore (ft) 0.333

Stroke (ft) 0.333

Piston Rod Diameter (ft) 8.202 E-2

Const. Vol. Efficiency Loss (%) 4.00

Default Fixed Clearance Vol. (%) 24.25

Zero Speed Flow Resistance (k) 0.0 Ib/hr/sgrt(psia-1b/ft"3)
Typical Design Speed (RPM) 825

Volumetric Efficiency (%) 92

Speed (RPM) 825
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Specifications Single-Stage Compressors
D-style fingle- Dol oo D491 D4913 D691 DEDI-4
distance plece]
Fstyle [double- T T2 ™M T®3 TER Tedd
distance plecs]
Bore of cylinder inches fmm)
S ) 30 40 10 45 410
mabess 782 (PR} (0L (7B (143)  [0I§)
Second stage
R 25 25 30 10 40 410
- m (635) (835 (PR (PR (O1E  (018)
Pision displacement CFM (m/hr)
a1 82 175 93 295 233
@ 400 rpm 7o) @Y (@97 (67 (01  (396)
— a4 1649 360 03 BOE 480
pm (M3 [87)  (612) (345 (033 (815
‘“;‘ﬂ::;tf;;g ;| 3% 335 00 e 800
i i i 4
{bar g @3 231 [231) M4 (230 (4l
Maximurm brake 75 15 5 5 5 5
horsepower (kW) | (56 (1) i m ey (&)
Maximum rod load 3600 3600 4000 4000 7000 7000
bis (lg] ME3% (1633 s (M 3T5 (3179
Maximurn discharge 350 380 i 350 350 350
temperature °F (*C)°| (77)  (177) {177} {177 {77) {77
Bare unit weight with 150 20 390 a0 T45 T45
flywheel Ibs (kg A0 (353 (Y (7S (3379 (3379
AMSLDIN flange option | Yes fieg fes Yes Yes Yes
Water-cooled option - - - - Yoz Yo

Figure 2.18 Corken Compressors Data Sheet for D691-4 Industrial Series Compressors
(Corken Inc, 2018)

Corken, Inc. Compressor Performance Worksheet

Oct. 16, 2019
Initials: MWS
Notes: Idaho Nat Labs

Model: FD691-4

Piston Suction Discharge Inlet Outlet - . .
Displacement Pressure Pressurl'"ge Compress. Temp. Temp. Volumetric Efficiency
Sﬁge (CFM) (PSIG) (PSIG) Ratio Deg. F Deg. F [Headend|Crankend|Overall
1 48.0 245.0 290.0 1.17 100.0 126 092 | o000 | 092
Brake Capacity Efficiency Inlet | Outlet
Ee HP | ACFM | Dis charge CFM | MCFD | SCFM | Lbs/Hr | Compress. | Mechanical | Overall | Comp. | Comp.
1 18.5 443 39.6 1034 || 731.8 | 3245 0.59 0.78 0.47 0.99 .99

Figure 2.19 MAGNET Compressor Performance Worksheet Calculator using Nitrogen

Several attempts were done to simulate the compressor from the given data but were
unsuccessful. To perform these simulations, the found “default fixed clearance volume” was
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kept constant for the compressor at MAGNET conditions using nitrogen at 250 kW of heat pipe
power. As a 100% adiabatic efficiency is unrealistic, an upper end compressor efficiency of
75% was used for one study and 47% for another study. The efficiency of 47% was shown in
the performance sheet in Figure 2.19. The two tests consisted of defining the needed flow rate
and having Aspen HYSY'S calculate the needed compressor speed. For both tests, the calculated
compressor speed was around 5308 rpm. The manufacture’s data show an operating speed of
850 rpm. The two case studies are shown in Figure 2.20. These values are extremely large;
therefore, the compressor models are not estimating the performance of the compressor using

the compressor information.

Number of Cylinders i

Comp Inlet Comp Qutlet Cylinder Type Single-acting, Outer End
790 F 9186 F Bore [fi] 0.3333
. . Stroke [ft] 0.3333

195.7  psig 1769 psig Piston Rod Diameter [ft] 5.202¢-002
1433 ACFM 133.4 ACFM Const. Vol. Efficiency Loss [3] 4.00
1642 ft3/min 1642 ft3/min Default Fixed Clearance Vol. [%] 24,25
Zero Speed Flow Resistance (k) 0.0000 [b/hr/=qrt(psia-1b/ft3)

7291 bl Compressor Power Typical Design Speed [rpm] 850.0
Compressor 1698 hp Valumetric Efficiency [%] 92.83

Adiabatic Efficiency 75 Speed [rpm] 5309

N N Number of Cylinders 1
Corﬁlnlet Comp_éutlet Cylinder Type Single-acting, Outer End
6700 F 1057 F Bore [fi] 0.3333

. . Stroke [ft] 03333
195.7 psig 1769 psig Piston Rod Diameter [ft] 8.202¢-002
1433 ACFM 136.9 ACFM Canst. Vol. Efficiency Loss [%] 400
1642  ft3/min 1642 ft3/min Default Fixed Clearance Vol. [%] 24,25
7291  |bihr Compressor Power Zero Speed Flow Resistance (k) 0.0000 lb/hr/sqrt(psia-1b/ft3)
Typical Design Speed [rpm] 850.0

Compressor

P 21.09 hp Volumetric Efficiency [3] 9284
Adiabatic Efficiency 47 Speed [rpm] 5308

Figure 2.20 Aspen HYSYS Compressor Case Studies at MAGNET Conditions using Nitrogen
at 250 kW without the Heat Pipe Heat Exchanger

The compressors for the Aspen HYSYS models were assumed to have a 75% adiabatic
efficiency. This value is on the upper end of compressor efficiencies and may represent the best
possible scenario. The units are not dynamically solved from the compressor’s specifications
and rotational speed. Table 2.16 shows a comparison between the duty, horsepower, and
compression ratio between the nitrogen and the helium cycle. The current compressor operates

from a 25 hp motor. To maintain the pressures using helium, the compressor uses 29 hp. There
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was also a slight difference in pressure ratios due to differences in the pressure losses across
the MAGNET equipment.

Table 2.16 Compressor Comparison Between Nitrogen and Helium MAGNET Cycles using
250 kW of Heat Pipe Power without the Heat Pipe Heat Exchanger

Compressor

Horse Power (hp)

Duty (kW)

Pressure Ratio

Mass Flow (kg/s)

Actual Volumetric Flow Rate (m3/h)

2.2.4 Chiller Unit
A 200-ton chiller unit is used to cool the MAGNET loop. The loop is connected to the

chiller heat exchanger HX-01. The fluid being used in the chilled water loop is EG50, which is
a combination of water and ethylene glycol. The piping between the heat exchanger HX-01 and
chiller unit has been modeled and provides the required duty from the physical chiller unit,
shown in Figure 2.21. There is a difference in chiller duties between the helium and nitrogen
loops, as shown in Table 2.17. The flow rate is also different due to maintaining a constant
chilled water outlet temperature from the chiller HX-01.

Table 2.17 Chiller Duty Comparison Between Nitrogen and Helium MAGNET Cycles using
250 kW of Heat Pipe Power without the Heat Pipe Heat Exchanger

Chiller
N2

Duty (kW)
Mass Flow (kg/s)

Another Aspen HYSYS model being considered to attach to the MAGNET is the 200-ton
chiller unit. This model includes the pump for the EG50 fluid. The EG50 is chilled by R-410a
in the refrigeration loop, which is air-cooled. This model is lacking expected conditions of the
refrigeration loop. The model is shown in Figure 2.22 and would be attached to the “Chiller In”
and “Chiller Out” streams found in the MAGNET model. The chiller pump in the MAGNET

model would also be removed.
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Figure 2.21 MAGNET Chilled Water Loop using Nitrogen at 250 kW Heat Pipe Power without
the Heat Pipe Heat Exchanger
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Figure 2.22 Chiller Unit Model
2.3 MAGNET Aspen HYSYS Model Development Operating at
Off-Design Heat Pipe Power

2.3.1 MAGNET Operating at 75 kW of Heat Pipe Power
One of the initial tests the MAGNET will operate at is 75 kW of power to the heat pipes.
The Aspen HYSY'S process flow diagram for nitrogen is shown in Figure 2.23 with its process

data in Table 2.18. This test loop condition has a flow rate of 0.324 kg/s compared to full scale
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flow of 0.919 kg/s. The recuperating heat exchanger also has slightly different conditions with
the slower flow rate. Detailed process conditions for nitrogen and helium are found in Appendix
A.

Comparison tables between the helium and nitrogen loops operating at 75 kW and 250 kW
of heat pipe power are shown below in Table 2.19 to Table 2.21 for the compressor, chiller, and
the recuperating heat exchanger. The heat pipe heat exchanger was also compared between
helium and nitrogen at 75 kW and 250 kW of heat pipe power. The mass flow rates were
adjusted to obtain the desired duty from the heat exchanger. This produced the vacuum chamber
outlet temperatures for nitrogen to be approximately 600°C, while the helium loop temperatures
were closer to 634°C. It is also shown that the inlet temperatures on the cold side vary greatly

between the cycles. The comparisons between nitrogen and helium are in Table 2.22.
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Figure 2.23 MAGNET Operating with Nitrogen at 75 kW of Power without the Heat Pipe Heat Exchanger
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Table 2.18 MAGNET Operating with Nitrogen at 75 kW of Power Process Conditions
without the Heat Pipe Heat Exchanger

Material Streams

HX-01 Hot HX-01 RHX-01
In CWR CWS Hot Out Cold In
Temperature (°C) 232.97 17.78 6.67 20.00 24.55
Pressure (kPa) 1237.32 473.89 500.00 1225.99 1268.60
Mass Flow (kg/s) 0.324 1.923 1.923 0.324 0.324
Vacuum
RHX-01 Chamber Vacuum RHX-01 RHX-01
Cold Out In Chamber Out Hot In Hot Out
Temperature (°C) 396.85 394.67 600.00 595.67 233.56
Pressure (kPa) 1266.68 1266.33 1241.33 1240.64 1237.48
Mass Flow (kg/s) 0.324 0.324 0.324 0.324 0.324

Chiller
Comp In ) Chiller In Out CWS-04
Temperature (°C) 20.02 20.02 17.78 6.65 6.66
Pressure (kPa) 1222.48 1223.99 487.26 477.52 480.61
Mass Flow (kg/s) 0.324 0.324 1.923 1.923 1.923
CWR-01 CWR-05 CWS-02 CWS-03 CWS-06
Temperature (°C) 17.78 17.78 6.66 6.66 6.67
Pressure (kPa) 453.89 487.28 514.49 514.47 480.54
Mass Flow (kg/s) 1.923 1.923 1.923 1.923 1.923
13 14 15 16 Comp Out
Temperature (°C) 24.63 24.56 24.56 20.02 24.65
Pressure (kPa) 1270.74 1268.78 1268.71 1223.92 1273.88
Mass Flow (kg/s) 0.324 0.324 0.324 0.324 0.324
4-2 CWR-02 CWR-03 CWR-04 CWS-05
Temperature (°C) 24.63 17.78 17.78 17.78 6.67
Pressure (kPa) 1270.81 453.88 453.83 487.29 480.56

Mass Flow (kg/s) 0.324 1.923 1.923 1.923 1.923
CWS-01

Temperature (°C) 6.66

Pressure (kPa) 51451

Mass Flow (kg/s) 1.92

Energy Streams
PIPE-
PIPE-RHX- RHX-01 PIPE-RHX-
01 Cold Out Hot In 01 Hot Out
Heat Pipes Heat Heat Heat
Heat Flow (kW 75.00 0.783 1.61 0.204
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PIPE-HX-

01 Hot PIPE-HV-02

Heat Heat

LM AN -6.62E-03 -6.51E-04

-5.73E-03

PIPE-CWR- PIPE-CWS-
Heat 01 Heat
-7.17E-03 -2.42E-03 -1.03E-02
Chiller
PIPE- Pump PIPE-CWR-
Comp Heat Power 03 Heat
RIS VAN  2.77E-03 8.81E-02 -6.11E-03 -4.60E-03
Heat Exchangers
RHX-01  Chiller HX-01
Duty (kW) 130.70 73.94
LMTD (°C) 640.71 1014.34
UA (W/°C) 198.82 13.33
Minimum Approach (°C) 204.00 72.89

Heat Flow (kW) XA 1.70E-03

-2.60E-02

Table 2.19 MAGNET Compressor Comparison for 75 kW and 250 kW of Heat Pipe Power
without the Heat Pipe Heat Exchanger

Compressor
75 kW 250 kW
Nitrogen Helium Nitrogen Helium
HP 5.629 16.830  28.900
kW 1.548 4.198 12550  21.550
Pressure Ratio 1.046 1.049 1.123 1.100
Mass Flow (kg/s) 0.324 0.117 0.919 0.274
Actual Volumetric Flow Rate (m3/h) 82.51 210.10 24350 505.30

Table 2.20 MAGNET Chiller Comparison for 75 kW and 250 kW of Heat Pipe Power
without the Heat Pipe Heat Exchanger

Chiller
75 kW 250 kW

Nitrogen  Helium Nitrogen  Helium

Duty (kW) 74.110 76.610 260.500 269.100
Mass Flow Rate (kg/s) 1.923 1.986 6.760 6.980
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Table 2.21 MAGNET RHX-01 Comparison for 75 kW and 250 kW of Heat Pipe Power
without the Heat Pipe Heat Exchanger

RHX-01 Comparison

75 kW 250 kW
Nitrogen Helium Nitrogen Helium

Temperature [°C]
Hot In
Hot Out
Cold In
Cold Out
Hot Side Pressure Drop (kPa)
Cold Side Pressure Drop (kPa)
Duty (kW)
U (W/m”"2°C)
UA (W/°C)
A (m"2)
Mass Flow Rate (kg/s)

Table 2.22 Heat Pipe Heat Exchanger Comparison for 75 kW and 250 kW

Heat Pipe Heat Exchanger

75 kKW 250 kW
Nitrogen  Helium Nitrogen  Helium

Number of Heat Pipes 25 @ 3 kW 125 @ 2 kW
Temperature [°C]

Hot In 650 650 650 650

Hot Out 650 650 650 650

Cold In 392.2 506.6 358.1 451.7

Cold Out 596.7 633.9 600.0 634.3
Hot Side Pressure Drop (kPa) 0 0 0 0
Cold Side Pressure Drop (kPa) 25.0 25.0 25.33 25.0
Duty (kW) 75.0 75.0 250.0 250.0
U (W/m~2°C) 465.3 1033 293.9 556.8
UA (W/°C) 580.2 1288 1832 3471
A (m"2) 1.247 1.247 6.234 6.234
Cold Fluid Mass Flow Rate (kg/s) 0.325 0.113 0.919 0.264

2.3.2 MAGNET Operating at 2 KW of Heat Pipe Power
An initial test is planned for the MAGNET to operate using one heat pipe at 2 to 3 kW. The

Aspen HYSYS process flow diagram and process conditions are shown in Appendix A. Is has
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been assumed that the equipment in the MAGNET will remain the same as currently designed
for the higher flow rates and numbers of heat pipes. For this test, however, the PCHE
recuperating heat exchanger was replaced by a Sentry tube in tube heat exchanger and a low
flow mass flow meter. The heat pipe heat exchanger would also be adjusted to accommodate
only one heat pipe, but it is assumed in the Aspen HYSYS model that the dimensions of the
tube is the same as discussed earlier in the chapter. The Sentry tube-in-tube heat exchanger
model being used is the DTC-IN7/SSD-8-1-1. This uses an Inconel inner tube with a stainless-
steel outer tube. The tube in tube heat exchanger was modeled using double tubed heat
exchanger equations found in Design of Fluid Thermal Systems by William Janna. The sizing
of the heat exchanger in Aspen HYSYS can be seen in Table 2.23 and the manufacture’s data
sheet is in Appendix E. The wall thickness for both the inner tube (0.065 inches) and outer tube
(0.083 inches) were obtained by contacting the manufacturer (Sentry, 2020). A double tubed
Aspen HYSY'S heat exchanger model was created to compare results to the standard equations,
a similar process for validating the heat pipe heat exchanger discussed earlier. The results are

similar and are shown in Table 2.24.

It was assumed that the exhaust temperature of the vacuum chamber was 600°C. This
assumption was made for both the Aspen HYSYS models with and without the heat pipe heat
exchanger. To obtain this temperature, the flow rate needed to be near 0.0045 kg/s. Since the
flow rate is smaller than what the compressor could operate at, the flow will be driven by the
compressor receiver tank. Once the pressure in the receiver tank drops below a certain
threshold, the compressor will turn on and pressurize the tank to a set value and then turn off.

This will allow the current compressor to be used for this low flow case.

The low flow within the system and the large pipe sizes create a lot of residence time in the
piping. The piping throughout the MAGNET is mostly 3 inches in diameter, with a few sections
of 4-inch pipe around the vacuum chamber. The velocity within the 3-inch pipes are near 0.068
m/s. The volumetric flow rates are also shown in Table 2.25, where the values were provided
by Aspen HYSYS. This low velocity and low volumetric flow rate allow for a large amount of
heat transfer from the pipes to the ambient air. This resulted in the fluid within most pipes to be
at ambient temperatures. Where the temperatures are elevated, a lot of heat is lost due to the

small flow.
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Performance of the compressor, chiller, recuperated heat exchanger and the heat pipe heat
exchanger are shown between Table 2.26 to Table 2.29. The heat pipe heat exchanger showed
that the exhaust temperature is 583°C. This value could be increased to 600°C if the flow rate
were decreased and the heat pipe power were increased. A smaller outer tubed diameter could
also be placed over the heat pipe beside the one designed in the previous sections (0.7772-inch

inner diameter).

Table 2.23 Sentry’s Double Tubed RHX-01 Sizing

Sentry's Double Tubed RHX-01 Sizing
Tube Sizing
ID Tube (ID p) (m) ID Annulus (ID a) (m)
OD p (m) 1.27 E-2 KeIEN(Y)!
Tube Thickness (m) IGEY=EI Annulus Thickness (m)
Flow Areas

Ap (m"2) 6.94 E-5 WAEN(UA”)

Fluid Velocities

V p (m/s) 8.47 m/s RVEXWA)
Hydraulic Diameter (Dh) (m) ERER=¢I Equivalent Diameter (De) (m)

Reynolds Numbers
Rep 2.22 E-4 BREE!
Nusselt Numbers
Nu p 63.7 Nu a
Convection Coefficients
h inner (W/m"2-C) 275.6 REYCVIngEe)
h p (W/m"2-C) 204.0
Overall Heat Transfer
Coefficient (Uo) (W/m"2-C) 49.75
Outlet Temperatures

R 0.987 Rl uN(Y)]

E Outer Surface Area of Pipe (A0)
0971 Kua”)

Hot Out (°C) IKKEI Cold Out (°C)




52

Table 2.24 Sentry Double Tubed RHX-01 Comparison between Spread Sheet Equations and
Aspen HYSY'S Heat Exchanger Model without Heat Pipe Heat Exchanger

Double Tubed RHX-01 Comparison (2 kW) without Heat
Pipe Heat Exchanger
Spread Sheet
without Heat Aspen

Pipe Heat HYSYS
Exchanger
Number of Heat Pipes
Temperature [C]
Hot In 381.1 381.1
Hot Out 133.0 121.8
Cold In 21.95 21.95
Cold Out 273.4 284.4
Hot Side Pressure Drop (kPa) 5.440 4.034
Cold Side Pressure Drop (kPa) 0.019 0.572
Duty (kW) 1.21 1.26
U (W/m"2C) 47.66
UA (W/C) 11.01 12.8
A (m"2) 0.231
Mass Flow Rate (kg/s) 4.46 E-03 4.46 E-03

Table 2.25 MAGNET 2 kW of Heat Pipe Power Working Fluid Residence Time without Heat
Pipe Heat Exchanger

Residence Time of Nitrogen in MAGNET operating heat pipes at 2 kW without Heat
Pipe Heat Exchanger
Pipe Pipe Pipe Pipe Pipe
following following  following following following
Compressor RHXcold  Vacuum RHX hot Chiller HX
(3-inch side (3- Chamber (4- side (4-inch  hot side (3-

pipe) inch pipe)  inch pipe) pipe) inch pipe)

Volumetric Flow
Rate (m”"3/hr)

Time per Volume
(hr/m”"3)

2.065 3.364 1.569 1.134

0.484 0.297 0.637 0.882




Table 2.26 Compressor Performance at 2 kW with the Heat Pipe Heat Exchanger

Compressor (2 KW) Loop with Heat Pipe Heat
Exchanger

\pi
HP
kwW
Pressure Ratio
Actual Volumetric Flow (m3/h)

Table 2.27 Chiller Performance at 2 kW with the Heat Pipe Heat Exchanger

Chiller (2 kW) Loop with Heat Pipe Heat
Exchanger
N2

Duty (kW)
Mass Flow (kg/s)

Table 2.28 Double Tubed Sentry RHX-01 with the Heat Pipe Heat Exchanger

Double Tubed RHX-01 Comparison (2 kW) with Heat
Pipe Heat Exchanger

Spread Sheet
with Heat
Pipe Heat
Exchanger

Number of Heat Pipes
Temperature [C]
Hot In 380.2
Hot Out 133.5
Cold In 22.02
Cold Out 272.0
Hot Side Pressure Drop (kPa) 6.009
Cold Side Pressure Drop (kPa) 0.018
Duty (kW) 1.26
U (W/m"2C) 49.75
UA (W/C) 11.50
A (m"2) 0.231
Mass Flow Rate (kg/s) 4.70 E-03

Aspen
HYSYS
RHX-01
Heat
Exchanger

380.2
122.4
22.02
283.0
4421
0.626

1.32
13.4

4.70 E-03

53
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Table 2.29 Heat Pipe Heat Exchanger Performance at 2 kW

Double Tubed Heat Pipe Heat Exchanger (2 kW)
Aspen Aspen HYSYS
HYSYS Heat

Spread Sheet  Exchanger

Number of Heat Pipes
Temperature [C]

Hot In 650.0 650.0

Hot Out 650.0 649.7

Cold In 200.5 200.5

Cold Out 583.5 561.4
Hot Side Pressure Drop (kPa) 0.00 0.0246
Cold Side Pressure Drop (kPa) 25.33 1.952
Duty (kW) 2.00 1.882
U (W/m"2C) 201.6
UA (WIC) 10.10 8.46
A (m"2) 0.050
Mass Flow Rate (kg/s) 4.70 E-03 4.70 E-03
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Chapter 3: Power Conversion Unit for MAGNET

3.1 Introduction

There has been new interest in modular nuclear microreactors for power generation and
process heat applications over the past few years. These nuclear microreactors typically operate
between 1 megawatt of thermal energy (MW) to 20 MW Current designs are modular,
allowing them to be easily transported by truck, train, or boat. Another key feature of
microreactors is that their components would be able to be assembled in a factory and shipped
out. The last key feature is that they are to be self-adjusting to minimize the need for a large
number of operators by utilizing passive safety systems that reduce the possibility of reactor
failure (Office of Nuclear Energy, 2018). These nuclear reactors are designed to provide heat
and energy. They are often connected to a power conversion unit (PCU) which in turn generates

power.

Power conversion units can come in many forms with different working fluids. The general
process of a PCU is to increase the thermal energy of the working fluid and convert it into
electrical energy. The thermal energy of the working fluid is increased by raising the pressure
and temperature. The pressure is increased by using pumps for liquids in a Rankine cycle or by
using compressors when vapors and gases are used, commonly found in Brayton cycles. The
heat addition to the working fluid is traditionally supplied through a combustion process but
could also be supplied from nuclear reactors through heat exchangers. The high energy fluid
then passes through a turbine which converts mechanical energy into electrical energy (Cengel
& Boles, 2011). Common working fluids for different PCUs include air, helium, carbon dioxide
(CO2), water, and organic fluids such as refrigerants. Examples of PCUs attached to a
microreactor include HolosGen’s Holos Reactor and Westinghouse’s eVinci. Both reactors are
cooled differently, but both utilize a high temperature Brayton cycle. The eVinci uses a
microreactor that is cooled by heat pipes where the heat is then transferred to the PCU by the
use of a heat exchanger-heat pipe interface (Westinghouse, 2019). The Holos reactor is cooled

using helium or CO2 which are directly integrated into the PCU (Filippone & Jordan, 2018).

This new class of microreactors provide many benefits but lack needed data to show that
they are safe and effective. For this purpose, Idaho National Laboratory (INL) is developing
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the Microreactor AGile Non-nuclear Experimental Testbed (MAGNET) to aid in the
development of new microreactor designs and concepts. The MAGNET is being designed to
test many different reactor types in a safe environment that allows for testing of steady state
conditions, transient conditions, and failure modes (Guillen, et al., 2019). The design allows for
a broad range of reactor types as well as auxiliary systems, such as PCUs and process heat
applications. These auxiliary systems add real loads to the system and can provide critical
information regarding the impact to the reactor, such as response time to change. The first
reactor type the MAGNET is being designed for is a heat pipe cooled reactor. The working
fluid for this application is pure nitrogen. This is a safety feature to avoid possible reactions
with the sodium in the heat pipes if failure was to be tested (Guillen, et al., 2019). The system
will operate at a temperature of 600°C, which is a typical heat range for heat pipe reactors, and
a pressure range of 1051 kPa to 1241 kPa following the reactor (Westinghouse, 2019). The
auxiliary systems being considered in this chapter are a physical PCU attached to the MAGNET

and a newly design PCU simulator unit.

Throughout this chapter there is talk of optimized cycles and the general process will be
detailed here. The optimization process for Brayton cycles involves parametric studies to vary
the main process variable, pressure. The type of nuclear reactor being concidered in here were
heat pipe cooled reactors. The MAGNET reactor will be cooled by sodium cooled heat pipes
which have an operating range between 600°C to 1100°C (Advanced Cooling Technologies,
2020). From this range, it was determined that the desire operating temperature range of the
heat pipes in the MAGNET would be between 600°C to 700°C (Guillen, et al., 2019; Turner &
Guillen, 2020). Since the desired reactor outlet temperature was known, 600°C for the
MAGNET, the main variables to be changed were the pressure ratio, the compressor adiabatic
efficiency, and the turbine adiabatic efficiency. The pressure ratio affects how much work the
compressor requires as well as how much work the turine generates. The adiabatic efficiencies
refer to how the unit operates to a reversable work unit. These three parameters greatly affect
the maximum thermal efficiency achievable by the PCU. The optimization occured by holding
the adiabatic efficiencies constant and varying the pressure ratios. This process produced
thermal efficiency curves for the cycles. Two examples of optimized cycles for varying

adiabatic efficiencies for this report are shown in Figure 3.1 to Figure 3.4.
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Figure 3.1 Simple Brayton Cycle with 85% Compressor and 90% Turbine Adiabatic
Efficiencies with Air at 50% Relative Humidity
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Efficiencies with Air at 50% Relative Humidity
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Figure 3.4 Pressure Ratio vs Thermal Efficiency Curve for the Simple Brayton Cycle with
70% Compressor and 80% Turbine Adiabatic Efficiencies with Air at 50% Relative
Humidity

3.2 Physical PCU Connected to MAGNET

An auxiliary system being considered for the MAGNET is to demonstrate electrical power
generation by coupling it to an appropriately sized power conversion unit (PCU). This
configuration would apply a prototypical load to the system and could test the response of the
heat pipe cooled reactor under a range of conditions. The current configuration of the MAGNET
lends itself to the use of a recuperated Brayton cycle. Brayton cycles are common PCU cycles.
A basic recuperated air Brayton cycle is shown in Figure 3.5 and this cycle draws in ambient
air and compresses it. The compressed air then exchanges heat with the hot exhaust of the
turbine through the recuperating heat exchanger. Recuperation reduces the temperature
difference across the reactor which increases the mass flow rate of the air for a given heat load.
The hot gas then expands through the turbine and is exhausted to the ambient air after traveling
through the recuperating heat exchanger. This cycle more efficiently uses the hot gases leaving

the turbine and has a higher mass flow rate, which increases the PCU’s thermal efficiency.
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Figure 3.5 Basic Open-Air Recuperated Brayton Cycle

A similar PCU loop uses a closed loop Brayton cycle. The difference is that the turbine
exhaust, once it leaves the recuperating heat exchanger, goes through a cooling unit, and then
re-enters the compressor. Closed loop cycles are needed when inert gases are used, such as in
the MAGNET. It can be seen in the process flow diagram of the MAGNET in Figure 2.2 that
there are connections for a PCU unit. The PCU unit attached to the MAGNET would be a
compressor and a turbine and it would complete a closed-loop Brayton cycle. The cycle would
utilize the recuperating heat exchanger, vacuum chamber containing the heat pipes, the chiller
heat exchanger, and by-pass the MAGNET compressor. The proposed configuration is shown
in Figure 3.6 with the process conditions shown in Table 3.1. If the piping models and valving

were removed in Figure 3.6, it would be seen that it is a standard closed loop Brayton cycle.

The PCU is assuming a compressor efficiency of 75% and a turbine efficiency of 90%. This
was the same for both the helium and nitrogen models. More detailed information for both the
nitrogen and helium loops are in Appendix C. Rough optimizations of the pressure, + 50 kPa,
in the MAGNET PCU loop have been performed to obtain the highest thermal efficiency. The

results are in Table 3.2.
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Table 3.1 MAGNET as Closed Loop Brayton Cycle using Nitrogen as the Working Fluid
Process Conditions

Material Streams

HX-01 HX-01 RHX-01

Hot In CWR CWS Hot Out Cold In

Temperature (°C) 277.23 17.78 6.67 20.00 125.68

Pressure (kPa) 622.69 473.89 500.01 611.36 1277.64

Mass Flow (kg/s) 0.819 5.855 5.855 0.819 0.819

Vacuum

RHX-01  Chamber Vacuum RHX-01 RHX-01

Cold Out In Chamber Out Hot In Hot Out

Temperature (°C) 328.68 328.00 600.00 476.63 277.53
Pressure (kPa) 1268.13 1266.33 1241.00 650.00 624.11
Mass Flow (kg/s) 0.819 0.819 0.819 0.819 0.819

Chiller

Comp In 6 Chiller In Out CWR-01
Temperature (°C) 19.89 19.94 17.78 6.66 17.78
Pressure (kPa) 562.62 584.50 484.38 474.69 452.13
Mass Flow (kg/s) 0.819 0.819 5.855 5.855 5.855

CWR-05 CWR-03 CWR-02 CWS-02 CWS-03
Temperature (°C) 17.78 17.78 17.78 6.66 6.66
Pressure (kPa) 48451 451.67 451.98 518.68 518.53
Mass Flow (kg/s) 5.855 5.855 5.855 5.855 5.855

CWS-06 13 14 15 16
Temperature (°C) 6.66 126.64 125.74 125.74 19.94
Pressure (kPa) 483.70 1295.78 1279.16 1278.57 583.54
Mass Flow (kg/s) 5.855 0.819 0.819 0.819 0.819

Comp
Out 4 Turbine Inlet CWS-01 CWS-05

Temperature (°C) 126.77 126.64 598.28 6.66 6.66
Pressure (kPa) 1321.37 1296.38 1236.53 518.81 483.85

Mass Flow (kg/s) 0.819 0.819
CWR-04 CWS-04
Temperature (°C) 17.78 6.66
Pressure (kPa) 484.65 484.18
Mass Flow (kg/s) 5.855 5.855
Energy Streams

PIPE-RHX- PIPE-RHX- PIPE-RHX- PIPE-

01 Cold Out 01 Hot In 01 Hot Out HV-03

Heat Pipes Heat Heat Heat Heat
Heat Flow (kW 250.005997 0.6111156 1.6198487 0.256712  0.7671721

0.819 5.855 5.855
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PIPE-HX- PIPE-
01 Hot PIPE-HV-02 Comp CWS-06
Heat Heat Power Chiller Dut Heat
Heat Flow (kW) -0.0068914  -0.0006879 91.707707 225.63514  -0.028819
PIPE- PIPE-
CWS-03 PIPE-CWR- PIPE-CWR PIPE-CWR- CWS-01
Heat 02 Heat Heat 05 Heat Heat
Heat Flow (kW) -0.0200234  -0.0061239 -0.0069015 -0.0114666  -0.01032
Chiller PIPE-
PIPE-HV- PIPE-Comp Turbine Pump CWS-04
01 Heat Heat Power Power Heat
Heat Flow (kW) 0.05734303 0.09239585 113.14103 0.319839 -0.02605
PIPE-
CWR-03
Heat
Heat Flow (kW) -0.0227997
Heat Exchangers
RHX-01 Chiller HX-01
Duty (kW) 180.41 225.18
LMTD (°C) 1203.27 2694.30
UA (W/°C) 147.94 13.33
Minimum Approach (°C) 149.93 83.58

Table 3.2 MAGNET PCU Nitrogen and Helium Comparison

Turbine

Combressor Turbine  Total Compressor ~ Turbine Pressure Mass  Heat Thermal
Powé)r (kW) Power Power  Pressure Pressure out Flow Pipe Efficienc
(kW) (kW) Ratio In (kPa) (kPa) (kgls) (kW) y
N2 91.7 113 21.3 2.35 1237 650 0.819 250 8.57%
He 132 171 39 2.06 1239 675 0.194 250 15.50%

3.3 Power Conversion Unit Simulator
The MAGNET has a goal to provide a testbed that is broadly applicable to multiple

microreactor concepts. Keeping that in mind, the second auxiliary system for the MAGNET is
a PCU simulator. An advantage of using a PCU simulator over a physical PCU is that the
simulator can simulate many different PCU cycles at varying process parameters. The main
parameter that could be changed are the adiabatic efficiencies of the compressors and the
turbines. The simulator can also simulate various transient conditions as well as start up and
shut down state points. This is advantageous as it can show how these various cycles could

influence the performance of the tested reactor type.
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To reiterate, the first microreactor to be studied within the MAGNET is a heat-pipe cooled
reactor. The MAGNET has the following specification (Guillen, et al., 2019):

e Power: nominal 250 kWth.
Figure 3.7 shows an iteration of a process flow diagram of INL’s MAGNET that the PCU

simulator’s design was based on (O'Brien, 2019). This iteration of the testbed was designed to
reach a temperature of 600°C and a pressure of 1050 kPa, instead of 1241 kPa as discussed in
earlier chapters. The working fluid within the loop is currently designed to operate with
nitrogen; while in the future, designs may change to use helium operating at a temperature of
850°C. A simplified MAGNET Aspen HYSYS process model designed around Figure 3.7 is
shown in Figure 3.8. The Aspen HYSYS model estimates the pressure loss in the equipment as
well as the heat loss from the piping. The values within INL’s process diagram and those within
the Aspen HYSY'S model match closely.

A PCU simulator has been designed. The design accounts for air Brayton, recuperated air
Brayton, and recuperated helium cycles. Currently, the MAGNET is not designed to operate at
the higher helium cycle temperatures because the equipment for the simulator was not specified
to handle the higher temperatures. The super critical CO2 cycle was not considered because the
MAGNET will not operate at sufficient pressures to test the cycle. Bottoming cycles like
organic Rankine cycles (ORC) are also not being considered as they do not interface directly
with the microreactor. However, an ORC could be simulated from process conditions of a
Brayton cycle model that is connected to a bottoming ORC. These conditions could show
additional impact on the MAGNET. The layout of the PCU simulator is shown in Figure 3.9.

The theory and process of design are discussed in further sections.
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3.3.1 Power Conversion Unit Simulator Theory
A PCU simulator has been designed to attach to the MAGNET as a plug-and-play system

as shown in Figure 3.9. The simulator’s design is drawn from optimized open Brayton cycles,
both recuperative and non-recuperative. First, some theory is needed to understand how the

PCU simulator was designed to mimic the conditions of an actual PCU.

A simplified open Brayton cycle consists of three or four components, depending if the
cycle is recuperated or not; a compressor, turbine, heat source, and a heat exchanger (Cengel &

Boles, 2011). The heat source could be combustion, nuclear power, or electrical heaters (this is
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the case in the MAGNET). The working fluid, typically air, in an open Brayton cycle follows

this process:

1.
2.

6.

Air is drawn from ambient conditions and pressurized through the compressor.
The compressed air is pre-heated through a recuperating heat exchanger (if
recuperation is used).

The compressed air is fully heated through the heat source.

It is then expanded through the turbine which lowers the pressure and temperature
of the air.

The hot air then exchanges heat with the compressed air in a recuperating heat
exchanger (if recuperation is used).

The air is then exhausted out of the system.

Simplified process flow diagrams for both non-recuperated and recuperated open Brayton

cycles are shown in Figure 3.10 and Figure 3.11, respectively.
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Figure 3.10 Process Flow Diagram of Open Brayton Cycle
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Figure 3.11 Process Flow Diagram of Open Recuperated Brayton Cycle
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Simulating the open Brayton cycle requires certain conditions to be mimicked. The
equations that govern the compressor and the turbine are derived from the first and second laws
of thermodynamics. Equation 3.1 show the first law. Simplifications of neglecting potential and
kinetic energy, steady-state and steady flow conditions, conservation of mass, and an adiabatic
process are applied to Equation 3.1 to obtain Equation 3.2. For the cycles under consideration,
the working fluids are ideal gases. Therefore, ideal gas relations, such as Equation 3.3 and
Equation 3.4, may be used to clarify how the cycles can be simulated within the test loop. This
is a valid assumption for nitrogen, air, and helium since they behave like ideal gases at the
operating conditions found within the MAGNET. The final governing equations for the

compressor and turbine are shown in Equation 3.9 and Equation 3.10.

0—W = Zm(h+PE + KE), —Zm(h+PE + KE); Equation 3.1
~W,ee = m(he — hy) Equation 3.2
(he —h) = C,(T, — Ty) Equation 3.3
P y-1
Y .
T,s =T; (ﬁ) Equation 3.4
y-1
Wyep = CH(T, = T, ;) = mC T-—T-(E) !
rev plit nes L AV Equation 3.5
y-1
. Fe\'v
Wturb,act = Nturb Wturb,rev Equation 3.6
. W,
Weomp,act = e Equation 3.7
Necomp
Cp Y _
R y-1 Equation 3.8
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y-1
Weurs et = RTmeurs (-27) [1 - (;) v Equation 39
, v-1
Weompact = % ()%1) 1— (%) 4 Equation 3.10
Where: W, — Actual Power for Turbine/Compressor

m - Mass Flow Rate

R —Individual Gas Constant

T; - Inlet Temperature

n  — Adiabatic Efficiency of Turbine/Compressor
y  — Specific Heat Ratio

P; - Inlet Pressure

P, - Outlet Pressure

The relationships shown in Equation 3.4 and Equation 3.9 reveal that the working fluid in
a turbine undergo two major changes for positive work: a drop in temperature and pressure.
Therefore, simulating a turbine must include a pressure and temperature drop. Equation 3.9 also
shows that the work done is a strong function of the pressure ratio. By maintaining the pressure
ratio, the PCU simulator can simulate an actual field PCU while maintaining the conditions
provided by the MAGNET. This also agrees with McKellar et al’s finding that Brayton cycles
have an optimal pressure ratio for a given set of inlet turbine conditions. Keeping the optimal
pressure ratio with the same turbine inlet conditions maintains the optimal cycle (McKellar,
Boardman, Bragg-Sitton, & Sabharwall, 2018). To show this is the case, standard optimized
Brayton cycles were compared to modified Brayton cycles using the desired outlet conditions

of the MAGNET vacuum chamber. This analysis is shown in the next section.
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3.3.2 Modified Power Conversion Units for the MAGNET

The work in the section was performed primarily by Dr Michael McKellar with assistance
from Clayton Turner. It is, however, needed for the development of the power conversion unit

simulator.

Analyses have been performed on optimized power cycles using expected operating
conditions for a heat pipe cooled nuclear reactor. The optimized power cycles were then
compared to MAGNET conditions using the same working fluid. During the optimization
process, the power cycles used 600°C as the turbine inlet temperature. Two cases of the air
Brayton cycle were analyzed, and their thermal efficiencies were optimized by adjusting the
compressor outlet pressure. The first case used compressor and turbine efficiencies of 70% and
80%, respectively; the second used compressor and turbine efficiencies of 85% and 90%,
respectively. Both cases used ambient air for the compressor inlet at 21.1°C, 1 atmosphere, and
50% humidity for the field PCUs. The modified PCU used nitrogen and MAGNET conditions
at the test chamber outlet. When the helium PCUs were compared, both the field and the
modified PCUs used helium. As shown in Figure 3.12 and Figure 3.13, the pressures do not
match but the pressure ratios do. The temperatures throughout the cycles and the thermal
efficiencies are very close. The pressure ratio has a stronger influence on the efficiency of the
cycles than the magnitudes of the absolute pressures or pressure differences. Also, because air
is 78% nitrogen by mole fraction, using nitrogen instead of air has little effect on the
performance of the cycle. The case studies with the recuperated air Brayton cycles had the same
conclusions about the pressure ratio, see Figure 3.14 and Figure 3.15.

The recuperated helium Brayton cycle was also analyzed. A new Aspen HYSYS model of
the MAGNET was developed to estimate the performance of the testbed with a high
temperature of 850°C, keeping the pressure at 1051 kPa, see Figure 3.16. As with the air cases,
the helium Brayton cycles have temperatures and thermal efficiencies close to one another
regardless of the pressure magnitudes if the pressure ratios remain the same. This is shown in
Figure 3.17 and Figure 3.18. All the models shown in this section are found in Appendix G:
Aspen HYSYS Power Cycle Models for the Development of PCU Test Loop for Micro-Reactor
Testbed.
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Figure 3.12 Comparison of Open Brayton Cycles: One with Air at Expected Operating
Conditions, the Other with Nitrogen using MAGNET Conditions into the Turbine.
Turbine and Compressor Adiabatic Efficiencies are 85% and 90%, Respectively
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Figure 3.13 Comparison of Open Brayton Cycles: One with Air at Expected Operating
Conditions, the Other with Nitrogen using MAGNET Conditions into the Turbine.
Turbine and Compressor Adiabatic Efficiencies are 70% and 80%, Respectively



72

4713 C
0.1034 MPa
Tu‘rEne
Thermal Efficiency  35.01 % Outlet
Recuperating Reactor
103.3 C Eeag Heat 6000 C
0.2148 MPa xehanger 0.2063 MPa
Humid Reactor Turbine
Air Inlet Reactor Inlet
2111 C 446.3 C
Comp Turb
0.1013 MPa pj, Pwr 0.2105 MPa Pwr Air
Compressor Turbine
Air 1297 C
Exhaust 4 1013 MPa
a. Open Recuperated Air Brayton Cycle
4698 C
5269 kPa
Thermal Efficiency  35.15 % urbine
; Reactor
ﬁgggperatmg Heat 600.0 C
Exchanger 1051 kPa
Nitrogen Ca'np Reactor Turbine
QOut Inlet Reactor Inlet
2111 C S 1035 C 4448 C
516.4 kP omp Turb
a Compressor Pwr 1095 kPa 1073 kPa Pl\ﬂvrr Turbine
Exhaust
1289 C
516.4 kPa

b. Open Recuperated Nitrogen Brayton Cycle

Figure 3.14 Comparison of Recuperated Open Brayton Cycles: One with Air at Expected
Operating Conditions, the Other with Nitrogen using MAGNET Conditions into

the Turbine. Turbine and Compressor Adiabatic Efficiencies are 85% and 90%,
Respectively
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Figure 3.15 Comparison of Open Recuperated Brayton Cycles: One with Air at Expected
Operating Conditions, the Other with Nitrogen using MAGNET Conditions into
the Turbine. Turbine and Compressor Adiabatic Efficiencies are 70% and 80%,
Respectively
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Testbed with Helium
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3.3.3 Power Conversion Unit Simulator Design

To simulate a power conversion unit within the MAGNET, the simulator needs to undergo
a pressure drop and heat exchange. It is assumed that the gas turbine and compressor unit
simulated were axial. A process model of the PCU simulator without temperature control ability
was developed in Aspen HYSYS, see Figure 3.19. The process of this PCU simulator is
described as follows: the model uses a high temperature recuperating heat exchanger to simulate
the temperature drop. A control valve was used to simulate the pressure drop. A low
temperature recuperating heat exchanger was used to lower the temperature more before the
entering a chiller unit. The chiller unit controls the temperature entering the compressor. The
use of recuperating heat exchangers instead of chiller units was to reduce the required duty of
the chiller and to recover lost heat. The fluid is then compressed back to the pressure of the
MAGNET and travels back through recuperating heat exchangers. The gas then reenters the
MAGNET.

Each PCU case was considered independently from the others to determine the sizes of the
heat exchangers, compressors, and valves unique to each simulated PCU. An assumption was
made for each model that each recuperating heat exchanger had a minimum approach near
25°C. This made the results comparable. By comparing the cases, sizes of the components were
selected so that all the PCUs considered could be simulated with the PCU simulator. The
simulation of the six Brayton cycle cases are shown in Figure 3.19 through Figure 3.24. Detailed
process information about sizing of the PCU Simulator can be found in Appendix H. The PCU
simulator was designed to simulate the PCU turbine. However, by also specifying the inlet
temperature into the MAGNET vacuum chamber, the cycle’s compression side may also be
simulated. Thus, by knowing the pressures and temperatures at the three key points (the inlet
and outlet of the turbine simulator and into the MAGNET test chamber) will uniquely identify
the cycle under consideration. Therefore, the simulator can simulate not only the design
conditions but also the key state points of transient operations such as the start up and shutdown
of a PCU. A start up analyses of a non-recuperated heat pipe Brayton cycles and their key state

points are discussed in Chapter 4.

It should be noted that the nitrogen Brayton cycle at high turbine and compressor

efficiencies uses two identical compressors. This splits the pressure ratio from 7.65 down to
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2.79 for each compressor, which put the pressure ratio more in line with the other PCU cycles.
Two compressors also reduce the size and cost of a single compressor and makes the
compressor more realistic. Table 3.3 shows the compression ratios needed to achieve an

accurate simulation of the PCU cycles.

The valves, compressors, and heat exchanger sizing information for each case analyzed for
the PCU simulator are given in Table 3.4 through Table 3.6. These tables show the maximum
and minimum conditions for the valves, compressors, and heat exchangers. The critical
information is shown in red. It is shown that the largest required pressure ratio and the largest
duty for HX chiller 2 occur when simulating the nitrogen Brayton cycle at high turbine and
compressor efficiencies. When simulating the nitrogen Brayton cycle at low turbine and
compressor efficiencies, the simulator compressor requires the most power and HX chiller 1
has the largest duty. The lowest duty for Recup HX1 and the highest duty for Recup HX2 are
found simulating the recuperated nitrogen Brayton cycle with low compressor and turbine

efficiencies. The desired sizing of each component is discussed in the next section.

Table 3.3 Compressor Ratios of PCU Cycle and PCU Simulator

2
Compression Compressor
Ratio Pressure
Ratio

Air Brayton Cycle with 1comp = 85% and nwm = 90%

Air Brayton Cycle with ncomp = 70% and nwrb = 80%
Recuperated Air Brayton Cycle with neomp = 85% and nwm =
90%

Recuperated Air Brayton Cycle with neomp = 70% and nrb =
80%
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Table 3.4 Valve Sizing for PCU Simulator Pressure Drop

Cv Pressure
Cg (USGPM: Drop
60F, 1 psi)  (kPa)

Turbine Compressor

Simulated Cycle Efficiency Efficiency

Nitrogen Brayton
Cycle

Recuperated
Nitrogen Brayton
Cycle

Modified
Recuperated Helium
Brayton Cycle

Table 3.5 Sizing of PCU Simulator Compressor

Turbine ~ Compressor Simulator Simulator

Efficiency  Efficiency Compressor Compressor 2

Power Pressure Power Pressure
A Ratio (MW) Ratio

Nitrogen Brayton 0.132 2.87
Cycle 70% 80% 0.145 3.14 0 0
Recuperated Nitrogen 85% 90% .00931 2.17 0 0
Brayton Cycle 70% 80% .00758 1.90 0 0
0 0
0 0

Simulated Cycle

Modified Recuperated 85% 90% 0.121 2.20
Helium Brayton Cycle 70% 80% 0.108 2.05

Table 3.6 Sizing of Chiller and Recuperating Heat Exchangers for PCU Simulator

Chiller Chiller
HX-02 HX-03
(MW) (MW)

Turbine  Compressor

Simulated Cycle Efficiency  Efficiency

Nitrogen Brayton 0.332  0.0095
Cycle 70% 80% 0.176  0.237 0.170 0

Recuperated Nitrogen 85% 90% 0.135 0.331 0.119
Brayton Cycle 70% 80% 0.00979 0.385 0.101

Modified 85% 90% 0.205 0.34 0.142

Recuperated Helium
Brayton Cycle 70% 80% 0.165 0.392 0.129

o oO|o o
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Figure 3.19 MAGNET PCU Simulation Loop for Nitrogen Brayton Cycle with Compressor
and Turbine Adiabatic Efficiencies of 85% and 90%
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b. PCU Simulation of Open Nitrogen Brayton Cycle

Figure 3.20 MAGNET PCU Simulation Loop for Nitrogen Brayton Cycle with Compressor
and Turbine Adiabatic Efficiencies of 70% and 80%



82

4698 C
52619 kPa

Tu‘rgne
QOutlet

Thermal efficiency 3515 %

. ] 6000 C
ecCuperatin _

Heat | 0 Reactor 1051 Kpa
Exchanger — 09238 kg's

1035 C
1095 kPa

Mitrogen Reactaor Turbine
Out Inlet Reactor Inlet
2111 C
154 kP — 4448 C
oo Comp 1073 kPa e
Compressor  Pwr PW  Turbine
1289 C

Exhaust 5164 kPa

a. Open Recuperated Nitrogen Brayton Cycle

Simulator Pipe 1

: 5992 C 5731 C ot
Into PCU Simulator L_’ i 1050 kPa 1051 KkPa Cg 2220
5 : -
6000 C Heat Loss Pips 1 fec - Resistance (Cv or K}. . 66.33 ESGPM(GUFJpBl)
1051 kPa T7.990e004 MW  RHK: 51 1 ;:ctuator Current Position :gnﬂg ljj
. ercentage open L a
0.9228 kgls 709 g8 op
Recup RHX-01
1029 kPa
442 C Duty 0.1345 | MW
1f 10%3 . LMTD 2639 | C
. 9 2 UA 1.835e+004 | kJIG-h
eat Loss Pipe -
6.2086.004 MW Slmulator Minimum Approach 2614 | C
Pipe 2 Recup RHX-02
] Duty 0.3308 | MW
4703 C i g;g;u';mf LMTD 2631 |C
1029 kPa UA, 4.704e+004 | kJ/C-h
— -
Heat Loss Pipe 6 Minimum Approach 2500 | C
CV-01 5.848e-004 MW c
ompressor 1
4704 C i 7 Adiabatic Efficiency 75
5283 kPa Duty 9.309e-002 | MWW
Pressure Ratio 2169
_
Heat Loss Pipe 3
6.201e-004 MW Slmulator
1[- 4448 C
3 1073 kPa
Out PCU l 469.8 Heat Loss Pipe 5 13 c
Simulator 526.9 kPa 1.328e-004 MW .

d - 109 kPa
R :Eo«—
RHX

12 172 C 2

i Simulator Pipe 5
1426 C 1095 kPa
5164 kPa Simulator Pipe 4
1 1
L_’ 1424 C C)h(il[l]ezr 2111 C
Heat Loss Pipe 4 5156 kPa ) - 5053 kPa
1.677e-004 MW Chiller 2 Duty -
0.1185 MW Sim Comp Pwr

Compressor 1 9.309e-002 MW

b. PCU Simulation of Open Recuperated Nitrogen Brayton Cycle

Figure 3.21 MAGNET PCU Simulation Loop for Recuperated Nitrogen Brayton Cycle with
Compressor and Turbine Adiabatic Efficiencies of 85% and 90%
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b. PCU Simulation of Open Recuperated Nitrogen Brayton Cycle

Figure 3.22 MAGNET PCU Simulation Loop for Recuperated Nitrogen Brayton Cycle with
Compressor and Turbine Adiabatic Efficiencies of 70% and 80%
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b. PCU Simulation of Helium Brayton Cycle

Figure 3.23 MAGNET PCU Simulation Loop for Recuperated Helium Brayton Cycle with
Compressor and Turbine Adiabatic Efficiencies of 85% and 90%
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Figure 3.24 MAGNET PCU Simulation Loop for Recuperated Helium Brayton Cycle with
Compressor and Turbine Adiabatic Efficiencies of 70% and 80%.
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3.3.4 Component Specifications of the Power Conversion Unit Simulator

A piping and instrumentation diagram (P&ID), shown in Figure 3.25, has been created.
Each valve, compressor, and heat exchangers have unique labels. In addition, thermocouples,
pressure transducers, and flow meters are labeled. The equipment was sized from similar loops
for the varying power cycles, shown in the previous section. The major difference between the
PCU simulator and the case studies in the previous section is that a chiller heat exchanger HX-
01 has been added. Its location is between the recuperating heat exchanger RHX-02 and the
control valve, as shown in Figure 3.26. Detailed process information regarding the PCU
simulator with the chiller are found in Appendix I. This is an important feature as it allows for
the temperature control of T3 of different simulations, shown in the P&ID in Figure 3.25. This
allows for the different PCU cycles to be simulated with constant physical recuperating heat
exchangers. In the previous section, the chiller heat exchanger HX-01 was not included because
an assumption that the high temperature recuperating heat exchanger, RHX-01, was used to
achieve the desired simulated temperature. The chiller heat exchanger HX-01 has been sized to

the largest duty found in the simulations to ensure enough cooling capacity for every cycle.

The recuperating heat exchangers have been sized from Table 3.6 in the red text. The sizing
was performed differently for the recuperating heat exchangers than just selecting the largest
size. The recuperating heat exchanger RHX-01 was sized to the smallest duty and the
recuperating heat exchanger RHX-02 was sized to the largest duty. The chosen duties
determined the UA for both the recuperating heat exchangers. This combination for the
recuperating heat exchangers were chosen to ensure that cooling was always required for the
chiller HX-01. If RHX-01 was sized to the largest UA found, then the chiller HX-01 would
require either cooling or heating depending on the simulated cycle. The PCU simulator model
assumed a constant UA for each recuperating heat exchangers to determine their performance.
Assuming a constant UA is a reasonable initial assumption as the conditions surrounding the
recuperating heat exchangers in the different models remain within a similar range of

temperatures; though it is noted that the UA would not remain constant between each case.

The other components were sized depending on their functions. The compressors were sized

by determining the minimum and maximum pressure ratio range and the control valve CV-01
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was sized to meet the desired range of pressure drops. The chiller heat exchangers were sized

by the largest duty.

The current PCU simulator allows for different physical PCUs to be simulated. This process
is accomplished by controlling the state points in the simulator to the desired PCU turbine outlet
conditions. The thermocouple, T3, maintains the correct temperature by adjusting the mass flow
rate of the chilled water at m2. The desired simulation pressure at P2 is determined from the
pressure transducer which is controlled by CV-01. This makes obtaining the desired
temperature and pressure obtainable by the system. Also, by knowing the conditions entering

the vacuum chamber, a unique PCU can be simulated.
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Figure 3.25 Piping and Instrumentation Diagram
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Figure 3.26 Power Conversion Unit Simulator

Company Inquiries
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and Detailed Component

Many companies were approached to obtain quotes for feasible component designs for the

PCU simulator. The companies include Flowserve Valves, Kobelco Compressors, Corken,

Root Systems Inc, Barber-Nichols, HEXCES, Vacuum Process Engineering, Heatric, and

Exergy Heat Transfer Solutions. It should be noted that some of the companies were initially

approached on older iterations of the PCU simulator and did not respond to the updated

information.
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Kobelco industries was approached to size a feasible compressor that would meet the
system requirements. They determined that a screw compressor would be best suited for the
component Comp-01. Kobelco gave an estimated price range of 1 to 1.5 million dollars but
determined after some analysis that their company could not meet the system requirements
(Kobelco). Roots System Inc was also approached about a feasible compressor design and they
responded that they were able to manufacture a compressor that could handle the desired
conditions of the PCU simulator. Their estimate was for one compressor including a skid that
would be approximately 18 ft x 12 ft that housed the controls, piping, and intercooler, and it
would cost 1 to 2 million dollars. This estimate was approximated closer to 2 million dollars
during a phone conversation with the Roots System Inc representative. The proposed
compressor was a 12-inch piping, two stage rotary lobe compressor with a nominal 350 HP
driver motor. The compressor is also APl 619 compliant. The lead time was approximated to
be 40 weeks (Root Systems Inc, 2020).

Exergy Heat Transfer Solutions was approached to size the two chiller units and the
recuperated heat exchanger. The company respectfully declined sizing due to challenges of high
flow rates for tube-in-tube heat exchanger and the large temperature differences for shell and

tubes. The other heat exchanger companies did not reply.

Flowserve was approached to size component CV-01 and BV-01/02. CB-Pacific and
Flowserve fulfilled the request and these units have been fully specified. Their performance

data sheets can be found in Appendix J and Appendix K.

All the component specifications are shown below between Table 3.7 to Table 3.10. The
component names were determined from the P&ID shown in Figure 3.25. Some tables include
condition 1 and condition 2. These are different conditions that the equipment will be exposed
to and would need to be sized to handle both conditions. In the cases of the valves, many are

exposed to high heat and pressures while they are closed and not in operation.



Table 3.7 PCU Simulator Control Valve Specifications

Process Information
Temperature [C]
Inlet pressure [MPa]

Outlet pressure [MPa]
Flow rate [kg/s]
Fluid

Table 3.8 PCU Simulator Compressor Specifications

Process Information
Temperature in [C]
Pressure In [MPa]

Pressure Out [MPa]
Mass Flow Rate [kg/s]
Fluid Type
Pressure Ratio

* NOTE: Comp-01 Condition 2 and Comp-02 Condition 1 is for the nitrogen Brayton cycle at

90

Condition 1 Condition 2
277 506
1.03 1.03
0.143 0.601
0.924 0.924
Nitrogen Nitrogen
Comp-01 Comp-02
Condition 1 | Condition 2* | Condition 3 Condition 1*
21.1 21.1 21.1 21.1
0.577 0.137 0.356 0.384
1.1 0.392 1.1 1.1
0.924 0.924 0.924 0.924
Nitrogen Nitrogen Nitrogen Nitrogen
1.9 2.85 3.08 2.85

high turbine and compressor efficiency. This cycle required two identical compressors to lower

the pressure ratio into a feasible pressure range.



Table 3.9 PCU Simulator Isolation Valve Specifications

2AVA0N BV-02 BV-03 BV-04 BV-05 BV-06 BV-07

Process Information Condition | Condition | Condition | Condition | Condition | Condition | Condition | Condition | Condition | Condition

1 1 2 1 1 1 1 2 1 2
Temperature [C] 600 154 600 574 600 168 156 168 156 168
Inlet Pressure [MPa] 1.05 1.05 1.05 1.06 1.05 1.1 0.392 1.1 11 1.1
Outlet Pressure [MPa] 1.04 1.04 1.05 1.04 1.09 0.385 1.09
Mass Flow Rate [kg/s] 0.924 0.924 0.924 0.924 0.924 0.924 0.924
Fluid Nitrogen Nitrogen Nitrogen Nitrogen Nitrogen Nitrogen Nitrogen Nitrogen Nitrogen Nitrogen
Cv (USGPM) 232 323 227 232 161 267 318
Percentage open [%] 100 100 0 100 100 100 100 0 100 0

Table 3.10 PCU Simulator Heat Exchangers and Chillers Specifications

Recuperator RHX-

Chiller HX-01 Chiller HX-02 Chiller HX-03

Fluid Type

Flow Rate [kg/s]
Temperature In [C]
Temperature Out [C]
Pressure In [MPa]

Allowable Pressure Drop [MPa]
UA [WI/C]
Heat Transfer Rate [kW]

(0]

Fluid

Cold
Fluid

Hot
Fluid

01

Recuperator RHX-02

Cold
Fluid

Hot
Fluid

[0

Fluid

Cold
Fluid

Cold
Fluid

Hot
Fluid

Cold
Fluid

Nitrogen Nitrogen Nitrogen Nitrogen | Nitrogen | Nitrogen | Nitrogen
0.924 0.924 0.924 0.924 0.924 0.924 0.924
344 195 156 599 479 505 99.3
276 21.1 21.1 506 573 125 480

0.146 0.356 0.392 1.05 1.07 0.589 1.1
0.0689 0.0689 0.0689 0.0689 [ 0.0689 | 0.0689 0.0689
3680 15100
69 170 132 97.9 385

16



92

A computer aided design (CAD) drawing is shown in Figure 3.27. This is a general
representation of the P&ID but is not accurate of the actual sized component. Since the physical
components are not known, only one compressor has been shown. Other considerations that the
CAD does not account for are thermal expansion joints in various areas that would be needed
to protect components against thermal expansion of the piping. The system may fail if
expansion joints are not included in the final design. More figures of the simulator loop are

included in the Appendix L.

Comp-01/02 with
intercooler HX-03

l

FLOW IN
FROM NNMTB

HX-01

Figure 3.27 Computer Aided Design (CAD) Concept of PCU Simulator

3.3.4.2 Design Consideration for Fluid Velocity and Pipe Noise
Concerns were raised when using 4” NPS pipe, especially after the gas was expanded
following the CV-01 valve. The velocities after the expansion may reach up to 420 ft/sec.
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Velocities at this rate may cause choked flow within the valves and cause them to be
uncontrollable. However, the CV-01 data sheet show that the max mach number for the largest
pressure drop in the valve is 0.477. It also shows that the pipe mach number is 0.265 (Flowserve,
2020). The CV-01 data sheet is shown in Appendix J. Another concern with the high velocities
is the large piping noises. Table 3.11 shows the velocities and the estimated pipe noise for the
different cycles. At these velocities, the pipe noise could be uncomfortably loud. It would be
recommended to increase the pipe size which would decrease the gas velocity to ensure that the
pipe noise falls within code. Equation 3.11 shows the “pipe noise generated in air ducts”
calculation from Engineering Toolbox (Engineering Toolbox, n.d.). This calculation, however,
does not include insulation around the pipes. Pipe insulation in the PCU simulator would be
kept consistent with the MAGNET and therefore would have 4 inches of insulation surrounding
the piping.

Equation 3.11

v Acs
Ly =10 + SOlog(m) +101og (155()) [dB]

Where: Ly — Sound power level (dB)
v - Fluid velocity ( It )

min
A.s — Cross section flow area (in?)

Table 3.11 Pipe Noise in Duct Calculations for 4 inch Piping in the PCU Simulator for Flow
Rates for MAGNET Test Chamber at 250 kW

Velocity Cross
after CV- Section

Pipe
Noise

01 [ft/sec] Flow Area [dB]

(m/s) [in?]
Air Brayton Cycle at 1comp=85% and 1wu»=90% 420 (128)

Air Brayton Cycle at ncomp=70% and nwn=80% 215 (65.5) 12.7 80

Recuperated Air Brayton Cycle at ncomp=85% and nwn=90% RECEEER)) 12.7 75.9

Recuperated Air Brayton Cycle at neomp=70% and nun=80% [EEXNEGXK)! 12.7 70.8

The pipe insulation would reduce the noise of the piping. Also, the fluid velocity can be

reduced to decrease the noise. The fluid velocity can be decreased by increasing the pipe
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diameter. Table 3.12 shows the velocities and pipe noises compared to different pipe diameters.
The pipe segment length was assumed to be 9.84 ft (3 m) and all schedule 40 mild steel piping.
The pipe was also considered at the highest velocity site right after CV-01 after the fluid is
expanded. It would be recommended to decrease the flow through the PCU simulator or to
increase the pipe size to a minimum of 8 inches to reduce the fluid velocity to a more acceptable
range. The American Society of Mechanical Engineers state in ASME B31.8-2018, “Gas
velocities should not exceed 100 ft/sec (30 m/s) at peak conditions... High gas velocities in
piping increase turbulence and pressure drop and contribute to excessive sound pressure levels

(aerodynamic noise)...” (The American Society of Mechanical Engineers, 2018).

Table 3.12 Fluid Velocity and Pipe Noise Compared to Various Standard Pipe Sizes

Cross- . . .
Sectional Averaged Fluid Pipe Noise

Area [in"2] Velocity [ft/s] (m/s) [dB]
4-inch sch 40 416 (127)
5-inch sch 40 5.047 20 262 (79.9) 86.2

6.065 28.9 181 (55.2) 79.8
8-inch sch 40 7.981 50 104 (31.8) 70.2
10-inch sch 40 10.02 78.9 66.3 (20.2) 62.3
12-inch sch 40 11.938 112 46.7 (14.2) 56.2
14-inch sch 40 13.124 135 38.6 (11.8) 52.9

Pipe Inner

HISISIE Diameter [in]

3.3.5 Test Plan for Power Conversion Unit Simulator

Test plans were developed to perform shakedown tests for the PCU simulator to simulate
the start up of the simple nitrogen Brayton cycles and to simulate the recuperated nitrogen
Brayton cycles. The test plans for different cycles have varying turbine and compressor
efficiencies. To develop the test plans, a process model of the PCU simulator was developed
that kept specifications of the design constant, see Figure 3.28. The specifications for the
recuperating heat exchangers, valves, chillers, and compressors were held constant. The design
conditions for the high temperature recuperating heat exchanger was set to the lowest duty
design specifications while the low temperature recuperating heat exchanger used the highest
duty design specifications of the nitrogen cycles. This allowed a chiller to be put in place to
control the desired simulated turbine outlet temperature for each case considered. Figure 3.29

shows the piping and instrumentation diagram of the PCU simulator. Each valve, compressor,
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and heat exchangers have unique labels. In addition, thermocouples, pressure transducers, and

flow meters are labeled.

A procedure was developed to run shakedown tests on the PCU simulator. The shakedown
tests have no heat from the MAGNET. After purging of gases and charging the PCU simulator
and the MAGNET with nitrogen gas, the simulator is isolated from the testbed using valving.
Then a series of tests are performed to ensure the operation of the simulator. Chillers,

compressors, and control valves will be tested to validate operation.

The test matrix for the shakedown tests are shown in Table 3.13. The matrix includes tests
that operate one compressor followed by tests in which both compressors operate. For the single
compressor tests, pressure ratios across the compressor will be varied from 2 to 3. The chiller’s
(HX-01) duty will be varied from 0 to the duties listed in the table to achieve temperatures
measured at thermocouple T3 of 25°C and 50°C. The duties listed were estimated by using an
Aspen HYSYS model of the PCU simulator. The temperatures given when the chiller’s duty is
set to zero were also estimated using the same model. With two compressors, the pressure ratio
was set to be identical for both compressors. That is the pressure ratio listed in Table 3.13. The
pressure at P2 is controlled by CV-01 and the temperature measured at T3 is controlled by
chiller, HX-01.
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Figure 3.29 Pipe and Instrumentation Diagram for the PCU Simulator

3.3.5.1 Shakedown Test Procedure of Power Conversion Unit Simulator

1.

Valves BV-01, BV-02, BV-03, BV-04, BV-05, BV-06, BV-07, and CV-01 are fully
open.
Purge testbed and power conversion loop of oxygen.
Fill and pressurize from nitrogen storage tanks the testbed and the power conversion
loop with nitrogen.
For one compressor power conversion simulation:

a. Close BV-01, BV-03, BV-06, and BV-07.

b. Begin operation of chiller HX-02, which coolant flow is controlled by

temperature T5, into compressor Comp-01.
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c. Close CV-01 to 25% of full open.
d. Start compressor Comp-01 to achieve desired pressure at P4.
5. For two compressor power conversion simulation:
a. Close BV-01, BV-03, and BV-05.
b. Begin operation of chiller HX-02, which coolant flow is controlled by
temperature T5, into compressor Comp-01.
c. Begin operation of chiller HX-03, which coolant flow is controlled by
temperature T7, into compressor Comp-02.
d. Close CV-01 to 25% of full open.
e. Start compressor Comp-01 to achieve desired pressure at P3.
f. Start compressor Comp-02 to achieve desired pressure at P4.
Adjust CV-01 to obtain desired pressure at P2.
Allow power conversion unit simulator to come to steady state.

Begin operation of chiller HX-01 which coolant flow is controlled by temperature T3.

© © N o

Allow power conversion unit simulator to come to steady state.



Table 3.13 Shakedown Test Matrix for PCU Simulator

Single Compressor

99

Two Compressor

Test Name Compressor Chiller Duty (kW) P2 B
Pressure Ratio (MPa) (°C)
Shk_1Cmp_PR2_0kW 2 0 0.570 94
Shk_1Cmp_PR2_50C 2 2.4 0.570 50
Shk_1Cmp_PR2_25C 2 3.6 0.570 25
Shk_1Cmp_PR2.5_0kW 2.5 0 0.456 125
Shk_1Cmp_PR2.5 50C 2.5 4.2 0.456 50
Shk_1Cmp_PR2.5 25C 2.5 5.6 0.456 25
Shk_1Cmp_PR3.0_0kW 3.0 0 0.380 150
Shk_1Cmp_PR3.0_50C 3.0 5.8 0.380 50
Shk_1Cmp_PR3.0_25C 3.0 7.2 0.380 25

Test Name Compressor Chiller Duty (kW) P2 T

Pressure Ratio (MPa) (°C)
Shk_2Cmp_PR1.5_OkW 1.5 0| 0507 51
Shk_2Cmp_PR1.5 25C 15 14| 0507 25
Shk_2Cmp_PR2_0kW 2 0| 0285 88
Shk_2Cmp_PR2_50C 2 2.0 0.285 50
Shk_2Cmp_PR2_25C 2 34| 0.285 25
Shk_2Cmp_PR2.5_OkW 2.5 0| 0182 121
Shk_2Cmp_PR2.5_50C 2.5 39| 0182 50
Shk_2Cmp_PR2.5_25C 2.5 52| 0.182 25

A test procedure was developed to simulate the operation of the simple and the recuperated

nitrogen Brayton cycles.

3.3.5.2 Power Conversion Unit Simulator Test Procedure
1. Open valves BV-02, BV-04, and CV-01.

2. For one compressor power conversion simulation:
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a. Close BV-01, BV-03, BV-06, and BV-07.
b. Begin operation of chiller HX-02, which coolant flow is controlled by
temperature T5, into compressor Comp-01.
c. Close CV-01 to 25% of full open.
d. Start compressor Comp-01 to achieve desired pressure at P4.
For two compressor power conversion simulation:
a. Open BV-06 and BV-07.
b. Close BV-05.
c. Begin operation of chiller HX-02, which coolant flow is controlled by
temperature T5, into compressor Comp-01.
d. Begin operation of chiller HX-03, which coolant flow is controlled by
temperature T7, into compressor Comp-02.
e. Close CV-01 to 25% of full open.
f. Start compressor, Comp-01, to achieve desired pressure at P3.
g. Start compressor, Comp-02, to achieve desired pressure at P4.
Adjust CV-01 to obtain desired pressure at P2.
Allow power conversion unit simulator to come to steady state.
Begin operation of chiller, HX-01, which coolant flow is controlled by temperature T3.
Allow power conversion unit simulator to come to steady state.
Set pressure, P2 using CV-01, and temperature, T3 using chiller HX-01 to simulate
power conversion unit start up before heat introduction.
Open BV-01 and BV-03
Close BV-02
Close BV-04
Allow power conversion unit simulator to come to steady state.
Set pressure P2 using CV-01 and set temperature T3 using chiller HX-01 to simulate
power conversion unit start up at self-sustaining state.
Allow power conversion unit simulator to come to steady state.
Set pressure P2 using CV-01 and set temperature T3 using chiller HX-01 to simulate

operating design state of power conversion unit.
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A test matrix was developed to simulate the nitrogen Brayton cycles, see Table 3.14. For
the simple Brayton cycle, two start up conditions will be simulated. These conditions are based
on the model simulations of a full-scale Brayton cycle presented in Chapter 4. The first
condition that will be simulated is at the point where the PCU is driven by a motor just before
heat addition. The second condition simulated is the point when the turbine can sustain the
compressor without the aid of the start up motor - see Chapter 4 for detailed information on the
start up of a non-recuperated Brayton cycle. All other conditions are the operating design
conditions presented earlier in the report.

Table 3.14 PCU Simulator Tests

Compressor Turbine
Simple Nitrogen Brayton Cycle P2 (MPa) T3 (°C) Adiabatic Adiabatic

Efficiency Efficiency

Start up Before Heat Addition 0.711 63.1 70% 80%
Self-Sustaining State 0.503 460 70% 80%
Design 0.359 430 70% 80%
Start up Before Heat Addition 0.480 91.0 85% 90%
Self-Sustaining State 0.229 287 85% 90%
Design 0.144 284 85% 90%
Recuperated Nitrogen Brayton Com-pres?sor Tu_rbint_a
Cycle P2 (MPa) T3 (°C) Adiabatic Adiabatic
Efficiency Efficiency
Design .601 505 70% 80%
Design 527 470 85% 90%

The PCU simulator has 16 thermocouples, 4 pressure transducers, 4 flow meters, 6 PID
controllers, and 2 compressor power measurements for a total of 32 transducers. It is expected
that a data file for each test will be 500 kbytes assuming 40 pieces of instrumentation (pressure
transducers, thermocouple, mass flow meters, PID controllers etc.) with a test lasting 4 hours

with 15 second intervals for data acquisition.
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3.3.6 Economic Analysis for Power Conversion Unit Simulator

An economic analysis has been performed for the PCU simulator. Several methods of
analyses have been performed to determine the estimated total capital cost for the simulator
loop. Aspen HYSYS’s economic package was used as well as the “0.6 rule” alongside quotes
and estimates from companies to create the total cost estimate. It has been determined that the
total capital cost for the PCU simulator approaches 2.15 million dollars. An equipment cost

breakdown is shown in Table 3.15.

Table 3.15 Estimated Capital Cost for PCU Simulator Breakdown

Equipment Cost [USD]

$ 799,900.00
Comp-02 $ 799,900.00
Recup RHX-01 $ 67,500.00
Recup RHX-02 $ 153,000.00
Chiller HX-01 $ 8,500.00
Chiller HX-02 $ 10,900.00
Chiller HX-03 $ 10,000.00
CV-01 $ 66,000.00

$ 55,000.00
BV-02 $ 55,000.00
BV-03 $ 55,000.00
BV-04 $ 55,000.00
BV-05 $ 1,000.00
BV-06 $ 1,000.00
BV-07 $ 1,000.00
Piping $ 10,000.00
Equipment Cost [USD] $ 2,150,000.00

The compressors, the heat exchangers, and the piping costs were estimated using various
methods which are discussed below. The cost of CV-01 was determined from a quote from
Flowserve, which is shown in Appendix J. The actuated isolation ball valves, BV-01 to BV-04,
costs are determined from a quote, shown in Appendix K, and estimate from Flowserve. BV-

01 quote was for a hand operated ball valve and the cost was estimated to be three times larger
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to make it actuated by a controller due to the extreme temperatures the valves will be exposed
to (Flowserve, 2020). BV-05 to BV-07 are standard 4-inch ball valves that are hand operated.

3.3.6.1 Aspen HYSYS Economic Analysis

Aspen HYSY'S’s economic package was used as a method to estimate the total capital cost
for the PCU simulator. Several Aspen HYSYS models of the PCU simulator were used to
generate the economic analysis. The compressor estimate came from the simulation test with
the highest compression ratio and greatest power, which is the simple air Brayton cycle with
the compressor and turbine efficiencies of 70% and 80%, respectively. It is assumed that the
same compressor is purchased twice. The recuperating heat exchanger estimates came from the
simulation of the recuperated air Brayton cycle with compressor and turbine efficiencies of 70%
and 80%, respectively. The chiller units were comparable in prices between the different
economic models created. Their prices were determined from the simple Brayton cycle
simulation with compressor and turbine efficiencies of 85% and 90%, respectively. The piping
cost was estimated by inputting values into Aspen HYSYS’s economic package. The piping
was described as 4-inch stainless steel 316 schedule 40 pipe with 0.5 inch of insulation. The

fittings were described to be welded.

Aspen HYSYS economic package estimated the capital cost for the PCU simulator to be
near 2.05 million dollars. The economic package also details an estimated install cost for each
equipment. The estimated total install cost, which includes the capital cost of the equipment, is

2.91 million dollars. The Aspen HYSYS component breakdown is shown in Table 3.16.
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Table 3.16 Aspen HYSYS Cost Estimate for the PCU Simulator Breakdown

Equipment Installed Cost
Cost [USD] [USD]

Comp-01 $ 799,900.00 $ 940,000.00
Comp-02 $ 799,900.00 $ 940,000.00
Recup RHX-01 $ 72,200.00 $ 260,500.00
Recup RHX-02 $ 54,000.00 $ 241,300.00
Chiller HX-01 $ 8,500.00 $ 97,600.00
Chiller HX-02 $ 10,900.00 $ 70,900.00
Chiller HX-03 $ 10,000.00 $ 69,800.00
Cv-01 $ 66,193.00 $ 66,200.00
BV-01 $ 55,350.00 $ 55,400.00
BV-02 $ 55,350.00 $ 55,400.00
BV-03 $ 55,350.00 $ 55,400.00
BV-04 $ 55,350.00 $ 55,400.00
BV-05 $ 1,000.00 $ 1,000.00
BV-06 $ 1,000.00 $ 1,000.00
BV-07 $ 1,000.00 $ 1,000.00
Piping $ 930000 $ -
Equipment Cost [USD] $2,055,293.00

Total Installed Cost [USD] $2,910,900.00

3.5.6.2 “0.6 Rule” Economic Estimate
A common method used to estimate the cost of various equipment is to use the “0.6 rule”
(Whitesides, 2012). This method takes an existing cost of equipment with a known size and

estimates the cost of a different sized equipment. Equation 3.12 is shown below.

S Equation 3.12
€= G |

Where: (; — Cost of Equipment 1
C, — Cost of Equipment 2
S; — Size of Equipment 1

S, — Size of Equipment 2
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N — Size Exponent

N, the size exponent, was assumed to be 0.6 for a generalized estimate but can change
depending on various process equipment, such as compressors. An initial estimate was obtained
by using quotes used for INL’s MAGNET compressor, chiller, and recuperating heat
exchanger. These prices were used to estimate the cost of the equipment for the PCU simulator.
Through this estimate, the total capital cost for the PCU simulator is approximated at 1.39

million dollars. Table 3.17 shows the results from the analysis.

The results for the 0.6 rule give reasonable values for the recuperating heat exchangers as
well as the chillers. The 0.6 rule showed that the prices for RHX-01 and RHX-02 are similar to
INL’s quoted recuperating heat exchanger. This is to be expected as the determined duty and
conditions are very similar to the MAGNET recuperating conditions. The chiller values seem
to produce a reasonable estimate from the similarly sized chiller heat exchanger in the
MAGNET that was quoted to INL. Aspen HYSYS estimate was used over the 0.6 rule as some
of the temperature differences could be large in Chiller HX-01 in the PCU simulator, though
the estimates only vary by ~$6000 each.

Table 3.17 0.6 Rule Cost Estimate for the PCU Simulator Breakdown

INL
Quoted
[kW]

Estimated
Cost [USD]

INL Quoted

Needed Adjusted

INL Equipment KW Cost [USD]

QTY

Cost [USD]

Comp-01 25 hp

Compressor $ 92,225.00 | 18.64 145.2 | $316,028.42 1 $ 316,028.42
Comp-02 25 hp

Compressor $ 92,225.00 | 18.64 145.2 | $316,028.42 1 $ 316,028.42
Recup RHX- e
01 Recuperator $145,000.00 350 97.9 | $ 6751446 1 $ 67,514.46
R R Ol 350 kW
02 Recuperator $145,000.00 350 384.7 | $153,461.87 1 $ 153,461.87
HX-01 MAGNET

Chiller HX-01 $ 5,550.00 274.5 68.62 | $ 2415.67 1 $ 2415.67
HX-02 MAGNET

Chiller HX-01 $ 5,550.00 274.5 1674 | $ 4,124.97 1 $ 412497
HX-03 MAGNET

Chiller HX-01 $ 5,550.00 2745 132 | $ 3,576.94 1 $ 3,576.94
CV-01 $ 66,193.00| 1 | $ 66,193.00
BV-01-04 $ 55350.00 | 4 | $ 221400.00
BV-05-07 $ 1,00000| 3 | $ 3,000.00
Piping $ 930000 1 | $ 9,300.00
Total Capital
Cost [USD] $1,163,043.75
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The compressor estimate was based off the Corken compressor that was quoted for the
MAGNET. This compressor’s estimate was determined to be low and was rejected. The
compressors in the PCU simulator are expected to deliver much higher-pressure ratios. The size
of the compressors are also nearly 8 times the size of the MAGNET compressor. The reason

for rejecting this price is for three reasons:

1. During initial cost estimates to compressor companies, Kobelco was approached to size
a single compressor that could handle all the test conditions of the PCU simulator. This
compressor would need to handle compression ratios from 1.8 to 7.6. They determined
that a screw compressor would work best and gave an estimated cost for the compressor
of 1.5 million dollars. Aspen HYSYS showed that the estimated capital cost for two
compressors was close to 1.6 million dollars.

2. Another estimate of the cost ratio shown in Equation 3.12 was used to compare the costs
for the compressors. The new comparison used a sizing ratio for the CFM into the
compressors with a size exponent, N, equal to 0.67 up from 0.6 for single stage
compressors (Whitesides, 2012). Table 3.18 shows the results of using the CFM ratio
instead of a power ratio as shown in Table 3.17. This resulted in a wide variety of costs
ranging for a single compressor of 356 to 865 thousand dollars. The higher flow rate
comes from the simulation of the simple air Brayton cycle with the compressor and
turbine efficiencies of 85% and 90%, respectively. This is due to the high pressure drop.
From this analysis, it showed that the compressor would have a cost nearing 865
thousand dollars, which surpasses Aspen HYSYS’s approximation.

3. Roots Systems gave a rough estimate for the price of the compressor set-up. Their
representative said for one compressor on a skid with the controller, piping, valves, and
intercooler, would be approximately 1 to 2 million dollars. However, during a phone
call with the representative, they recommended 2 million dollars plus or minus 20% as
their reasonable estimate for the price of the compressor system. They specified that the
compressor would be a 12-inch piping, 2 stage rotary lobe compressor with a nominal
350 HP motor.
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Table 3.18 Adjusted Compressor Capital Cost using ACFM

INL Adjusted Estimated
Equlilgrlaent Ig:);?&gtg]j Quoted [IXeCe'(:jﬁ/(lj] Capital Cost QTY Capital Cost
[ACEM] [USD] [USD]
Comp-01 25 hp
Compressor | $ 92,225.00 45 3375 $ 355,745.74 2 $711,491.48
Comp-01 25 hp
Compressor | $ 92,225.00 45 478.9 $449,738.76 | 2 $899,477.52
Comp-01 25 hp
Compressor | $ 92,225.00 45 295.9 $325,734.24 2 $ 651,468.47
Comp-01 25 hp
Compressor | $ 92,225.00 45 1272 $ 865,371.61 2 $1,730,743.22

For these reasons, the total estimated cost for one compressor is 799 thousand dollars, which
was Aspen HYSYS’s estimate. This estimate was within the reasonable range that the vendors
said the compressors would cost. However, the price may vary slightly as Roots System’s
estimate would include piping and an intercooler. This would remove chiller HX-03 from the
breakdown. Their compressor set also used 12 inch piping, which would increase the estimated
piping cost outside of what they would provide; however, the cost for increasing the pipe size
would be minimal when compared to the other large components in the system. The pipe sizing
would only need to be increased after the gas is expanded past CV-01. This would only
marginally increase the piping cost. Therefore, the total estimated capital cost for the PCU

simulator is 2.15 million dollars, see Table 3.15.
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Chapter 4: Estimated Start Up Analysis for PCU using
Aspen HYSYS

4.1 Introduction

A modular power conversion unit will be used to generate power from heat provided by
microreactors. These PCUs are around 1-20 MW, (Office of Nuclear Energy, 2018). The
nuclear microreactor’s PCU being investigated will be similar to an air breathing compressor-
turbine unit. It is noted that there are many different potential PCU configurations that could be
utilized with nuclear microreactors. A detailed search was performed on actual compressor-
turbine units. These units could provide an accurate representation of the size and efficiencies

that would be used for modular nuclear microreactors.

Knowing the sizing of a full scale modular PCU nuclear reactor will also aid in the
development and versatility of the PCU simulator. A key factor for the PCU simulator is that it
is capable of simulating state points in a power cycle. These state points do not have to come
from steady-state operations of the power cycles. Understanding the start up procedure gives
the three key data points discussed in the previous chapter. These three key points are the
conditions of the working fluid entering and leaving the turbine and entering the reactor
(vacuum chamber in the MAGNET). During the start up processes, these three key points for a
non-recuperated Brayton cycle could be simulated. Similar steps described later in the chapter

could be applied to a recuperated Brayton cycle.

4.2 Aspen HYSYS Analysis of Siemen’s SGT-A05 KB7HE

Siemens Automation Company manufactures a small, portable, compressor-turbine unit,
the SGT-A05 KB7HE, which produces around 5 MWe. This power generation unit was selected
to perform an analysis on, as it falls within the expected power range of the modular nuclear
microreactors (1-20 MW). Analyzing the commercial unit provided representative efficiencies
for the compressor and turbine. An Aspen HYSYS model was designed to replicate the
Siemens’ public data sheet for this unit. The unit’s data sheet is shown in Table 4.1 and the
Aspen HYSYS model is shown in Figure 4.1.
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Table 4.1 Siemens’ SGT-A05 Public Data Sheet (Siemens, 2019)

SGT-A05 KB5S

SGT-A05 KB7S SGT-A05 KB7 HE

Power Output

Natural gas, liquid fuel, duel fuel; other fuels on request;

Fuel automatic changeover from primary to secondary fuel at any

load

Frequency 50/60 Hz 50/60 Hz 50/60 Hz
Gross Efficiency 29.70% 32.30% 33.20%
Heat Rate 12,137 kJ/kWh 11,152 kJ/kWh 10,848 kJ/kWh
Turbine Speed 14,200 rpm 14,600 rpm 14,600 rpm
Pressure Ratio 10.3:1 139:1 140:1
Exhaust mass flow 15.4 kg/s 21.3 kg/s 21.4 kgls
Exhaust Temperature 560°C (1,404°F) 484°C (921°F) 522°C (972F)

NOXx emissions

<25 ppmvd at 15% O2 on fuel gas (with DLE)

D6: Thermal Efficiency  0.3320
D5: Power Out 6.645
Natural
Gas —_ —_
Turbine Exhaust
Inlet ‘—_:;%
Amm%d i\, gzt;ral E’g‘rvsfjgfle Turbine
Air In AIr Reactor
Compressor Adiabatic Efficiency 88.7
Compressor  Power Energy 14.88 MW
Adiabatic Efficiency 831
Energy 8232 MW
Material Streams
Ambient Air In | Compressed Air | Natural Gas | Turbine Inlet | Exhaust | Waste
Temperature | C 15.00 389.3 389.3 1098 522.0 1098
Pressure kPa 101.3 1419 1419 1419 1013 1419
Mass Flow ka/s 210 210 0.387 214 214 | 0.000

Figure 4.1 SGT-A05 KB7HE Air Brayton Cycle Aspen HYSY'S Model

The SGT-A05 KB7HE Aspen HYSYS model was created to determine the representative
efficiencies for the compressor and turbine for a similarly sized PCU for nuclear microreactors.
The compressor efficiencies are expected to be within the range of 70%-85% and turbine

efficiencies are expected to be between 75%-90% (Wark, 1995). Through parametric studies
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using the Aspen HYSYS model, a compressor efficiency of 83.1% and a turbine efficiency of
88.7% was obtained. It is shown that some of the values in the Aspen HYSYS model do not
match the Siemens’ data sheet. This is likely due to Siemens’ data sheet being collected from a
physical unit which includes losses in the system and the generator. The efficiencies found in
Aspen HYSYS are, however, reasonable according to the traditional ranges presented by Wark.
This data provided useful information that these smaller PCUs can still obtain high adiabatic
efficiencies for compressors and turbines. Therefore, two cases were analyzed to give a range
of data: a scenario assuming compressor and turbine efficiencies at 85% and 90% and a scenario

assuming a compressor and turbine efficiencies of 70% and 80%, respectively.

An analysis was performed to compare the performance between the Siemen’s SGT-A05
KB7HE unit and an optimized 85% compressor and 90% turbine efficiency heat pipe nuclear
reactor PCU using 600°C turbine inlet temperature. This temperature is the expected
temperature found in the MAGNET leaving the heat pipe section as well as within the range of
normal operations for a heat pipe cooled reactor (Westinghouse, 2019). Both units were
assumed to use dry air as the working fluid and were both an open air Brayton cycle. This
comparison is shown in Table 4.2. It is shown that the heat pipe powered PCU does not produce
as much power or have a high thermal efficiency compared to Siemens combustion powered
PCU. This is expected due to the turbine inlet temperature and pressure ratios of the SGT-A05
being much greater. However, the thermal efficiency for the heat pipe powered Brayton cycle

is still reasonable.

Table 4.2 Comparison Between a Heat Pipe Powered PCU and a Natural Gas Power PCU

mp

Efficiency
Pressure Ratio
Power Out
[MW]
Turb In Temp
[°C]

Exhaust Te
[°C]
Mass Flow
Rate [ka/s]
Comp
Efficiency
Efficiencv
Efficiency
Second Law
Efficiency

Heat Pipe Power
Simple Air

Brayton Cycle

Siemen's SGT-
AO05 KB7HE
Natural Gas
Combustion
Brayton Cycle
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4.3 Estimated Start Up Analysis for Heat Pipe Nuclear Reactor
Operating at 650°C

A simplified air Brayton cycle was constructed in Aspen HYSYS to simulate the
performance of the PCU. Figure 4.2 shows the Aspen HYSYS model for the Brayton cycle
using the higher compressor and turbine efficiencies, the process flow diagram for both
efficiency model is in Appendix M. The heat source used in the model could be representative
of a gas combustion unit or some other heat source such as nuclear power. The “Air
Compressor” and “Air Turbine” are both functioning from design curves presented above. For
the dynamic analysis, an approximation of a quasi-steady-state process is assumed. This
assumption implies that the PCU responds instantaneously to small incremental steps. This
approach is valid for dynamic analysis as these systems do respond quickly. According to J.
Kim et al., many mathematical models simulate start up of gas turbine engines with a quasi-
steady-state assumption (Kim, Song, Kim, & Ro, 2002). Therefore, the start up analysis was
performed using a quasi-steady-state assumption.

B3: Power Out 2.546 MW
B5: Thermal Efficiency 2546 %
B2: B3: Relative Humidty = 0.5000

2111 C
101.3 kPa 302.8 C '?gagémﬂﬁt 6500 C 2060 C
26.08 kg/s 859.2 kPa :

842.1 kPa 101.3 kPa

Y

__F
Turbine Inlet

Humid Air Comp Out Turbine
Reactor Outlet
Comp Pwr Turb Pwr
Air Compressor 7.638 MW 10.18 MWAIr Turbine
Adiabatic Efficiency 85 Adiabatic Efficiency 90

Figure 4.2 Air Brayton Cycle with 85% Compressor and 90% Turbine Adiabatic Efficiencies
with a Turbine Inlet Temperature of 650°C

To perform an analysis on the start up of the simple air Brayton cycle, the start up process
needs to be understood. The process of starting up a simple air Brayton cycle power conversion
unit was described by a representative from Siemens for one of their larger power production
plants (Siemens, 2019).
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Kim et al. also described that during start up, “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” (Kim, Song, Kim, & Ro, 2002). They also describe that it is slightly

different for each engine. Kim et al.’s data was comparable to Siemens’ report.
Using guidance from both sources, the start up process used for this analysis was as follows:

1. A motor begins to turn the compressor. The motor can be a 480 V motor, or the unit
can be started by reversing the power into the generator to act as a motor.

2. The motor drives the compressor to the shaft rotational speed range of 61 — 63% of
the operating speed at which time the fuel is injected into the combustion chamber.
At this point, the combustion is considered unstable.

3. The generator continues to drive the compressor to about 83.33% of the operational
speed when the combustion process is considered stable and the turbine can sustain
the compression process.

4. The turbine drives the system at this point and the fuel rate is increased until the
turbine speed reaches the system’s operational speed.

These start up steps are used for a conventional natural gas powered PCU. They outline
when the fuel would be added during the start up of the PCU. However, there was discussion
on how a nuclear powered heat pipe reactor could start up. Sodium cooled heat pipes, as the
ones used for the MAGNET, could take a considerable amount of time to get to their operating
point (Reid, Sena, & Martinez, 2001) and could use a loop for cooling separated from the PCU.
Once the heat pipes are at their operating point, the PCU could start up and the PCU working
fluid could be directed through the heat pipe heat exchanger through a series of valving which
would add heat to the PCU as well as continued cooling to the heat pipes. Making sure that the
heat pipes always had sufficient mass flow rate for cooling while switching from the heat pipe
primary cooling loop and the PCU would need to be considered. However, for the remained of
this chapter, the start up analysis used the conventional natural gas PCU start up detailed above.

Generic compressor and turbine curves were obtained to help simulate the performance of
the PCU during off design conditions. The generic curves were scaled to the operating points
expected from the optimized heat pipe PCUs, such as the one in Figure 4.2. The curves have

been scaled to fit a higher efficiency compressor and turbine case as well as a lower efficiency
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compressor and turbine scenario. These curves were generated for two separate simple Brayton
cycles with a turbine inlet temperature of 650°C: one with an 85% compressor efficiency and
90% turbine efficiency and the other with a 70% compressor efficiency and 80% turbine
efficiency. The curves also assume that 100% rotational speed is the same as Siemens’ SGT-
A05-KB7HE which is 14600 rpm. The curves are shown below in Figure 4.3 to Figure 4.6. The
curves were entered into Aspen HYSYSS to estimate the performance of the PCUs at different

shaft rotation speeds and varying efficiencies.

An approximate mass flow rate equation was used during the quasi-steady-state analysis.
Equation 4.1 relates the density of the inlet fluid, volume of the unit, and the rotational speed
of the unit to the mass flow rate. The mass flow rate at a given speed is proportional to the
compressor speed percentage multiplied by the design mass flow rate when the inlet density is
considered constant, shown in Equation 4.2. This estimation was used to determine the mass

flow rate at varying rotational speeds of the PCU.

i pVn (k_g) Equation 4.1
© 60 s
—_— n >

g, P Equation 4.2

Where: — mass flow rate (%‘g)

m3
— Unit volume (m?)

m
p = Inlet mass density (k‘g)
|4

n - Unit's speed (ﬂ)

min
. : k
My = Operational mass flow rate (Tg)

nop — Unit's operational speed (%)
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Figure 4.3 Compressor Curves for the 85% Compressor and 90% Turbine Adiabatic
Efficiencies Case with a Turbine Inlet Temperature of 650°C
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Figure 4.4 Turbine Curves for the 85% Compressor and 90% Turbine Adiabatic Efficiencies
Case with a Turbine Inlet Temperature of 650°C
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Figure 4.5 Compressor Curves for 70% Compressor and 80% Turbine Adiabatic Efficiencies
Case with a Turbine Inlet Temperature of 650°C
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During start up, it was assumed that the compressor drives the system in terms of rotational
speed and mass flow rate due to the start up motor turning the compressor which is shafted to
the turbine. The turbine then controls the system once the temperature and pressure reach the
point where the turbine generates sufficient power to overcome the work of the compressor. It
was assumed that the operating rotational speed was 14600 rpm, which mimics the operating
rotational speed of Siemens’ SGT-A05 KB7HE PCU. The results for the start up analysis for
both the highest and lowest efficiencies for the compressor and turbine case scenarios are shown
below in Table 4.3 to Table 4.4 and Figure 4.7 to Figure 4.10. It is assumed that the power out
is the compressor power subtracted from the turbine power and it does not include inefficiencies

in the generator unit.

Table 4.3 Results of Start Up Analysis for 85% Compressor and 95% Turbine Adiabatic
Efficiencies with a Turbine Inlet Temperature of 650°C

Power  Compressor  Turbine Turbine ca Exhaust
Outlet
Out Power Power Inlet Pres Temp
WA (A)) (MW)  Temp (°C) MPa (°C)
0 0 0 0 21.1 0.101 21.1 0
61.64% | -1.34 1.71 0.362 125 0.251 103 16
86% 0.00846 4.85 4.86 512 0.524 313 22.4
100% 2.35 7.63 9.97 651 0.86 304 26
110% 2.24 10.1 12.4 674 1.17 283 28.6

Table 4.4 Results of Start Up Analysis for 70% Compressor and 80% Turbine Adiabatic
Efficiencies with a Turbine Inlet Temperature of 650°C

Power Comp Turbine  Turbine gomp Exhaust s
utlet Flow
RPM Out Power Power Inlet | Pres Temp Rate
(MW) (MW) (MW)  Temp (°C) (MPa) (°C) (kals)

0 0 0 0 21.1 0.101 21.1 0
61.64% | -0.629 0.761 0.131 79.7 0.162 69.2 12.2
83% 0.00657 1.95 1.95 552 0.233 445 16.5
100% 0.791 34 4.2 649 0.333 460 19.8
110% 0.75 4.53 5.28 640 0.406 423 21.8
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Simple Brayton Cycle High Efficiency Start-Up Power
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Figure 4.7 Power Profiles for Start Up Analysis of Air Brayton Cycle with Compressor and
Turbine Adiabatic Efficiencies of 85% and 90% with a Turbine Inlet Temperature

of 650°C
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Figure 4.8 Temperature and Pressure Profiles for Start Up Analysis of Air Brayton Cycle with
Compressor and Turbine Adiabatic Efficiencies of 85% and 90% with a Turbine
Inlet Temperature of 650°C
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Simple Brayton Cycle Low Efficiency Start-Up Power
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Figure 4.9 Power Profiles for Start Up Analysis of Air Brayton Cycle with Compressor and
Turbine Adiabatic Efficiencies of 70% and 80% with a Turbine Inlet Temperature
of 650°C
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Figure 4.10 Temperature and Pressure Profiles for Start Up Analysis of Air Brayton Cycle with
Compressor and Turbine Adiabatic Efficiencies of 70% and 80% with a Turbine
Inlet Temperature of 650°C
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The analysis shows that the higher efficiency case scenario has enough turbine power to
self-sustain the system when the rotational speed is close to 86% of the operating speed. The
lower efficiency case scenario showed the turbine generated enough power to self-sustain near
83% of the operating rotational speed. Both these values are within the range that Kim et al and
Siemens described for start up. However, their data was based off natural gas combustion and
required the combustion to be stable. The microreactor heat pipes could possibly start heating

the air sooner, requiring less power input into the power conversion unit.

4.4 Estimated Start Up Analysis for Heat Pipe Nuclear Reactor
Operating at 600°C

A similar analysis was performed on a heat pipe PCU assuming the working fluid was pure
nitrogen, and the turbine inlet temperature was 600°C instead of 650°C. The other assumptions
remained the same. This analysis is analogous to the fluid and turbine inlet temperature of the
MAGNET. To be simulated in the PCU simulator, the pressures would only need to be adjusted
to acquire the correct pressure ratio at each start up state point. This analysis required a new set
of curves to be generated for the compressor and turbine at their different paired efficiencies:
70% and 80% compressor and turbine efficiencies respectively, and 85% and 90% compressor
and turbine efficiencies, respectively. This was done because the operating temperature was
adjusted. These models were optimized to obtain the highest possible thermal efficiency. The
higher efficiency model is shown in Figure 4.11, the process flow diagram for both efficiency
model is in Appendix M. The compressor and turbine curves are shown in Figure 4.12 to Figure
4.15 for the high and low efficiency cases. The results of the analyses are shown in Table 4.5
to Table 4.6 and Figure 4.16 to Figure 4.109.

BS5: Thermal Efficiency  23.39

2111 C 1000 MW

1013 kPa 2794 C
Reactor Heat 6000 C 27189 C

27914064 kgls 7422 kPa 7274 kPa 1013 kPa
Nitrogen In Com_p'Out .@ Turbﬁ; Inlet Turbine
Reactor QOutlet
Comp Pwr Turb Pwr
Air Compressor 7671 MW 10.01 MW Ajr Turbine
Adiabatic Efficiency 85 Adiabatic Efficiency 90

Figure 4.11 Simple Nitrogen Brayton Cycle with 85% Compressor and 90% Turbine Adiabatic
Efficiencies with a Turbine Inlet Temperature of 600°C
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Figure 4.13 Turbine Curves for the 85% Compressor and 90% Turbine Adiabatic Efficiencies
Case with a Turbine Inlet Temperature of 600°C
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Table 4.5 Results of Start Up Analysis for 85% Compressor and 95% Turbine Adiabatic
Efficiencies Case with a Turbine Inlet Temperature of 600°C

RPM (%)
Pressure Ratio
Exhaust Temp (°C)
Reactor Heat (MW)
Turbine Power (MW)
Power Out (MW)
Mass Flow Rate (kg/s)

P
©
N
3
(0}
=
=
=
=
—
Q
4=
=
-
=3
=

Comp Outlet Temp (°C)
Comp Outlet Pres (MPa)
Turbine Adiabatic Efficiency
Compressor Power (MW)

Compressor Adiabatic Efficiency

0 0 211 | 211 (211 | 0.101 0 0 0 0 0 0 0

60 | 2.19 | 110 91 | 110 | 0.222 | 25 | 828 | O | 1.55 | 0.327 -1.23 16.7
86 | 458 | 471 | 287 | 213 | 0.464 | 745 | 81.8 | 6.8 | 4.88 | 4.89 | 0.00431 | 24
100 | 7.32 | 600 | 284 | 279 | 0.742 | 886 85 [ 10 | 7.67 | 9.85 2.18 27.9

Table 4.6 Results of Start Up Analysis for 70% Compressor and 80% Turbine Adiabatic
Efficiencies Case with a Turbine Inlet Temperature of 600°C

o
S
b
(a
o

Pressure Ratio
Turbine Inlet Temp (°C)
Exhaust Temp (°C)
Comp Outlet Temp (°C)
Comp Outlet Pres (MPa)
Turbine Adiabatic Efficiency
Compressor Adiabatic Efficiency
Reactor Heat (MW)
Compressor Power (MW)
Turbine Power (MW)
Power Out (MW)

Mass Flow Rate (kg/s)

0 0 |211)211]21.1]0.101 0 0 0 0 0 0 0

60 148 | 71.8 | 63.1 [ 71.8 | 0.15 25 | 682 0 | 0.667 | 0.113 | -0.554 | 12.6
82.30 | 2.09 | 554 | 460 | 122 (0.212 | 66.3 [ 67.4 | 8.2 1.84 | 1.84 | 0.00334 | 17.3
100 | 293 | 600 | 434 | 170 | 0.297 | 78.7 | 70 | 10 [ 3.3 3.95 0.655 21
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Figure 4.16 Power Profiles for Start Up Analysis of Air Brayton Cycle with Compressor and
Turbine Adiabatic Efficiencies of 85% and 90% with a Turbine Inlet Temperature
of 650°C
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Figure 4.17 Temperature and Pressure Profiles for Start Up Analysis of Air Brayton Cycle with
Compressor and Turbine Adiabatic Efficiencies of 85% and 90% with a Turbine
Inlet Temperature of 600°C
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Simple Brayton Cycle Low Efficiency Start-Up Power
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Figure 4.18 Power Profiles for Start Up Analysis of Air Brayton Cycle with Compressor and
Turbine Adiabatic Efficiencies of 70% and 80% with a Turbine Inlet Temperature
of 600°C.
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Figure 4.19 Temperature and Pressure Profiles for Start Up Analysis of Air Brayton Cycle with
Compressor and Turbine Adiabatic Efficiencies of 70% and 80% with a Turbine
Inlet Temperature of 600°C

The start up points between the two cycles are similar in terms of percent RPM when the

unit is self-sustaining. The curves have a similar shape between the high and low efficiencies.
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The power out is lower than the 650°C cases analyzed earlier, which is expected since the mass
flow rate and the turbine inlet temperature is lower. However, the results follow a similar

pattern.

A start up process could be simulated within the power conversion unit simulator by
simulating the temperatures and pressure ratios found at the inlet and outlet of the turbine and
the temperature entering the MAGNET vacuum chamber. As shown in the above tables and
figures, four key rotation speeds simulate the start up process with the needed key points. Using
similar analysis, the PCU simulator would be able to simulate different start up process of

various power cycles as well as their shut down process.
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Chapter 5: Conclusion and Recommendations

5.1 Conclusion

5.1.1 MAGNET Conclusions
The INL is developing the MAGNET to help test and prove various types of modular

nuclear microreactors. Many Aspen HYSYS models were created to aid in this development.
These models were designed after the equipment being placed within the MAGNET, including
heat exchangers, piping, insulation, valving, pumps, and compressors. These models provide
detailed process conditions at many state points within the MAGNET and several conclusions

are drawn from the models.

e The MAGNET Aspen HYSYS models are rigorous models estimating many aspects
throughout the loop. This makes them a great starting point for the expected process
conditions until the equipment and heat exchanger models can be validated.

e Models for conditions that could be potentially dangerous if we pushed the system.
Ensure safety while operations.

e The MAGNET models could be used to simulate potential experiments for the
MAGNET. Running experiments can be costly due to labor and energy requirements.
The HYSYS models could aid in the development of experiments to provide the most
relevant information with the least amount of time and cost by eliminating experiments
that provide little value.

e The MAGNET HYSYS models could be used to simulate off design conditions to
determine safety parameters. The models could provide when the pressure or
temperatures reach an extreme that could be potentially dangerous.

e The MAGNET was designed with the intent for using nitrogen as the main working
fluid, but it was also considered to use helium. The MAGNET model estimated the
performance of the heat exchangers and showed that helium will reach a higher
temperature than nitrogen by approximately 34°C at similar heat pipe power. This puts
the highest temperature in the system close to 634°C. The piping was designed for an
operating temperature of 650°C which makes helium push near the design limit of the

piping.
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The heat pipe heat exchanger designed showed that the desired temperature increase is
possible.

The models are a more rigorous analysis of the pressure drops throughout the
MAGNET, estimating the pressure drop across the heat exchangers, piping, and valves.
Using the designed 250 kW of heat pipe power with nitrogen, the total pressure drop
through the MAGNET was approximately 146 kPa or a pressure ratio of 1.12.
Approximately half of the pressure loss in the system was from the heat exchangers
estimating close to 66 kPa. Similar cases using helium showed a pressure ratio across
the MAGNET similar to nitrogen nearing 1.10.

From the pressure ratio data, the MAGNET compressor being purchased should be able
to handle the expected pressure ratios. However, there is some concern if the compressor
can handle the higher flow rates required in the MAGNET. The required volumetric
flow rate for nitrogen operating at 250 kW of heat pipe power is near 143 ACFM where
the compressor is rated at 48 ACFM.

The MAGNET models estimated the temperature drop and heat loss from the piping.
Using the assumptions for the piping and insulation, the heat loss from the piping is
minimal and could be neglected in the larger heat pipe power loads. The heat loss was

less than 5% in the system with a heat pipe power load of at least 75 kW.

5.1.2 MAGNET with Different PCU Configurations Conclusions

A major feature of modular nuclear microreactors is the ability to generate power and as
such, the MAGNET has been designed with a feature to connect a PCU or PCU simulator to it.
A PCU attached to the MAGNET consists of a compressor and turbine set. The PCU simulator

consists of a series of valves and heat exchangers to perform the simulation.

The MAGNET Aspen HYSYS models were equipped with a compressor and a turbine
for power generation. The configuration added was a closed-loop recuperated Brayton
cycle. The pressure ratio was optimized across the turbine to achieve the highest thermal
efficiency which was 8.57% for nitrogen as the working fluid and 15.5% for helium as
the working fluid. The MAGNET could generate 21 kW of power with nitrogen and 39

kW of power with helium.
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e Simple Brayton cycles and recuperated Brayton cycles can be uniquely identified by
three state points if the pressure ratio is the same across the compressor and through the
exhaust of the system. The three state points are the compressor exhaust, the turbine
inlet, and the turbine exhaust.

e Power cycles are largely pressure ratio driven. Maintaining the optimized pressure ratio
for the maximum thermal efficiency preserves the thermal efficiency with different
working fluids, even at varying compressor inlet pressures. The analysis showed that
maintaining the pressure ratio and the turbine inlet temperature, the Brayton cycles
maintained the optimized thermal efficiencies using air or nitrogen at varying
compressor inlet pressures.

e A physical PCU connected to the MAGNET has the advantage that it would be a
physical PCU being tested. This would provide dynamic data for operating the unit
while generating power at design conditions. It would also provide data for off design
conditions, the start up process, and shutting down the unit. These tests would provide
data that is not estimated. However, the tests would be limited to a single type of power
cycle.

e The PCU simulator is advantageous as it allows for testing of many simple Brayton
cycles and recuperated Brayton cycles of varying thermal efficiencies and compressor
and turbine adiabatic efficiencies. This could all be done with a single unit. However,
the simulation of the start up and shutdown for a PCU would be estimated from other
analyses.

e The PCU simulator’s major disadvantage is that it is expensive. It has been estimated to
have a total capital cost nearing 2.15 million dollars. The estimate was performed by
three different methods.

5.1.3 PCU Start Up Analysis Conclusions
An analysis was performed on the start up of a simple Brayton cycle. The start up provides

information of how an actual system could start, as well as how the system could be simulated

during start up.

e A Siemens’ SGT-A05 was modeled in Aspen HYSY'S based on their data sheet. This

unit is a natural gas unit and was used to provide a baseline for information regarding
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the adiabatic efficiencies of the compressor and turbine. From these models, it was
determined that a high-end adiabatic efficiency for the compressor and turbine could be
upwards of 85% and 90%, respectively.

During the start up of a natural gas PCU, a motor turns the compressor turbine shaft
until approximately 63% of the maximum speed at which point the fuel is added. The
motor continues to turn the shaft until the combustion process is considered stable. Then
the turbine would generate enough energy to offset the energy of compression.
However, when nuclear power is used there is no issue of an unstable combustion. The
full heat load of the reactor could be added at the beginning of the start up process
instead of at 63% of maximum speed. Thus, the PCU could generate power sooner.
Assuming that a nuclear powered PCU would start similar to a natural gas PCU, the
three unique state points were collected. These three state points are the compressor
exhaust, the turbine inlet, and the turbine exhaust. These points throughout the start up
process could be simulated in the PCU simulator which would simulate the start up of
the PCU.

5.2 Recommendations

The MAGNET Aspen HYSYS and the PCU simulator models provided a starting point for

further analysis and process condition predictions. However, there is more work that needs to

be performed for further validation of the models.

5.2.1 MAGNET Recommendations

The MAGNET Aspen HYSYS models have not been validated by the physical
MAGNET.

Though the heat exchangers have been compared to other solvers, the heat exchangers
models need to be validated by comparing their performance to the physical heat
exchangers.

The main chiller heat exchanger in the main MAGNET loop was not modeled. There
were many unknowns about the heat transfer correlations to properly solve the heat
exchanger models. The physical heat exchanger would need to be tested to create an
accurate computer model of the heat exchanger for the Aspen HYSYS model.
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The MAGNET has a large chiller unit attached to it for cooling. This unit could be
modeled to provide an accurate total energy consumption through the entire MAGNET
system.

The MAGNET compressor unit should be checked to ensure it can handle helium and
the required flow rates for the system.

If helium were to be used, the piping in the system may need to be redesigned to handle
working temperatures around 650°C.

The mass flow rate of helium throughout the system is a lot lower compared to nitrogen
which produces lower velocities throughout the piping. The mass flow rate could be
increased to use more capacity of the system. If this were to be done, larger heaters
could be added for the heat pipes to still reach the desired outlet temperatures.
Currently, the Aspen HYSYS models of the MAGNET are solved in a steady-state
environment. The process of making the models work dynamically would provide

useful information in the loop.

5.2.2 MAGNET PCU Simulator Recommendations

The PCU simulator is at a point of building and constructing.
The PCU simulator could benefit from being modeled dynamically, as well as being

modeled dynamically while being attached to the MAGNET model.

5.2.3 PCU Start Up Recommendations

Start up analyses of recuperated Brayton cycles were not performed. This would be
valuable data for understanding how modular nuclear microreactors would operate
under these PCU configurations. The point where the turbine provides enough energy
to sustain the compression process could be found and these data points could be used
in the PCU simulator.

Shutdown analyses on both the simple and recuperated Brayton cycles were not
performed. This data could be used for shutdown of the MAGNET attached to the PCU
simulator.

Development is needed on how a nuclear powered PCU would undergo the start up
process. There would be a possibility of having two separate loops, one loop would be

for the PCU and the second would be for the primary cooling system of the heat pipe
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nuclear reactor. Once the heat pipes are at full operations, the PCU could start up and
route the air through valving to cool the heat pipe heat exchanger. This would add the

needed heat to the PCU for operations.



136

References

Advanced Cooling Technologies. (2020, November). Compatible Fluids and Materials.
Retrieved from Advanced Cooling Technologies: https://www.1-act.com/compatible-

fluids-and-materials/

Advanced Cooling Technologies. (2020). Heat Pipes for Thermal Management. Retrieved from

Advanced Cooling Technologies: https://www.1-act.com/innovations/heat-pipes/

Allen, K. S., Hartford, S. K., & Merkel, G. J. (2018). Feasibility Study of a Micro Modular
Reactor for Military Ground Applications. Journal of Defense Management, Vol 8,
Issue 1.

Aspen Technology. (2005). HYSYS Operations Guide. Cambridge.
Aspen Technology, Inc. (2016). Aspen HYSYS V9.

Cengel, Y. A., & Boles, M. A. (2011). Thermodynamics: An Engineering Approach. 7th Ed.
New York: McGraw-Hill.

Charles, C. (2018, October 4). Micro-Reactors Could Power Remote Military Bases within a
Decade. Retrieved from Nuclear Energy Institution:

https://www.nei.org/news/2018/micro-reactors-power-remote-military-bases
Christensen, R. C. (2020, March). Personal Communication.
Corken Inc. (2018, June). I-Series: Industrial Series Compressors. Oklahoma City, Oklahoma.

Engineering Toolbox. (n.d.). Noise Generated in Air Ducts. Retrieved from

https://www.engineeringtoolbox.com/ducts-noise-generation-d_1405.html

Filippone, C., & Jordan, K. A. (2018, July 02). C. Filippone and K.A. Jordan, The Holos
Reactor: A Distributable Power Generator with Transportable Subcritical Power

Modules. Retrieved from engrXiv Preprints: https://engrxiv.org/jzac9/

Fink, J., & Leibowitz, L. (1995). Thermodynamic and Transport Properties of Sodium Liquid
and Vapor. Chicago: Argonne National Laboratory.



137

Flowserve. (2020). Valves. Flowserve. Retrieved from

https://www.flowserve.com/en/products/valves

General Atomics. (2018, Oct 4). General Atomics Joins the Nuclear Energy Institute in Support
of a Department of Defense Micro-Reactor Program. Retrieved from General Atomics:
https://www.ga.com/general-atomics-joins-the-nuclear-energy-institute-in-support-of-
a-department-of-defense-micro-reactor-program

Guillen, D. P., Trellue, H., O'Brien, J., Sabharwall, P., Reid, R. S., Unruh, T., ... Sham, T. L.
(2019). Development of a Non-Nuclear Micro-reactor Test Bed. ANS Winter 2019.
American Nuclear Society.

HolosGen. (2017). HolosGen Applications. Retrieved from

http://www.holosgen.com/applications/

HolosGen. (2017). HolosGen Generators. Retrieved from HolosGen:

http://www.holosgen.com/generators/
Janna, W. S. (2015). Design of Fluid Thermal Systems. Stamford: Cengage Learning.

Jenkins, M. (2019, November 7). What is ASHRAE 557 Basics of Thermal Comfort. Retrieved
from Simscale Blog: 2019

Johns Manville. (2019, October 16). Thermo-1200 Data Sheet. Denver, Co, United States of

America.

Johns Manville. (2019, October 16). Thermo-1200 Data Sheet. Denver, Co, Unite States of

America.

Keckley Company. (n.d.). Style BVF1 Ball Valve Technical Data Sheet. Skokie, Illinois,

United States of America.

Kennedy, J. C., Sabharwall, P., Frick, K., McKellar, M. G., Rao, D. V., & McClure, P. (January
2019). Special Purpose Application Reactors: Systems Integration Decision Support,
INL/EXT-18-51369 Rev. 1). Idaho Falls: Idaho National Laboratory.



138

Kim, I. H., & No, H. C. (2012). Physical Model Development and Optimal Design of PCHE
for Intermediate Heat Exchangers in HTGRs. Nuclear Engineering and Design, 243-
250.

Kim, J. H., Song, T. W., Kim, T. S., & Ro, S. T. (2002, July). Dynamic Simulation of Full
Startup Procedure of Heavy-Duty Gas Turbine. Journal of Engineering for Gas
Turbines and Power, 124(3), 510-516. doi:10.1115/1.1473150

Kobelco. (n.d.). After Sales Parts, Services, & Support. Retrieved from

http://www.kobelcocompressors.com/

Litrel, J., Guillen, D. P., & McKellar, M. (2018, May). Investigation of Performance
Enhancements for Air Brayton/ORC Combined Cycles for Small (~2 MWe) Power
Systems and a Moderate Heat Source Temperature. The Journal of The Minerals, Metals
& Materials Society, 71(5), 1616-1622.

McClure, P., Poston, D., Rao, D., & Reid, R. (2015, November 12). Design of Megawatt Power
Level Heat Pipe Reactors. Los Alamos National Laboratory.

McKellar, M., Boardman, R., Bragg-Sitton, S., & Sabharwall, P. (2018). Optimal Performance
of Power Conversion Units and their Integration with Nuclear Reactors. Proceedings of
HTR 2018. Warsaw: HTR.

Meseguer, J., Perez-Greande, I., & Sanz-Andres, A. (2012). 11 - Heat Pipes. In J. Meseguer, 1.
Perez-Greande, & A. Sanz-Andres, Spacecraft Thermal Control (pp. 175-207).
Woodhead Publishing.

MicroNuclear LLC. (2020, August 12). Molten Salt Nuclear Battery (MsNB) Development.

Nuclear Energy Institute. (2018, October 4). Roadmap for the Deployment of Micro-Reactors

for U.S. Department of Defense Domestic Installations.

O'Brien, J. (2019, October 31). Personal communication. Idaho Falls: Idaho National

Laboratory.

Office of Nuclear Energy. (2018, Oct). What is a Nuclear Microreactor? Retrieved from

Energy.gov Offices: https://www.energy.gov/ne/articles/what-nuclear-microreactor



139

Owen Corning. (2017). Fiberglas VaporWick Pipe Insulation. Toledo, Ohio.
Owen Corning. (2017). SSL Il With ASJ Max Fiberglas Pipe Insulation. Toledo, Ohio.

Reid, R. S,, Sena, J. T., & Martinez, A. L. (2001, September). Heat-Pipe Development for
Advanced Energy Transport Concepts Final Report Covering the Period January 1999
through September 2001.

Root Systems Inc. (2020, Feb). Personal Communication with Roots Systems, Inc

Representative Mike Elliyoun .
Sentry. (2017). Sentry Tube-In-Tube DTC-8 Heat Exchanger. Oconomowoc, Wisconsin.
Sentry. (2020, April). Rob Lemky Sentry Employee, Personal Communication.

Siemens. (2019, September 27). Personal Communication with Siemens Employee Andrew

Russo. Siemens.

Siemens. (2019). SGT-A05 (Industrial 501-K) aeroderivative gas turbine. Retrieved from
Power Generation: https://new.siemens.com/us/en/products/energy/power-

generation/gas-turbines/sgt-a05-ae.htmi

The American Society of Mechanical Engineers. (2018, Nov 20). Gas Transmission and
Distributin Piping Systems. ASME B31.8-2018, 41-42. New York, New York.

Turner, C., & Guillen, D. P. (in press). A Sensitivity Study of Sodium Heat Pipes for
Microreactor Applications. Advances in Thermal Hydraulics. American Nuclear

Society.

U.S. NRC. (2020, March). Aurora - Oklo Applicatoin. Retrieved from U.S. NRC:

https://www.nrc.gov/reactors/new-reactors/col/aurora-oklo.html

Vitali, J. A., Lamothe, J. G., Toomey, C. J., Peoples, V. O., & Mccabe, K. A. (2018, October

26). Study on the use of Mobile Nuclear Power Plants for Ground Operations.
Wark, K. (1995). Advanced Thermodynamics for Engineers. New York: McGraw-Hill Inc.

Westinghouse. (2019). eVinci Micro Reactor. Retrieved from Westinghoust Nuclear:

http://www.westinghousenuclear.com/new-plants/evinci-micro-reactor



140
Whitesides, R. W. (2012). Process Equipment Cost by Ratio and Proportion. Retrieved from
https://www.pdhonline.com/courses/g127/g127content.pdf

World Nuclear Association. (2020, September). Small Nuclear Power Reactors. Retrieved from
https://www.world-nuclear.org/information-library/nuclear-fuel-cycle/nuclear-power-

reactors/small-nuclear-power-reactors.aspx

X-Energy LLC. (2020). Reactor: Xe-Mobile.



141

Appendix A: Aspen HYSYS Models for the Microreactor

AGile Non-nuclear Experimental Testbed



Aspen HYSY'S Process Model of Microreactor AGile Non-nuclear Experimental Testbed with Nitrogen Operating at 600°C and 250
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. Case Hame: detalled Inl test bed 250w n2.hss
EH r UNIVERSITY OF IDAHD
] (®)aspentech gt A Unit set: MAGNET
f DaterTime: Wed Jun 03 14:08:58 2020
i
H Workbook: Case (Main)
B
% Material Streams Fluld PEg: Al
11| Mame HI-01 Hot In CWR CcWs H-01 Hot Ot
12] Temperature (<) 263.2 17.78 5867 20,00
13| Pregsure [oar_g) 11.15 3726 3967 11.04
13] mass Fiow [kgis) L9187 6761 6761 " 0.E1E7
15| mass Density {kgim3} 7.336 1058 1077 13.83
15] Mass Enthalpy [LARg) 745 12072004 -1.210e+004 -3.557
17] mass Entrogy {kJKG-C) 5.200 0.5631 04262 4,524
18] Mams RHX-01 Cold In RHX-01 Cold Out Vacuum Chameer In Vatuum Chamber Out
15| Temperature ic 3305 3568 35E.1 G00.0 *
20] pressure [ar_g) 11.78 157 1165 11.40
21] Mass Fiow [kgis) L9187 0.0187 0.E1E7 0.E1E7
22] Mass Density {kgim3} 14.14 £.735 6.729 4772
23] Mass Enthalpy [LARg) 5130 IETE 356.3 629.0
24] Mass Entrogy {kJKG-C) 4552 5337 5.335 5707
2z Mame FHN-01 Hot In RHX-01 Hot Cut comp In &
6] Temperature ic 508.5 235 19.04 19.97
27] Pragsure [oar_g) 1134 11.16 10.74 10.ET
2z] Mass Fiow mgis) L9187 0.0187 08167 - 08187
23] Mass Density {kgim3} 4758 7.338 13.58 13.73
0] Mass Enthalpy [LARg) 637.2 2748 -3.535 -3.543
[21] Mass Emtrooy (EJKG-C) 5706 5210 4,532 2,578
32| Mame Chller In Chiller Out WS- CWR-1
1| Temperature [c 17.78 £.650 6.664 17.78
31| Ppragsure [oar g} 3620 3724 3.841 3.502
3z] Mass Flow [kgis) 6761 6761 6.7E1 6.7E1
35| Mass Density (kam3} 1058 1077 1077 1063
37| Mass Enthalpy [LARg) -1.2072:004 121024004 -1.210e+004 -1.207e+004
3s] Mass Entrogy {kJKG-C) L5631 0.4781 04262 05631
32| Mame CWR-IS CcWs2 CWS-03 CWS-DE
an] Temperature ic 17.78 £.662 6.662 6,665
1] Pragsure [oar_g) 3.E22 4.189 4187 3.835
2] Mass Fiow [kgis) £.761 6761 6761 6761
3] Mass Density {kgim3} 1058 1077 1077 1077
1] Mass Enthaipy [E4%kg) 1.207e+004 12102004 -1.210e+004 -1.210e+004
az] Mass Entrogy {kJKG-C) L5631 0.4781 04261 04262
5] Mame 13 14 15 16
a7] Temperaturs ic 33T 3306 3306 19.97
as] Ppragsure [oar_g) 11.95 11.80 11.79 1065
az] Mass Fiow [kgis) L9187 0.0187 0.E1E7 0.E1E7
o] Mass Density {kgim3} 1432 14.15 14.15 13.73
1] Mass Enthalpy [LARg) 5221 5137 5137 -3.543
=2] Mass Entrogy (kJRg-C) 4545 4552 2552 2523
s3] Mame comp Out 42 CWR-D2 CWR-A13

Temperaturs ic 3324 33T 17.78 17.78
sz] Prassure [oar_g) 1220 11.96 3.500 3.405
[=5] Mass Flow [kais) L9187 0.9187 6761 6761
=7] Mass Densty (kQim3} 14.59 1433 1088 1088
s5] Mass Enthalpy [LARg) 5235 5221 -1.207e+004 -1.207e+004
sz] Mass Entrogy {kJKG-C) 4543 4548 05531 05631
=0
=]
B2
£3 T Inc. AEE'l HYSY'S ‘uﬁar;!un o FE 1 of 4
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Case Name: detalled Inl test bed 250kw n2.hsc
o UNINVERSITY OF IDAHD
Jaspentech  eedior ma Urit Set: MAGNET
USA
Datemime: ‘Wed Jun 03 1£:08:58 2020

Workbook: Case (Main) (continued)

F 5 m';: el alm °°|“*|‘“ u.|4~|u-|~|-.

Ucersed toc UNIVEREITY OF IDAHD

Material Streams (continued) Fluid Piig: All

Hame CWR-D4 CWsS05

Temperature € 17.78 E.EEE

Pressura [oar_g) 3.B24 3837

Mass Flow [kgis) E.TE1 E.TE1

Mass Densly (kgim3) 1068 1077

Mass Enthalpy AL ] -1.207e+004 -1.210=+004

Mass Entrogy (kLKQ-C) 0.5631 04252
% Compositions Fluid Pig: All
0] Hame HE-I1 Hot In CWR CWS HX-01 Hot Ouwt
21] Master Comp Mass Frac (Nitmogen) 1.0000 * 1.0000
22| Master Comp Mass Frac (EGycol) 0.4481 02451
23] Master Comp Mass Frac (H2O) 0.5533 05539
241 Hame FRHXE-I1 Coid In RHX-01 Cold Cut Wacuum Chamber In Wacuum Chamber Out
25| Master Comp Mass Frac (Nitrogen) 1.0000 1.0000 1.0000 1.0000
25 ] Master Comp Mass Frac (EGHl)
27| Master Comp Mass Frac (H2O)
22| Mame RHX-01 Hot In RHX-01 Hot Cut Comg In B
z2]| Master Comp Mass Frac (Mitmogen) 1.0000 1.0000 1.0000 - 1.0000
30) Master Comp Mass Frac (EGHycol)
3] Master Comp Mass Frac (H20)
2] Name Chiller In Chiller Qut CWS-04 CWR-I1
23] Master Comp Mass Frac (Nirogen)
M| Master Comp Mass Frac (EGIycol) 0.4451 " 0.4481 02451 02451
32 ) Master Comp Mass Frac (H20) 0.5538 " 0.5533 05538 05839
] Name CWR-05 sz CWS03 CWS06
37] Master Comp Mass Frac (Nitrogen)
3| Master Comp Mass Frac (ECGIycol) 0.4451 0.4481 02451 02451
za]| Master Comp Mass Frac (H20) 0.5538 0.5533 05539 05839
40] Mame 13 14 15 16
41] Master Comp Mass Frac (Mitrogen) 1.0000 1.0000 1.000 1.0000
42] Master Comp Mass Frac (EGycol)
43] Master Comp Mass Frac (H2O)
441 Hame Comp Ot £-2 CWE-01 CWRI2
45] Master Comp Mass Frac (Nitmogen) 1.0000 1.0000
45| Master Comp Mass Frag (EGHycol) [.2441 L2451
47] Master Comp Mass Frac (H2O) 05539 05839
42 Name CWR-03 CWR-04 CWS0S
42 Master Comp Mass Frac (Nitrogen)
0| Master Comp Mass Frac (EGycol) 0.4451 0.4481 02451
1] Master Comp Mass Frac (H2O) 0.5538 0.5533 05539
:ZT Energy Streams Fluid Plg: Al
4] Hame Heat Pipes PIPE-RHX-01 Col Cut Hy PIPE-RHX-01 Hot In Heat| PIPE-RHX-01 Hot Out Heg
25| HealFlow (W) 2500 0.6681 1.621 02621

Hame PIPE-HV-13 Heat PIPE-HX-01 Haot Heat PIPE-HV-02 Heat Comp Power
ST) Heal Flow [E¥) 7.967e-002 -6.765%e-003 -6.661e-004 1265
22| Mame Chiller Duty PIPE-CWS-D5 Heat PIPE-CWS-03 Heat PIPE-CWR-Heat
23] HealFlow (W) 2650.5 -5.757e-003 -2.033e-002 -7.013e-003
0] Mame PIPE-CWR-5 Heat PIPE-CWS01 Heat PIPE-HV-01 Heat PIPE-Comp Heat
1] Haat Flow (W -2.4252-003 -1.032=-002 £.955e-003 9.586e-003
=
= e Aspen S versiond Cagooois |

* Bpecified by user.



145

Ucersed toc UNIVEREITY OF IDAHD

uu CaseMame:  cetalled Ini test bed 250kw n2.hec

= o UNIVERSITY OF IDAHD

: | &:'E SpEﬂtEEh Bedfor, MA Uit Set MAGNET

4 usa

? DateTime: Wed Jun 03 14:08:58 2020

=

i Workbook: Case (Main) (continued)

B

Bl

m Energy Streams [continued) Fluid PRg: All
11] Name Chiller Pump Power PIPE-CWR-02 Heat PIPE-CWR-03 Heat PIPE-CW5-04 Heat

12] Haal Flow (W) 0.3807 -6.124=2-003 ~4.830e-002 -2.605e-002
% Heaters Fluid Plg: All
15] Name Vacuum Chamiber

5] DUTY L] 250.0

17] Feed Temperature € 358.1

15| Product Temperature € 5000 -

13) Mass Flow L] 09187

% Coolers Fluid PRg: All
2| Name Chiller

=] DUty L] 2605

24| Feed Temperature € 17.78

25| Product Temperature <] E.ESE

25] Mass Flow (L] E.TE1

% Heat Exchangers Fluid PRg: All
zz2]| Hame RHE-I1 Chiller HX-01

30| Duty EW) 3238 260.0

3] Tube Side Fesd Mass Flow [kgis) 0.9187 0.9187

32] Shell Side Fesd Mass Flow [kgis) 0.9187 E.761 "

33] Tube Inlet Temperature € S98.5 7832

34| Tube Cutiet Temperaturs € 2835 " 20.00 "

35| Shell Iniet Temperature <) 33.05 E.667 "

3| Shell Ouwllet Temperature <) 3566 17.78

T LMTD <] 2451 E4.81

3z] UA i) 1321 3066

3] Minimum Aporoach € 2307 13.33

% Pumps Fluid Plg: Al
42 Name Chiller Pump

43] Power L] 03507

44] Feed Pressure [oar_g) AT

45| Product Pressure [oar_g) 4.190

45| Product Temperature € 6652

47| Feed Temperature € 6.659

42] Adiabatic EMdancy %) 75.00

43] Pressure Ralo 1.09%

=] Mass Flow [kg's) 6751

% Compressors Fluid PRg: All
23] Mame Comp-01

s4] Power L] 12.65

sz] Feed Pressure [oar_g) 10.74

s ] Product Pressure [oar_g) 1220 "

57| Product Temperature € 3324

52| Feed Temperature € 19.04

23] Adiabatic EMdancy [

=0) Pressure Ralo 1.124

51] Mass Flow (L] 0.9187 "

=

== o, Aspep S Venicnd Cagslois |
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Ucerized oo UNIVEREITY OF IDAHD

== CaseMame:  detaled Inf test bed 250kw n2hsc
2 | -~ UNIVERSITY OF IDAHO

3 d spentech Bedion, MA unit Set: MAGNET

4 Usa
a DateTime: Wed Jun 03 1£:08:58 2020
=
i Workbook: Case (Main) (continued)

-]

L]
F Expanders Fluid Pig: All
1] name

1z] Power W)

13| Feed Pressure mar_g)

14] Product Pressurs [oar g

15| Product Temperature [C)

15| Feed Temperature i)

17| Adiabatic EMdency

1z] Mass Flow [EiE]

13
o] Pipe Segments Fluid Plg: All
21] wame PIPE-Cold QutRHX-01 to| PIPE-Hot In-Vacum Cham| PIPE-Hot Cut-RHX-01 toH  FIPE-HV-03 o HV-01

22| Feed Temperature i) 3566 EO0LD * 2835 3317
2:] Feed Pressure mar_g) 11.67 1140 " 11.16 " 11.35
24| Product Temperature i) 356.1 S3E.5 2832 33.06
22| Product Pressurs [oar g 11.65 11.34 11.15 11.80
2] insuiation Conductvity i) 65262002 * 54352002 * £.350e-002 * 45562002 *
27| insuiaton Thiciness im) 0.1016 0.1018 06 LiD1E
zz] mame PIFE-HV-02 to Comp PIPE-HX-01 to HY-02 PIPE-CWS-HV-D03 to HX  PIPE-CWR-HX-01 to HV-
22| Feed Temperature i) 19.97 20.00 * 6.565 17.78
] Feed Pressure mar_g) 10.86 11.04 3835 3.726
:1] Product Temperature i) 19.84 19.87 6.567 * 17.78
:z] Product Pressurz mar_g) 10.74 10.87 3.987 3.502
33] Insulation Conductvity (W) 47812002 * 47822002 * 3.254e002 * 3.326e002 *
2| insulation Thictness im) 0.1016 0.1018 1.500 3.510e002
x| name PIPE-CWR-HV-002 o Cni|  PIPE-HV-01 fo RHX-01 | PIPE-Comp to HV-03 FIPE-CWS-Chiler o Hv-)
#| Feed Temperature i) 17.76 33.06 3324 6.662
:7]| Feed Fressure [oar g 3.E22 1178 1220° 4.130
x| Product Temperature i) 17.76 33.05 3347 6.662
32| Product Pressurz mar_g) 3.620 11.78 11.38 4183
o] Insulation Conductvity (W) 3.3252-002 © 455624002 - 4.857e-002 - 3.254e002 -
21] Insuiation Thicness im) 3.510=-002 0.1018 06 3.510e002
2] wame PIPE-CWR-HV-004 fo Ou{  PIPE-CWR-Outside Wall i) PIPE-CWS-HV-I01 to Out|  FIPE-CIWS-Dutside Wail b
13| Feed Temperature i) 17.76 17.78 6.662 6.654
14] Feed Pressure mar_g) 3.500 3,496 4187 3.841
1:] Product Temperature i) 17.76 17.78 6.564 6.555
42| Product Pressur mar_g) 3,456 3.624 3841 3.837
47] Insulation Conductity (W) 33252002 * 332824002 * 3.254e002 * 32542002
42| insuiation Thickness im} 35102002 31002 3.810e002 3510e002
43
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uu Cass Mame: detalled Il test bed 250kw HE hsc

= | " UNIVERSITY OF IDAHO

5] Waspentech  sedror. ma Uit Set MAGNET

4 US4

a DateTime: Wed Jun 03 14:13:03 2020

e

o Workbook: Case (Main)

-]

L]

m Material Streams Fluid Pig: All
11] Name HE-D1 Hot In CWR CWS HX-AI Hot Out

12| Temperature ] 5.4 17.76 6.567 " 20,00 "
13| Pressurs [oar_g) 11.18 3.726 3.987 " 11.07
14| Mass Flow LT 02741 £.583 6.983 02741
15| Hame RHX-01 Cold In RHX-01 Cold Cut Wacuum Chamber In Wacium Chambssr Cut
15| Temperature ] 34.58 425.1 4245 600.0 -
17| Pressurs [oar_g) 11.76 1167 - 11.65 11.40 -
12| Mass Flow [Es) 02741 0.2741 02741 02741
12| Name RHX-01 Hot In RHX-01 Hot Cut Comg In 3

20| Temperature ] 5355 J06.5 " 2001 20.00
21| Pressurs [oar_g) 11.36 1115 " 10,85 10.96
22| Mass Flow [Es) 02741 0.2741 02741 " 02741
23| Hame Chiller In Chiller Dut CWS-4 CWR-I1

24| Temperature ] 17.76 £.654 6.661 17.76
22| Pressurs [ar qj 4.141 4.038 4130 3.500
25| Mass Flow LT £.583 £.583 6.983 6.5983
27| Hame CWR-I5 CWR-03 CWR-12 CWs-12

22| Temperature ] 17.76 17.76 17.78 £.558
22| Pressure [bar g 4.143 3821 3.498 4.583
30| Mass Flow [Es) £.983 £.583 6.983 £.983
31| Name CWS03 CWS-I6 13 14

32| Temperature ] 6,656 £.664 3435 34.88
33| Pressurs [oar_g) 4.541 3.636 1189 11.75
34| Mass Flow [Es) £.983 £.583 02741 02741
32| Hame 15 16 Comg Cut 42

32| Temperature ] 34.58 20.00 3436 34.35
3T) Pressurs [oar q) 11.76 10.96 1205 " 11.30
32| Mass Flow [Es) 02741 0.2741 02741 02741
32| Mame cws01 CWR-04 CWS-5

40| Temperature ] 6,656 17.76 6.564

41| Pressurs [oar_g) 4.545 4.145 3.540

42| Mass Flow [Es) £.983 £.583 6.983

:4—5 Compositions Fluid Pig: All
42| Hame HE-D1 Hot In CWR CWS HX-AI Hot Out

45

47| Hame RHX-01 Cold In RHX-01 Cold Cut Wacuum Chamber In Wacium Chambssr Cut
42

42| Hame RHX-01 Hot In RHX-01 Hot Cut Comg In 3

]

z1| Hame Chiller In Chiller Dut CWS-4 CWR-I1

B

z2| Hame CWR-I5 CWR-03 CWR-12 CWs-12

e

zz| Hame CWS03 CWS-I6 13 14

E

:7| Hame 15 16 Comg Cut 42

E:]

22| Hame cws01 CWR-04 CWS-5

&0

1

==
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N Case Name: detalled Inl test bed 250kw HE hsc:

= o UNIVERSITY OF IDAHD

EH &_ga spentech Badiond, MA unit Set: MAGNET

4 usa

? DateTime: Wed Jun 03 141303 2020

e

i Workbook: Case (Main) (continued)

H

B

m Energy Streams Fluid Pig: All
11] Name Heat Plpes PIPE-RHX-01 Cold Cut Hy PIPE-RHX-01 Hot In Heat| PIPE-RHX-01 Hot Out Hag
12] Heat Flow (W) 2500 0.5653 1.624 01789
13] Name PIPE-HV-03 Heat PIPE-HX-01 Hot Heat PIPE-HV-02 Heat Comp Power

14] Heat Flow (W 9.191=-002 -6.632=003 -£.402e-004 21.30
15] Name Chiller Duty PIPE-CWSDS5 Heat PIPE-CWS-03 Heat PIPE-CWR-02 Heat

15] Haat Flow (W) 260.1 -2.B56a-002 -4.540e-002 -1.056e-002
17] Name PIPE-CWR-Heat PIPE-CWR-DS Heat PIPE-CWS-01 Heat PIPE-HW-I1 Heat

15] Heat Flow (W) -7.0462-003 -2.4252003 -1.032e-002 6.587e-003
13 Mames PIPE-Comp Heat Chiller Pump Power PIPE-CWR-02 Heat PIPE-CWS-04 Heat

0| Heal Flow (W) 1.102=-002 0.4352 -1.095e-002 -4.639e-002
% Heaters Fluid Pig: All
Zi] Mame Vacuum Chamider

24| DUTY L] 250.0

25| Feed Temperature <l 4245

25| Product Temperature <] 6000 "

27| Mass Flow [kg's) 02741

23

= Coolers Fluid Pig: All
0] Names Chiller

31] DuTY L] 601

32| Feed Temperature € 17.78

33| Product Temperature € 6654

34| Mass Flow [kg's) £.083

E Heat Exchangers Fluid Pig: All
7] Hame RHE-1 Chiller HX-01

35| Duty W 556.1 256.5

23| Tube Shde Feed Mass Flow [kgis) 02741 0.2741

40] Shell Side Fesd Mass Flow [kgis) 02741 E.883 "

11] Tube Inlet Temperature € 5989 J0E.4

42| Tube Cutlet Temperatura € 085" 20.00

43] Shell Inket Temperature <) 3488 E.BET °

441 Shell Outiet Temperatune <) 4251 17.78

45 LMTD <) 1737 53.26

45] UA W) 3201 4809

47] Minimum Aporoach € 1737 13.33

% Pumps Fluid Pig: All
o] Mame Chiller Pump

z1] Power L] 04382

zz] Feed Pressure [oar_g) 4,038

s3] Product Pressure [oar_g) 4545

s4] Product Temperature € 6.E5E

55| Feed Tempersture ic) 6654

5] Adiabatic EMciency %) 75.00

7] Pressure Ralo 1.100

52| Mass Flow [kg's) £.083

==

=
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=
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Ucersed toc UNIVEREITY OF IDAHD

uu CaseMame:  cetalled Ini test bed 250kw HE.hsc

E x UNIVERSITY OF IDAHO

: | &:'E SpEﬂtEEh Bedfor, MA Uit Set: MAGNET

4 usa

a DaeTime: Wed Jun 03 14:13:02 2020

=

i Workbook: Case (Main) (continued)

-]

L]

m Compressors Fluid Pg: All
11] Mame Comp-01

12] Power L] .30

13| Feed Pressure [oar_g) 10.58

14] Product Pressurs [oar g} 12.08

15| Product Temperature [€) 3496

1z] Feed Temperature [€) .01

17| Adiabatic Efciency 75"

12] Pressure Rato 1.098

12] Mass Flow [k3's) 02741 "

% Expanders Fluid Pg: All
2] Mame

23] Power L]

24| Feed Pressure [oar_g)

5] Product Pressure [oar qj

25| Product Temperature [C]

z7| Feed Temperature [€)

22| Adlabatic EMcency

22| Mass Flow [k3's]

% FPipe Segments Fluid Piig: All
:z] Mame PIPE-Coid Oui-RHX-01 to|  PIPE-Hot In-Vacum Chami|  PIPE-Hot Cut-RHX-01fo H  PIPE-HV-I3 to HV-01

3:] Feed Temperaiure [€) 4251 E00.0 * 245" 3435
34| Feed Pressure [oar_g) 11.67 11.40 ° 1113 11.89
32| Product Temperature [€) 4245 ] 204.4 34.88
3] Product Pressurs [oar_gj 11.65 11.36 11.19 11.79
27| Insulation Conductivtty (WK 7.2582-002 * 54402002 * 58882002 * 4.5E6E-00Z *
3z] Insulation Thiciness [m 0A0E 01016 01016 0016
3z] Mame PIPE-HV-I2 to Comp PIPE-HX-01 fo HW-02 PIPE-CWS-HV-003 fo HX-  PIPE-CWR-HX-01 to Hv-J
4] Feed Temperature [€) 20.00 20.00 * 6.654 17.78
11] Feed Pressure [oar_g) 10.96 11.07 3538 3.726
42] Product Temperature [€) .01 20.00 6.657 17.78
43] Product Pressurs [oar_g) 10.58 10.96 3.987 " 3.500
441 Insulation Conductvity [WImHK) 4782002 * 47822002 3.254e-0402 * 3.328e-002
42 ] Insulation Thiciness [m 0A0E 01016 3.810e-002 3.510e-002
45| Mame PIPE-CWR-HV-002 to Chil  PIPE-CWS-Chiller to HV-I{  PIPE-HV-01 to RHX-01 PIPE-Comp fo HV-03

47| Feed Temperature [C) 17.78 B.ESE 34.38 34.96
43| Feed Pressure [oar g} 4.143 4.545 1178 1205 *
42] Product Temperature [€] 17.78 E.65B 3488 34.35
zo] Product Pressurs [oar_g) 4141 4.543 1178 11.30
z1] Insulation Conductvity [WImHK) 3328002 - 32548002 - 4.8665e-0402 - 4.567E-002 *
zz] Insulation Thiciness [m 3.510=-002 3.E10e-002 01016 0016
z3] Mame PIPE-CWS-HV-001 to Cul  PIPE-CWS-Outside Wall t  PIPE-CWR-HV-004 to Ow|  FIPE-CWR-Ouiside Wall if
z4] Feed Temperaiure [€) B.ESE E.B51 1778 17.78
zz] Feed Pressure [oar_g) 4.541 4.190 3498 3821
sz ] Product Temperature [€) .EE1 E.E54 1778 17.78
z7] Product Pressurs [oar_g) 4.190 3.840 3821 4.145
5] Insulation Conduchuthy (WA= 3.254e-002 * 3.254e-002 ° 3.338e-002 * J.325e-002 "
z2] Insulation Thiciness [m 3.510=-002 3.E10e-002 3.810e-002 3.510e-002
=
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UNIVERSITY OF IDAHO
Badiord, MA
USA

Casa Mame: detalled Ini test bed 75KW n2.hsc
Unit Set: MAGHET
DateMime: Wed Jun 03 14:14:32 2020

Workbook: Case (Main)

el ',D‘Iu:- -x-l-ql-:n u:lalwlwl-n

Ucersed toc UNIVEREITY OF IDAHD

Material Streams Fluid Pg: All

Name HX-01 Hot In CWR CWS HX-01 Hot Out

Temperature <) Z33.0 17.78 6.667 " 20000

Pressura [oar_g) 11.36 3726 3.087 " 11.35
141 Mass Flow L] 0.3238 1.923 1.523 " 0.3238
15] Mass Density (kgim3) B.205 1068 Llrrd 1447
15] Mass Enthalpy LA ] 219.7 -1.207e+004 -1.210e+004 -5.614
17| Mass Enirogy (kLKQ-C) 5101 0.5631 [.4282 4,519
18] MName RHX-01 Cold In RHX-D1 Cok Ot Wacuum Chamber In Wacuum Chamber Cut
13| Temperature [c) 2455 360 3047 6000
0] Pressurs [oar_q) 11.67 11.65 11.65 11.40
21] Mass Flow [kgis) 0.3238 0.3238 03238 03238
22| Mass Density (kgim3) 1443 6342 6.351 4.772
Z3]| Mass Emthalpy LA ] -3.862 3998 357.3 629.0
24| Mass Entrogy (EJKg-C) 4.525 5.402 5395 5707
5] Name RHX-01 Hot In RHX-01 Hot Ot Comgp In B
25| Temperature [C] = 2336 2002 20002
z7] [Pressurs [oar_q) 11.358 11.36 1121 11.23
z=] Mass Flow [kgis) 0.3238 0.3238 03236 - 03238
za] Mass Density (kgim3) 4793 B.197 14.13 14.15
30) Mass Enthalpy (EVkg) 6240 2204 -8.579 -5.587
31] Mass Enirogy (kLKQ-C) 5701 5102 4,590 4,519
iz] MName Chiller In Chiller Qut CWWS-02 CWR-I1
33| Temperature <) 17.78 B.654 6.662 17.78
34| Pressure [oar_g) 3650 3762 3793 3.596
35] Mass Flow L] 1.923 1.923 1.923 1.923
35| Mass Density (kgim3) 1068 1077 Llrrd 1058
|37] Mass Enthalpy [EAkEg) -1.207e+004 -1.210=+004 -1.210e+004 -1.207e+004
35| Mass Enirogy (kLKQ-C) 0.5631 04281 [.4282 05631
2] Name CWR-05 CWs-02 CWS-03 CWI-0E
1] Temperature € 17.78 E.ESE 6.558 6.556
11] Pressure [oar_g) 3.BED 4.132 443 3.7a2
42] Mass Flow [kgis) 1.923 1.923 1.923 1.923
43] Mass Density (kgim3) 1068 1077 Llrrd 1077
441 Mass Emthalpy LA ] -1.207e+004 -1.210a+004 -1.210e+004 -1.210e+004
45] Mass Enirogy (kLKQ-C) 0.5631 04281 04281 04387
45| Hame 13 14 15 16
47] Temperature <) 2463 24.56 24 56 20002
42] [Pressurs [oar q) 11.659 11.67 11.67 11.23
421 Mass Flow L] 0.3238 0.3238 03238 0.3238
=o] Mass Density (kgim3) 1445 1443 14.43 14.14
1] Mass Emthalpy LA ] -3.809 -3.B7T -3.877 -5.587
=z] Mass Enirogy (kLKQ-C) 4.525 4.525 4535 4,519
53] Name Comp Ow 4-2 CWR-02 CWR-I3
4] Temperature <) 2465 24.63 17.78 17.78
5] Pressurs [oar_q) 1173 " 11.6% 3.526 3.525
S5] Mass Flow [kgis) 0.3238 0.3238 1.923 1.923
z7| Mass Density (kgim3) 14,45 14.45 1068 1058
2] Mass Emthalpy LA ] -3.797 -3.605% -1.207e+004 -1 207e+004
s2] Mass Enirogy (kLKQ-C) 4.524 4,524 05631 05631
=
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=
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uu CaseMame:  cetalled Ini test bed 7SKW n2nse

2 | . UNIVERSITY OF IDAHD

EH &_;a spentech Badiond, MA unit Set: MAGNET

4 usA

a DateTime: Wed Jun 03 1£:14:32 20290

=

i Workbook: Case (Main) (continued)

-]

L]

m Material Streams (continued) Fluid Pig: All
11] Mama CWR-DS CWS-05 CWE-IH

12] Temperature i) 17.76 E.EGE 6657

13] Pressura [oar_g) 3860 3.702 4132

[14] Mass Fiow hais) 1.903 1.903 1.923

15] Mass Densly {kgim3) 1068 1077 1077

15] Mass Enthalpy [EVkg] -1.207a+004 121024004 -1.210e+004

17] Mass Entrogy {kLkg-C) 0.5631 0.4282 L4281

% Compositions Fluid Pig: All
] Mame Hx-01 Het In CWR CWS H-01 Hot Out

21] Master Comp Mass Frac (Mitrogen) 1.0000 * 1.0000
22| Master Comp Mass Frac (EGlycol) 0.4451 L8451
23| Master Comp Mass Frac (H20) 0.5539 L5539
24| Mame RHX-0 Coid In RHX-01 Cokl Cut Watuum Chamber In Vapuum Chamber Cut
25| master Comp Mass Frac (Mirogen) 1.0000 1.0000 1.0000 1.0000
22| Master Comp Mass Frac (EGiycal)
27| Master Comp Mass Frac (H20)
z:] Mame RHX- Hot In RHX-01 Hot Cut Comg In E

5] Master Comp Mass Frac (Mirogen) 1.0000 1.0000 1.0000 - 1.0000
30] Master Comp Mass Frac (EGycol)
31] Master Comp Mass Frac (H20)
2] Mame Chilier In Chillier Cut CWS-04 CWR-I

33] Master Comp Mass Frac (Mirogen)
34| Master Comp Mass Frac (EGycol) 0.4451 " 0.4451 L8451 L.4451
35] Master Comp Mass Frac (H20) 0.5530 " 0.5539 L5539 [.5539
15| Mame CWR-D5 CcwWs-12 CWs-03 CWS-06

37| Master Come Mass Frac (Mirogen)
35] Master Comp Mass Frac (EGycol) 0.4451 0.4451 L8451 L.4451
3] Master Comp Mass Frac (H20) 0.5539 0.5539 L5539 [.5539
so] Mame 13 14 15 15

41] Master Comp Mass Frac (Mitrogen) 1.0000 1.0000 1.0000 1.0000
42| Master Comp Mass Frac (EGlycol)
43] Master Comp Mass Frac (H20)
44| Hame Comp Out 4z CWS-I CWR-Z

45| Master Comp Mass Frac (Mitrogen) 1.0000 1.0000
45| Master Comp Mass Frac (EGlycol) L8451 L.4451
47| Master Comp Mass Frac (H20) L5539 [.5539
42| Mame CWR-O3 CWR-4 CWs-05

42| master Come Mass Frac (Mirogen)

o] Master Comp Mass Frac (EGlycol) 0.4451 0.4451 L8451

z1] Master Comp Mass Frac (H20) 0.5539 0.5539 L5539

:ZT Energy Streams Fluid Pig: All
4] Mame Heat Plpes PIFE-RHX-01 Cold Cut HY PIPE-RHX-D1 HotIn Heat| PIPE-RHX-01 Hot Out Hes
zs] Heal Flow W) 75.00 0.7833 1,606 [.2035
=] Mame PIPE-HV-03 Heat PIFE-HX-01 Hat Heat PIFE-HV-02 Haat Comp Power

7] Heal Flow W) 2780002 -5.620=-003 -6.5056-004 1.548
2] Mame Chiller Dy PIFE-CWS-D5 Heat PIPE-CWE-03 Heat PIPE-CWR-Heat

2] Heal Flow W) 7411 -5.726a-003 -2 076e-D02 71746003
o] Mame PIPE-CWR-05 Heat PIFE-CWS-D1 Heat PIFE-HV-11 Haat PIPE-Comp Heat

51] Heal Flow [Lru] -3.471a-003 -1.031e-002 1.635e-003 2.77T1e-003
=
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Lcerzed oo UNIVEREITY OF IDAHD

uu CaseMame:  cetalled Ini fest bed 7SKW n2nse

= o UNIVERSITY OF IDAHD

EH &;a spentech Badiond, MA unit Set: MAGNET

4 USA

? DatesTime: Wied Jun 03 14:14:32 2020

=

i Workbook: Case (Main) (continued)

B

B

m Energy Streams (continued) Fluid PRg: All
11] Name Chiller Pump Power PIPE-CWR-02 Heat PIPE-CWR-02 Heat PIPE-CW5-04 Heat

12] Heat Flow (W) 8.505e-002 61142003 -4.504e-002 -2.601e-002
% Heaters Fluid PRg: All
15] Name Vacuum Chamioer

5] DuUTY L] 75.00

17] Faed Temperature € 34T

1z] Product Temperature € 5000 -

12] Mass Flow [kg's) 0.3238

% Coolers Fluid PRg: All
2| Mame Chiller

2] oury BW 74.11

24| Feed Temperature € 17.78

25| Product Temperature <] 6654

25 ] Mass Flow (L] 1.523

% Heat Exchangers Fluid PRg: All
za] Mame RHE-I1 Chiller HX-01

0] Duty L] 1307 73.04

3] Tube Shde Feed Mass Flow [kgis) 0.3238 0.3233

3z2] Shell Sige Fead Mass Flow [kgis) 0.3238 1.923 °

33] Tube Inlet Temperature € 5957 233.0

34| Tube Cutlet Temperatura € 2336 " 20.00

35] Shall Inket Temperature <) 2455 E.BET °

3| Shall Ouliet Temperature <) 3369 17.78

7] LMTD <] 2040 T2.89

2| UA W) BA0T 1014

33] Minimum Approach icl 198.6 13.33

% Fumps Fluid Fig: Al
42] Hame Chiller Pump

43] Power L] 8.505e-002

44] Faed Pressure [oar_g) 3TEZ

45| Product Pressurs [oar_g) 4.132

45| Product Temperature € 6.EST

47| Faed Temperature € 6654

42] Adiabatic EMcency %) 75.00

43) Pressure Rato 1.077

=] Mass Flow [kg's) 1.823

% Compressors Fluid PRg: All
23] Mame Comp-01

s4] Power L] 1.54E

ss] Faed Pressure [oar_g) 1121

s ] Product Pressure [oar_g) 1173 "

s7] Product Temperature € 2465

s2| Feed Temperature € 20.02

23] Adiabatic EMciency [

=0) Pressurs Rato 1.042

51] Mass Flow (L] 0.3338 *

=

=] o Sspen oS eiond Cage o |

* Bpecified by user.



155

Ucerized boc UNIVEREITY OF IDAHD

N Case Mame: detalled I test bed TSHW nZhse

H .x UNIVERSITY OF IDAHO

] Waspentech  seoom. ma Urit Sat MAGNET

usA

% DiateTime: Wt Jun 03 14:14:32 2020

2

i Workbook: Case (Main) (continued)

&

2

F Expanders Fluid Pig: All

11] Hame

12| Power L]

13] Feed Pressure [bar_g)

1] Product Pressure [bar q)

15| Product Temperature (<)

15] Feed Temperature (<)

17| Adiabatic EMdency

12] Mass Fiow [bys)

% Fipe Segments Fluid Pkg: All

z1] Mame FIPE-Cold Qub-RHX-01 10| PIPE-Hot In-Vacum Cham| PIPE-Hot Qub-RHX-01 o PIPE-HV-03 to HV-01

22| Feed Temperature (<) 36 E00.0 2336 2453

z3] Feed Pressure [bar_g) 1165 " 11.40 11.36 11.58

24| Product Temperature (<) 4T 5357 2330 2456

zs| Product Pressurs [bar q) 11.65 11,35 11.36 11.57

2| insutation Conductivity (W] 7.065e-002 5.425e-002 - £.040e-002 * 4 5056002 *

27| Insuiation Thickness {mj 11016 0.1015 01016 01016

2] Name FIPE-HV-(Z to Gomp PIPE-HX-01 10 HV-02 PIPE-CWS-HV-003 10 H|  PIPE-CWR-HX-01 10 HV-]

5| Feed Temperature (<) 2002 20.00 - &.656 17.78

30| Feed Pressure [bar_g) 11.23 11.25 aTaz 376

31| Product Temperature (<) 2002 20.02 657 " 17.78

32| Product Pressure [bar_g) 11.21 11.23 3.987 " 3526

33] insulation Conductvity (W) 4.782e-002 4.782e-002 3.254e-002 3.378e-002

34| insulation Thickness {mj 11016 0.1015 1.500 3610e002

35| Hame FIPE-CWR-HV-002 to Cnl]  PIPE-HV-01 Io RHX-01 | PIPE-Comeg to HV-03 PIPE-CWS-Chiller o H-0)

35| Feed Tempersture (<) 17.78 7456 2455 £.657

37| Feed Pressure [bar q) 3EED 11.67 1173 " 4132

33| Product Temperature (<) 17.78 7455 2453 £.658

33] Product Pressure [bar_g) 3E5S 11.67 1159 4132

10] Insulation Conductivity (W) 3.328e-002 - 4 B08=-002 - 4.308e-002 * 3.254e-002 -

11] Insulation Thickness {mj 3.510e-002 0.1015 01016 3610e002
Hame FIPE-CWR-HV-004 10 Out|  PIPE-CWR-Outside Wall o PIPE-CWS-HV-001 to Out{  PIPE-CWS-Outside wail b
Faed Temperature (<) 17.78 17.78 6.658 £.652
Faed Pressure [bar_g) 3526 3525 413 3733
Product Temperature (<) 17.78 17.78 6652 £.656
Product Pressurs [bar_g) 3525 3860 3733 3732
Insulation Conductivity (W) 3.328e-002 3.328e-002 3.254e-002 3.254e-002 *
Insulabion Thickness {mj 3.510e-002 3510e002 3.310e-002 3.510e-002
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HV-004 to HV-004 out -
o= gy (R— | — PIPE-RHX-01
CWR-02 CWR-01 CWR ot Dot Hoat PIREHV-01
PIPE-CWR-Heat - PIPETV-01
PIPE-HX-01
Hot Heat Heat
PIPE-H-01

PIPE-CWR-02 to HV-02

Heat 15

| 75 1 .

PIPE-CWR-HV-004

to Outside Wall HY-01

% PIPE-HV-02 IPE-Comp -HV-
H-02 T R B& ppetv-0s T
14
Hy-03
* anp ik PIPE-C . " PIPE-HY-03
PIPE-HV-02 n u -Comp -H Y-
to Comp to HY-03 to HY-01
—
Comp
Comp-01  Power
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CaseMame:  cetslled Inf test bed TSRW HE hse
- UNIVERSITY OF IDAHO
&;a spentech Bedion, MA unit Set: MAGNET
UsA
DateTime: Wed Jun 03 14:16:46 2020

Workbook: Case (Main)

el ',D‘Iu:- -x-l-ql-:n u:lhlwlwl-n

Ucerized oo UNIVEREITY OF IDAHD

Material Streams Fluid Pig: All
Hame HE-I1 Hot In CWR CWS HE-01 Hot Out
Temperature <) 1456 17.78 6.667 " 20,00 "
Pressure [oar_g) 11.34 3.726 3.087 " 11.23
[14] Mass Flow (L] 01170 1.886 1.986 * L1170
15] Name RHE-I1 Cold In RHX-01 Cold Cut Wacuum Chamber In Vacuum Chamber Cut
15| Temperature € 26.84 47E.3 4756 500.0 -
17| Pressurs [oar_g) 11.69 11.65 11.65 11.40 "
1] Mass Flow [kgis) 01170 0.1170 01170 0170
13 Mames RHX-01 Hot In RHX-01 Hot Cut Comg In &
0] Temperature <) Sar3 145.8 201 20001
21] Pressurs [oar_g) 11.39 11.34 11.19 11.21
2] Mass Flow [kgis) 01170 0.1170 D170 " 0170
Zi] Mame Chiller In Chiller Out CWS-04 CWR-I1
241 Temperature <) 17.7E E.ES1 6.659 17.78
Z5] Pressurs [oar q) 3.E59 3.762 3.793 3.526
25 ] Mass Flow (L] 1.58E 1.886 1.936 1.936
z7| Hame CWR-05 CWR-03 CWR-02 Cws02
22| Temperature <) 17.7E 17.78 17.78 6.655
za] Pressure [oar_g) 3650 3.525 3595 4132
0] Mass Flow [kgis) 1.56E6 1.856 1.936 1.936
3] Name CWE03 CWs-05 13 12
32| Temperature <) ELESS E.B63 2891 2685
i3] Pressurs [oar_g) 4.132 3.792 11.71 11.69
1 Mass Flow [kgis) 1.56E6 1.856 01170 0170
3] Names 15 16 Comp Cut 4-2
3| Temperature <) 25.85 20.01 2892 26.91
37| Pressurs [oar q) 11.65 11.21 11.74 ° 11.71
5| Mass Flow [kgis) 01170 0.1170 01170 0170
za] Name CWE01 CWR-04 CWS0S
4] Temperature € 6654 17.78 6.653
11] Pressurs [oar_g) 4.132 3.B59 3793
42] Mass Flow [kgis) 1.56E 1.856 1.936
:4—5 Compositions Fluid Pig: All
43| Mame HE-I1 Hot In CWR CWS HE-01 Hot Out
48] Master Comp Mass Frac (Hellum) 1.0000 1.0000
47] Master Comp Mass Frac (H20) 0.553 05539
42 Master Comp Mass Frac (EGIycol) 0.4461 02451
43] Hame FHE-01 Cold In RHX-01 Cold Cut Wacuum Chamber In Vacuum Chamber Cut
0| Master Comp Mass Frac (Hellum) 1.0000 1.0000 1.0000 1.0000
1] Master Comp Mass Frac (H20)
2| Master Comp Mass Frac (EGHycol)
23] Mame RHX-01 Hot In RHX-01 Hot Cut Comg In &
341 Master Comp Mass Frac (Hellum) 1.0000 1.0000 1.0000 * 1.0000
25) Master Comp Mass Frac (H20)
55| Master Comp Mass Frac (EGHycol)
7] Hame Chiller In Chiller Out CWS-04 CWR-I1
2] Master Comp Mass Frac (Hellum)
23] Master Comp Mass Frac (H20) 0.5538 " 0.553 05539 05539
[50] Master Comp Mass Frac (EGIycol) 0.4451 " 0.4461 02451 02451
= 1]
=
= loc, Aspen HYSYS Veriond Bage g |
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CasaMame:  detsiled Ini test bed TSKW HE hee
. UNIVERSITY OF IDAHO
(Waspentech  sedror. ma Uit Set MAGNET
) Usa
DateiTime: Wiad Jun 03 14:16:46 2020

Workbook: Case (Main) (continued)

alalz ',D‘Iu:- -:n-l-ql-:n u-lhlwlwl-n

Licerzed toc UNIVEREITY OF IDAHD

Compositions {continued) Fluid Pig: All
Hame CWR-05 CWR-03 CWR-02 Cws02
Master Comp Mass Frac (Hellum)
Master Comp Mass Frac (H20) 0.5538 0.553 05539 0.5535
14) Master Comp Mass Frac (EGHCol) 0.4451 0.4461 02451 D.2451
15] Name CWE03 CWs-05 13 12
15 ] Master Comp Mass Frac (Hellum) 1.0000 1.0000
17| Master Comp Mass Frac (H20) 0.5538 0.553
12 ]| Master Comp Mass Frac (EGHycol) 0.4461 0.4461
13 Mames 15 16 Comp Cut 4-2
0] Master Comp Mass Frac (Hellum) 1.0000 1.0000 1.0000 1.0000
21] Master Comp Mass Frac (H20)
22| Master Comp Mass Frac (EGHycol)
Zi] Mame CWE01 CWR-04 CWS0S
241 Master Comp Mass Frac (Heallum)
23] Master Comp Mass Frac (H20Y 0.5538 0.553 05538
28] Master Comp Mass Frac (EGHCoI) 0.4461 0.4461 02451
% Energy Streams Fluid Pig: All
za] Mame Heat Plpes PIPE-RHX-01 Cold Cut Hy PIPE-RHX-01 Hot In Heat| PIPE-RHX-01 Hot Out Heg
0] Haatl Flow (W) 75.00 1.021 1617 0.1108
3] Name PIPE-HV-03 Heat PIPE-HX-01 Hot Heat PIPE-HV-02 Heat Comp Power
32| Heatl Flow (W) 3.601e-002 -5.6362003 -£.582e-004 4.138
3] MName Chiller Duty PIPE-CWS-DS Heat PIPE-CWS-D3 Heat PIPE-CWR-02 Heat
M| Heat Flow (W) T5.61 -2.853a002 -2.073e-002 -6.112e-003
3] Names PIPE-CWR-Heat PIPE-CWR-DS Heat PIPE-CWS-D1 Heat PIPE-HW-I1 Heat
3| Haatl Flow (W) -7.22%a-003 -2.420=-003 -1.031e-002 2.841e-003
7] Hame PIPE-Comp Heat Chiller Pump Powear PIPE-CWR-03 Heat PIPE-CWS-04 Heat
Heat Flow (W) 4.5782-003 91142002 -4.555e-003 -2.602e-002
i__? Heaters Fluid Pig: All
41] Mame Vacuum Chamier
4z| DuUTY L] 75.00
42] Faed Temperature € 4TEE
44] Product Temperature € 5000 "
45| Mass Flow [kg's) 04170
% Coolers Fluid Pig: All
42] Mame Chiller
43) DUTY (W T5.61
o] Faed Temperature € 17.7E
z1] Product Temperature € 6.651
=z] Mass Flow [kg's) 1.586
=3
=]
e
=
=
ol
=2
=2
=
=1
=
=] o Sspen oo egiond Cogelors |
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Ucerized oo UNIVEREITY OF IDAHD

N Case Name: detalled Ini test bed 75EW HE hsc

= o UNIVERSITY OF IDAHD

EH &;a speni:ech Badiond, MA unit Set: MAGNET

4 usa

? DateTime: Wied Jun 03 14:16046 2020

e

i Workbook: Case (Main) (continued)

H

B

m Heat Exchangers Fluid Pig: All
11] Name RHE-I1 Chiller HX-01

12| puty W) T4E TE.41

13] Tube Side Feed Mass Flow [kgis) 0.1170 0.1170

141 Shell Sige Fead Mass Flow (L] 0.1170 1.966 *

15] Tube Inlet Temperature € 5973 1456

15] Tube Cutlet Temperature € 1458 - 20.00 -

17] Shall Iniet Temperature € 26.84 E.65T -

15| Shell Outiet Temperature <) 4783 17.78

12] LMTD <) 119.0 43.92

0] LA W) 2307 1740

1] Minimum Approach € 118.9 13.33

22_5 Pumps Fluid Pig: All
241 Hame Chiller Pump

IZ| Power (W 9.1142-002

5] Feed Pressure [oar q) ATE2

27| Product Pressurs [oar_g) 4.132

22| Product Temperature € 6654

za] Feed Temperature € 6651

30| Adiabatic EMdency %) 75.00

3] Pressure Rato 1.07TE

32| Mass Flow [kg's) 1.986

% Compressors Fluid Pig: All
32| Mame Comp-D1

3| Power L] 4.198

37| Feed Pressure [oar q) 11.1%

3z] Product Pressurs [oar_g) 11.74 -

33| Product Temperature € 26.092

s0] Feed Temperature € 20.01

11] Adiabatic EMdency 75"

42) Pressure Rato 1.045

43] Mass Flow [kgis) 0.1170 "

% Expanders Fluid Pig: All
45] Mame

47| Power L]

42] Feed Pressure [oar qj

43) Product Pressura [oar q)

o] Product Temperature €

z1] Faed Temperature €

s2] Adiabatic EMdency

23] Mass Flow (kgis)

54

m Fipe Segments Fluid Pig: All
Z5] Mame PIPE-Coid Out-RHX-01 tp| PIPEHot In-Vacum Cham| PIPE-Hot Cut-RHX-0110 H  PIPE-HV-03 to HV-I1
7| Feed Temperature <) 4783 E00.0 " 145.58 " 26.91
2] Feed Pressure [oar_g) 11.65 " 11.40 " 11.34 " 11.71
23] Product Temperature <) 4766 a3 145.6 2685
0] Product Pressura [oar q) 11.65 11.39 11.34 11.69
511 Insulation Conductvity (WM 7.607e-002 " 8.435e002 * S.511e-002 " 4.5 e002 "
=2} Insulation Thickness [m) ll1[:-15 ll1D1E 01016 01016
= Aspen HYSYS Veriond Bagedgfs |
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Ucznized oo UNIVEREITY OF IDAHD

== Case Name: tetalled Inf test bed TSEW HE hse

= | - UNIVERSITY OF IDAHO

3 d spentech Bedion, MA unit Set: MAGNET

s UsA

a DaterTime: Wed Jun 03 14:16:46 2020

=

i Workbook: Case (Main) (continued)

-]

= . -

m Fipe Segments (continued) Fluid Flig: All
1] Mame PIPE-HV-02 to Comp PIFE-+-11 fo HY-02 PIFE-CWS-HV-003 fo X PIPE-CWR-HX-01 o HV-]
12| Feed Tempersture i) 20.01 20.00 * 5.653 17.78
12| Feed Pressure ar_g) 11.21 11.23 373z 3726
14| Procuct Temperature il 20.01 20.01 6.557 ° 17.78
12| Product Pressurs ar_g) 11.1% 11.21 3.087 - 3.526
1z] Insuiation Conductivity [Wim-K] 4£7322-002 * 47322002 + 33540002 - 3395002 -
17| Insuiation Thickness im] 01016 01016 3310002 3.510e-002
1z] Mame PIPE-CWR-HV-002 to Chi| PIPE-CWS-Chiller to Hv-| PIPE-HV-01 to RHX-01 | PIPE-Comp to HV-03
12] Feed Tempersture i) 17.78 E.654 2635 26.92
0] Foed Pressure ar_g) 3.B50 4.132 11.58 11.74
21] Product Temperature i) 17.78 E.655 2634 2631
2z] Product Pressure ar_g) 3.B50 4.132 11.58 11.71
22| Insulation Conductiuity [Wim-K] 33282002 32542002 * 4.390e-002 * 4591002 *
2| insulation Thiciness im] 3.510e-002 3.E10e002 L1016 L1016
5] Hame PIPE-CWE-HV-001 1o Cuty  PIPE-CWS-Cutsige Wall t)  PIPE-CWR-HV-DD4 t0 Oui|  PIPE-CWR-Owiskde Wall iy
22| Foed Temperature il B.ESS E.E5D 17.78 17.78
27| Feed Pressure ar_g) 4132 3793 3525 3525
2z] Product Temperature i) B.ESD E.653 17.78 17.78
2] Product Pressure ar_g) 3793 3793 3525 3.850
2] insuiation Conductivity [Wim-K] 3.254a-002 32542002 * 3.328e-002 * 3395002
21| Insuiation Thickness im] 3.510e-002 3.E10e002 3310002 3.510e-002
iz

—

33

=

4

35

35

T

3=

33

e

40

=

&

42

=

43

=

44

—

45

=

45

47

42

43

]

=

Eal

at

B

=

3

=

e

=

=

=

E

=

£zl

o

=5

el

&0

&1

[

=

2 o, Aspen HYSYS Verzion D CEEAE

* Bpecified by user.



Aspen HYSY'S Process Model of Microreactor AGile Non-nuclear Experimental Testbed with Nitrogen Operating at 600°C and 2 kW
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L CaseMame:  detalled Ini Test bed 20w nZhst

H . UNIVERSITY OF IDAHO

EH &ga spentech Badiond, MA unit Set: MAGNET

4 usA

a DaeTime: Wied Jun 03 14:16:24 2020

Ex

i Workbook: Case (Main)

&

2

m Material Streams Fluid Pig: All

11] Mame Hx-01 Hot In CWR W3 H-01 Hot Ot

12] Temperature ic) 115.5 17.76 6.667 2000

13] Pressurs [oar_g) 11.35 1726 3.087 1123

[14] Mass Flow [kais] 4.4502-003 1.1542-002 1158002 * 44506003

15] Mass Density {kgim3) 10.70 1064 1072 14.15

15] Mass Enthalpy [Ekg) 9312 -1.240a+004 12442004 5610

17] Mass Entrogy {kJkg-C) 4EIT 0.7740 05351 4519

12] Mame RHX-01 Coid In RHX-01 Cold Qut Vatuum Chamber in Vacuum Chamber Out

13] Temperature ic) 21.95 2734 1281 600.0 *

) Pressurs [oar_g) 11.65 11.65 " 1155 11.40

21] Mass Flow [kgis) 4.4502-003 4.4502-003 4.450e-003 44506003

2| mass Density {kgim3) 14.54 7774 2.021 4771

2| Mass Enthalpy [Ekg) 5640 253.7 162.0 £29.0

24| Mass Entrogy {kJkg-C) 4516 SATE 5017 5707

| Mame RHX-01 Hot In FHN-01 Hot Out Comg In £

| Temperature icl 1.1 133.0 2077 2073

z7] Pressurs [oar_g) 11.40 - 11.35 1123 1123

x| Mass Flow ki) 4.4502-003 44502003 4.450e-003 * 4.450e-003

x| mass Density {kgim3) £.365 10.23 14.12 14.12

30] Mass Enthalpy [Ekg) 23 111.0 7.780 7837

31] Mass Entrogy {kJkg-C) 5382 4864 4522 4522

2] Mame Chiller In Chiller Out CWS-04 CWR-

3] Temperature ic) 1819 4.57E 5361 17.93

31| Pressurs [oar_g) 4197 4093 3789 3500
Mass Flow [kgis) 1.1542-002 1.1542-002 1.154e-002 1.154e-002
Mass Denslty {kgim3) 1063 1074 1073 1054

27| Mass Enthalpy (L4 -1.240a+004 -1.2452+004 12442004 -1.240e2004
Mass Entrogy {kJkg-C) 0.7789 0.6095 05126 L7758
Mame CWR-D5 CWR-12 CWR-I2 CWs-03
Temperature ic) 1314 13.04 17.93 4545
Pressurs [oar_g) 4197 1863 3520 4126
Mass Flow [kgis) 1.1542-002 1.1542-002 1.154e-002 1.154e-002
Mass Density {kgim3) 1063 1063 1054 1074
Mass Enthalpy [EMkg] -1.240a+0D4 -1.240a+0D4 -1.240e:004 124522004
Mass Entrogy {kJkg-C) 0.7783 0777 07758 L6130
Mame CWS6 13 14 15

47| Temperature ic) 5008 24.06 2203 2203

42| Pressurs [oar qj 378D 11.65 1155 11.55

42| Mass Flow [kais] 1.1542-002 4.4502-003 4.4506-003 44506003

0] Mass Density {kgim3) 1073 14.43 14.53 14.53

1] Mass Enthalpy [Ekg) -1.2442+004 -4.4D6 5.550 -5.550

2| Mass Entrogy {kJkg-C) 0EITE 4524 4516 4518

s3] Hame 15 Comg Out &2 CWs-01

1] Temperature ic) ;.73 24.54 2406 457

=:] Pressurs [oar_g) 11.23 11.65 1155 4126

25| mass Fiow [kgis) 4.4502-003 4.4502-003 4.450e-003 1.154e-002

=7] mass Density {kgim3) 14.12 14.41 14.43 1074

x| Mass Enthalpy [Ekg) 73T -3.B06 -4.406 124522004

z2| Mass Entrogy {kJkQ-C) 4507 4528 4524 L6026

=2

=]

=2
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Lcerized oo UNIVEREITY OF IDAHD

uu CaseMame:  detalled Ini Test Ded 20w n2.nsc

2 | . UNIVERSITY OF IDAHD

] Waspentech  sedorma Urit Sat MAGNET

4 usA

a DateTime: Wed Jun 03 14:18:24 2090

=

i Workbook: Case (Main) (continued)

-]

L]

m Material Streams (continued) Fluid Pig: All
11] Mama cwsa2 CWR-O4 CWs-D5

12] Temperature i) 4845 13.14 5.098

13] Pressura [oar_g) 4126 4.197 3789

[14] Mass Fiow hais) 1.1542-002 1.1542-002 1.154e-002

15] Mass Densly {kgim3) 1074 1063 1073

15] Mass Enthalpy [EVkg] -1.285a4+004 -1.280a4+004 -1.244e+004

17] Mass Entrogy {kLkg-C) 05130 0.7783 L6275

% Compositions Fluid Pig: All
] Mame Hx-01 Het In CWR CWS HX-01 Hot Out

21] Master Comp Mass Frac (Hellum)
22| Master Comp Mass Frac (EGlycol) 0.4073 L4073
23] Master Comp Mass Frac (H20) 0.5527 L5537
24| Mame RHX-0 Coid In RHX-01 Cokl Cut Watuum Chamber In Vapuum Chamber Cut
25| master Comp Mass Frac iHelum)
22| master Comp Mass Frac (EGycol)
27| Master Comp Mass Frac (H20)
z:] Mame RHX- Hot In RHX-01 Hot Cut Comg In E

5] Master Comp Mass Frac (Hellum)
30] Master Comp Mass Frac (EGycol)
31] Master Comp Mass Frac (H20)
2] Mame Chilier In Chillier Cut CWS-04 CWR-I

33] Master Comp Mass Frac {Hallum)
34| Master Comp Mass Frac (EGycol) 0.4073 " 0.4073 L4073 [.4073
35] Master Comp Mass Frac (H20) 0.5527 0.5527 L5537 [.5937
15| Mame CWR-D5 CWR-3 CWR-12 CWs-03

27| master Comp Mass Frac iHelum)
35] Master Comp Mass Frac (EGycol) 04073 0.4073 L4073 [.4073
3] Master Comp Mass Frac (H20) 0.5527 0.5527 L5537 [.5937
so] Mame CW56 13 14 15

41] Master Comp Mass Frac (Hellum)
42| Master Comp Mass Frac (EGlycol) 04073
43| Master Comp Mass Frac (H20) 0.5527
4] Mame 15 Comg Cut 432 cws-01

45| Master Comp Mass Frac (Hellum)
45| Master Comp Mass Frac (EGlycol) [.4073
47| Master Comp Mass Frac (H20) [.5937
42| Mame cwsa2 CWR-4 CWs-05

42| master Comp Mass Frac iHelum)

o] Master Comp Mass Frac (EGlycol) 04073 0.4073 L4073

z1] Master Comp Mass Frac (H20) 0.5527 0.5527 L5537

:ZT Energy Streams Fluid Pig: All
4] Mame PIPE-RHN-01 Coid Ot H  PIPE-RHMCO1 Hot In Heat| PIPE-RHX-01 Hot Out Hed  PIPE-HV-03 Heat

zs] Heal Flow W) 0.3644 1.100 B.371e-002 9.655e-003
=] Mame PIPE-HX-01 Het Heat PIFE-HV-02 Heat Comg Power Chilier Duty

7] Heal Flow W) -3.417e-003 -1.671a-004 1.735e-002 [.5557
2] Mame PIPE-CWS-06 Haat PIFE-CWS-03 Heat PIPE-CWR-02 Haat PIPE-CWR-Heat

2] Heal Flow W) -2.7242-002 -2.0a%a002 -4.983:-003 -5.1456-003
o] Mame PIPE-CWR-05 Heat PIFE-HV-01 Heat PIPE-Comg Heat Chiller Pum Pawes

51] Heal Flow [Lru] -2.026a-003 3.591e004 2 2556003 4.732e-005
=
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Licerzed boc UNIVEREITY OF IDAHD

uu CaseMame:  cetalled Ini Test Ded 2w n2.nsc

2 x UNIVERSITY OF IDAHO

5] Waspentech  sedrorm. ma Urit Sat MAGNET

4 UsA

a DateMime: Wad Jun 03 14:16:24 2020

=

i Workbook: Case (Main) (continued)

B

Bl

m Energy Streams [continued) Fluid Pig: All
11] Hame PIPE-CWS-01 Heat PIPE-CWR-D3 Heat PIPE-CWS-04 Heat Heat Pipe Power

12| Heat Flow W) -1.0862-002 ~4.1442-003 -2 5552002 1.933
% Heaters Fluid Pig: All
15| Hame acuum Chamiser

1s] DUTY W) 1.893

17| Feed Temperature ) 198.1

12| Product Temperature ) 6000 -

12| Mass Flow [hgiE) 4.4552-003

% Coolers Fluid Pig: All
22] Hame Chiller

23] DUTY W) 0.5557

24| Feed Temperature ) 1815

25| Product Temperaturs [C] 4.578

25| Mass Flow [Bgis) 1.1542-002

% Heat Exchangers Fluid Pg: All
22| Hame RHX-01 Chiller HE-01

30| Duty W) 1.206 0.4536

31| Tube Side Feed Mass Flow [kgis) 4.4552-003 44552003

32| shell Sige Fesd Mass Flow [kgis) 4.4552-003 1. 1542002 *

33| Tube Iniet Temperature ) 3811 115.5

34| Tube Cutlel Temperaturs ) 1330 " 20.00 "

32| shell Iniet Temperature ) 21.95 6.667 "

32| shell Oullst Temperature ) 2734 17.76

37| LMTD [C] 109.5 42.40

32| ua [Wic) 11.01 10.70

33| Minimum Approach ] 107.7 13.33

% Pumps Fluid Pig: All
12| Hame Chiller Pump

23] Power W) 4.732-005

44| Feed Pressure [oar_g) 4.093

4:| Product Pressurs [oar_g) 4.126

42| Product Temperature ) 4.578

47| Feed Temperature ) 4.578

42| Amabatic EMcency ) 75.00

42| Pressurs Rato 1.006

zo| Mass Flow [hgiE) 1.1542-002

% Compressors Fluid Pg: All
z:] Hame Comp-01

4] Power W) 1.7362-002

zz| Feed Pressure [oar_g) 11.23

2| Product Pressurs [oar_g) 11.65 "

=7| Product Temperaturs ) 2454

zz| Feed Temperature ) 2077

s2] Amabatic EMcency 75"

=0] Pressurs Rato 1.034

1] Mass Flow [Bgis) 4.4552-003 *

=

=] o Sspen ENSYC eionD Cagelors |
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Ucznized oo UNIVEREITY OF IDAHD

== CaseMame:  defalled Ini Test bed S nZhsc
2 | .x UNIVERSITY OF IDAHO

3 &;a spentech Bedion, MA unit Set: MAGNET

4 Usa
a DateTime: Wed Jun 03 1416224 2020
=
i Workbook: Case (Main) (continued)

-]

L]
F Expanders Fluid Piig: All
1] name

12] Power (&3]

13| Feed Pressure mar_g)

14] Product Pressurs [oar g

15| Product Temperature [C)

15| Feed Temperature i)

17| Adiabatic EMdency

1z] Mass Flow [EiE]

13

o] Fipe Segments Fluid Plug: All
21] wame PIPE-Cold QubRHX-01 to| PIFE-Hot InVacum Cham| PIPE-Hot Cut-RHX-01 to | FIPE-HV-03 o HV-01

22| Feed Temperature i) 2734 EO0LD * 133.0° 24.06
2:] Feed Pressure mar_g) 11.65 ° 11.40 11.35° 11.65
24| Product Temperature i) 198.1 3811 115.5 2203
22| Product Pressurs [ar q) 11.65 1140 " 11.35 11.65
22| insuiation Conductvity i) 5.0552-002 * 7652002 * 5.384e-012 * 47502002 *
27| insuiaton Thiciness im) 0.1016 0.1018 06 LiD1E
zz] mame PIFE-HV-02 to Comp PIPE-HX-01 to HY-02 PIPE-CWS-HV-I01 to HV-  PIPE-CWS-HV-D03 to Hi
22| Feed Temperature i) 2073 20.00 * 4545 5.598
] Feed Pressure mar_g) 11.23 11.23 4126 3.789
:1] Product Temperature i) 2077 20.73 5.361 B.55T *
:z] Product Pressurz mar_g) 11.23 11.23 3789 3.987
33] Insulation Conductity (W) 47862002 * 478424002 * 3.244e002 * 32528002 *
2| insulation Thictness im) 0.1016 0.1018 3.810e-002 3.510e002
x| name PIFE-CWR-HA-01 to HV-0| PIFE-CWR-HV-004 o Cull PIPE-CWR-HV-D02 to Chil PIPE-HV-I1 o RHX-01
#| Feed Temperature i) 17.76 17.83 1614 2203
:7]| Feed Fressure [oar g 3726 3.525 £.137 11.65
x| Product Temperature i) 17.93 18.04 16.19 21.85
32| Product Pressurz mar_g) 3.525 3.663 2137 11.65
o] Insulation Conductvity (W) 3.3252-002 © 332524002 © 3.330e-002 - 47538002 -
21] Insuiation Thicness im) 3.510=-002 3510002 3.810e-002 LiD1E
s2] wame PIFE-Comp fo HV-03 PIFE-CWS-Chiller to HV-I|  PIPE-CWR-Outside Wall b PIPE-CWS-Dutside Wal i
13| Feed Temperature i) 24.54 4.578 16.04 5.361
14] Feed Pressure mar_g) 11.65 ° 4.126 3.863 3.789
1:] Product Temperature i) 24.06 4.45 1614 5.598
42| Product Pressur mar_g) 11.65 4.126 2137 3.789
47] Insulation Conductvity (W) 45062002 * 324124002 * 3.330e-002 * 32452002 *
42| insuiation Thickness im} 0.1016 31002 3.810e002 3510e002
43

]
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Appendix B: Aspen HYSYS Models for the Microreactor
AGile Non-nuclear Experimental Testbed with Heat Pipe

Heat Exchanger



Aspen HYSY'S process model of Microreactor AGile Non-nuclear Experimental Testbed with Heat Pipe Heat Exchanger using

Nitrogen Operating at 600°C and 250 kW of Heat Pipe Power

Electric
lHeater
CWs-04 Power
-
Heat Pipe
Vacuum Evaporator
Chamber Electric
“ —_—
WVacuum WVacuum Heaters
PIPE-CWS-HWY-001 ) Chamber Chamber
to Outside Wall PIPE-CWWS-04 ut n .
Heat el
Heat Pipe
PIPE-CVW/S-03 Heat PIPE-CWS-Outside PIPE-Hot Condensar
Wall to HV-003 PR In-Vacum PIPE-Cold
PIPE-RHX_01 Chamber tOu\t';FlHX—M
— Hot In Heat 2 0 Vacuum
Chiller Duty RHX-01 Chamber -
PIPE-RHX-01 Cold Out Heat
Cws.03 1 cwsos RHX-01
Chiller PIPE-CVYS-Chiller PIPE-CI/S-HV-003 RHX-01 Hot In cold
Fump to HV-001 HV-001 HV-002 to HX-01 ‘ But
P e — P ot cws
Out PIPE-Hot RHX-01
Dui-RHX-01
A L to HX-01
Chiller Pump Power PIPE-CVIS-01 Heat PIPE-CWWS-06 Heat VR | — | ¥ S -
_ HX 01 HX-01 Hot In e — RHX-01 Hot Dut RH-01
Chiller Hot Cold In
PIPE-CVWR-HV-002 to Chiller HV-002 Hy-ops  PIPE-CWR-HX-D1 to HV-004 Dut
T e s PR N
Chiller In :‘?‘Nﬂ-us CWR-01 CWR PIPE-HV-01
- to RHX-01
. PIPE-RHX-01
PPE-CWR-0S Heal 1 cwros | cwraz Hot Out Heat PEE ST
PIPE-CViR-Heat e 01 Heat
Hot Heat
PIPE-H)-01
p to HV-02
i 1s
PPE-CUR-HV-00¢ - =
o Luisice a FIPE-CWR-02 Heat 6
—_— HV-01
PIPE-CWR-03 PIPE-CWR-Outside
Heat Wall to HV-D02 T pecive { fFe-comp prevos T
F Heat ea Heat
HV-02
14
L HV-03
-
CWR-03 16 Comp Comp 4-2 13
PIPE-HV-02 In Out PIPE-Comp PIPE-HV-03
to Comp to HW-03 to HV-01
A
Comp
Comp-01 Power

L9T
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Casa Mame: detalled Inl test bed 250kw n2 w2 hso
- UNIVERSITY OF IDWaHO
(Waspentech  searor. wa unit Set: MAGNET
USA
DiateMime: ‘Wed Jun 03 14:20c34 2020

Workbook: Case (Main)

sl e )=

Material Streams Fluid Plg: All
Name HX-01 Hot In CWR CWS HX-01 Hot Out
Temperature [C) 2832 17.78 5.657 " 20.00 "
Pressure bar_g) 1118 3T2E 3.087 11.03
Mass Flow [Kgis] 0.9187 E.TE1 5.751 " 09187
Mass Density (kgim3) 7.334 1068 1077 13.02
Mass Enthalpy [kM%g) 2T4E -1.207a+104 -1.210e=004 -5.556
Mass Entrogy (kJKg-C) 5200 05631 0.4232 4524
Name RHX-01 Cold In RHX-01 Col Cut Wacuum Chamber in Wacuum Chamber Cut
Temperature i) 3308 I5EE 353.1 5000 "
Pressurs [oar_q) 11.78 11.67 " 1155 11.40 *
Mass Flow ki) 0.9187 0.9187 09137 D.a1ay
Mass Density (kgfm3) 14.14 E.734 6.729 4.770
Mass Enthialpy L] 5166 I5T.6 355.8 529.0
Mass Entrogy (kJRg-C) 4552 5.337 5.336 5707
Nams RHX-01 Hot In RHM-D1 Hot Cut Comg In &
Temperature <] S35.5 283.5 " 1594 18.97
Pressurs bar g 11.34 11.16 1073 1037
Mass Flow L] 0.9187 0.9187 L9137 - 09137
Mass Density (kgim3) 4757 7.338 1358 1273
Mass Enthalpy L] 6272 274 B -3.535 -5.542
Mass Entrogy {kJkg-C) 5708 530 4532 4528
Name Chiller In Chler Qut CWS-02 CWR-01
Temperature [} 17.7E E.B50 6.664 1T.78
Pressurs [bar_g) 3820 3724 3536 3.502
Mass Flow [Egs) E.7E1 E.T61 5.751 6.751
Mass Density (kgim3) 1068 1077 1077 1058
7] Mass Enthalpy [EX%Eg) -1.207e+004 -1.210a+004 -1.210e=004 -1.207e=004
Mass Entrogy (kJKg-C) 0.5631 0.4251 0.4232 0.5631
Name CWR-O5 CWR-03 CWR-02 CwWsS-12
Temperature [C) 17.76 17.78 17.78 6.642
Pressurs [oar_g) 3.822 3496 3.500 4.135
Mass Flow [Kgis) E.TE1 6.761 6.761 6.761
Mass Density (kgim3) 1068 1068 1055 1077
Mass Enthalpy L] -1.207e+004 -1.207a+104 -1.207e+004 -1.210e+004
Mass Enfrogy (kLK) 0.5631 0.5631 05631 0.4281
Name CW5E-03 CWS-D8 13 14
47| Temperature [C) E.EEZ E.664 3321 33.08
42 Pressurz [oar q) 4183 3.835 1195 11.80
42] Mass Flow [Kgis] E.7E1 E.TE1 09187 09187
zo] Mass Density (kgim3) 1077 1077 1432 14,15
z1] Mass Enthalpy [kM%g) -1.210e+004 -1.210a+104 5.257 5.173
2] Mass Entrogy (kJKg-C) 04281 04382 4540 4,552
2] Mame 15 16 Comp Cut 4-2
=] Temperature ) 33.05 19.97 3328 33N
=] Pregsurs [oar_q) 11.7% 10.56 1220" 11.96
2] Mass Flow ki) 0.9187 0.9187 09137 D.a1ay
=7] Mass Density (kgfm3) 1415 13.72 1459 14.33
=21 Mass Emthalpy L] S173 -5.542 5.2 5.257
s3] Mass Enfrogy (kJKg-C) 4552 4.525 4543 4.548
=
=]
Ex
EE] Aspen LSy oesiond Cagcloil |
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Ucerized oo UNIVEREITY OF IDAHD

== CaseMame:  detalled Ini test bed 250kw n2 v2.hso

2 | .x UNIVERSITY OF IDAHO

EH &;a speni:ech Badiond, MA unit Set: MAGNET

4 Usa

a DateTime: Weed Jun 03 1£:20:34 2020

=

i Workbook: Case (Main) (continued)

-]

L]

m Material Streams (continued) Fluid Pig: All
1] name CWE-1 Heat Fipe Evaparator Heat Fipe Condensar CWS-15

1z] Temperature i) B.662 BS0.0 * 650.0 6.654
13| Pressurz mar_g) 4187 41.8475 03475 3.837
14] Mass Flow [EE] B.T61 6,082 002 E.0E2e-002 6.751
15| Mass Denslty {kgim3] W77 1.572e002 THE 1077
15| Mass Eninalpy [Ekg) -1.2102+004 1791 -5502 -1.2108+004
17] Mass Entrogy (kikg-C) 04251 £8.21 53.39 [.4283
1z] Mame CWR-D4

13| Temperature i) 17.76

o] Pressur mar_g) 3624

21] mass Flow [kis) B.T61

22| mass Density {kgim3] 1066

2:] Mass Enthalpy [Ekg) -1.207e+004

24| Mass Entrogy (kikg-C) 0.5631

i Compositions Fluid Pig: All
27| mame He-1 Het In CWR CWS Hi=-1 Hot Out

zz] Master Comp Mass Frac (Nirogen) 1.0008 - 1.0000
zz] Master Comp Mass Frac (H20) 0.5533 L5539
] master Coma Mass Frac (EGiycal) 0.4451 L4451
31] Master Coma Mass Frac (Sodium*)
2] name RH- Cold In RHX-01 Cokl Cut Wacuum Chamber in Vactum Chamber Cut
33| Master Coma Mass Frac (Nirogen) 1.0000 1.0000 1.0000 1.0000
2| Master Coma Mass Frac (H2C)
| Master Coma Mass Frac (EGiycal)
#| Master Coma Mass Frac (Sodium*)
7] Mame RHX-0 Hok In RHX-01 Hot Cut Comg In E

3| Master Coma Mass Frac (Wirogen) 1.0000 1.0000 1.0000 1.0000
32| Master Come Mass Frac (H20)
s0] Master Comp Mass Frac (EGiycol)
21] Master Comp Mass Frac (Sodium®)
2] wame chiller In Chiller Out CIVE-Dd CWR-I1

43| Master Comp Mass Frac (Nirogen)
14] Master Comp Mass Frac (H20) 05535 * 0.5533 L5539 L5538
1:] Master Comp Mass Frac (EGiycal) 04461 * 0.4451 L4451 L4461
42| Master Comp Mass Frac (Sodium®)
47] wame CWR-D5 CWR-13 CIVR-I2 CWS-12

=] wimster coma mass Frac ratogen)
42| Master Comp Mass Frac (H20) 05535 05533 [.5539 L5538
zo] Master Comp Mass Frac (EGiycal) 04451 0.4451 L4451 L4461
z1] Master Comp Mass Frac (Sodium®)
zz] wame CWE13 CWS-D5 13 14

2] Master Comp Mass Frac (Nirogen) 1.0000 1.0000
s4] Master Comp Mass Frac (H20) 05535 0.5533
2z] Master Comp Mass Frac (EGiycal) 04451 0.4451
2] Master Comp Mass Frac (Sodium®)
:7] wame 15 16 Comg Cut 4z

2] Master Comp Mass Frac (Nirogen) 1.0000 1.0000 1.0000 1.0000
s2] Master Comp Mass Frac (H20)
50| Master Comp Mass Frac (EGHycal)
51] Master Comp Mass Frac iSodium®)
=

= Aspen LSS Verion D Cagc oot |
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Casa Mame: detalled Inl test bed 250kw n2 v2.heo
o UNINVERSITY OF IDAHD
Jaspentech  pedior ma Urit Set: MAGNET
USA
DateTime: Wied Jun 03 12:20c34 2020

Workbook: Case (Main) (continued)

ml;: el ',D‘Iu:- -x-l-ql-:n u:lhlwlwl-n

Ucersed toc UNIVEREITY OF IDAHD

Compositions {continued) Fluid PEg: All

Hame CWE01 Heat Pips Evaporabor CWS0S CWR-I4
Master Comp Mass Frac (Nitrogen)
Master Comp Mass Frac (H20) 0.5538 05539 05539
Master Comp Mass Frac (EGHycol) 0.4451 02451 04451
Master Comp Mass Frac (Sodlum™) 1.0000 *

15] Mame Heat Plpe Condensor

17] Master Comp Mass Frac (Mitrogen)

15] Master Comp Mass Frac (H20)

12| Master Comp Mass Frac (EGiycol)

0] Master Comp Mass Frac (Sodlum™) 1.0000

% Energy Streams Fluid PEg: All

3] Name PIPE-RHX-01 Coid Out Hd PIPE-RHX-01 Hot In Heat| PIPE-RHX-01 Hot Out Heqd  PIPE-HW-03 Heat

24| HealFlow (W) 0.6852 1.621 D2642 7.950e-002

3] Hame PIPE-HX-01 Hot Heat PIPE-HV-02 Heat Comp Power Chiller Dty

25| HealFlow (W -6.759e-003 -6.651=4004 1258 2E0.5

z7| Hame PIPE-CWS-06 Heat PIPE-CWS03 Heat PIPE-CWR-02 Heat PIPE-CWR-Heat

22| Heat Flow (W) -2.5562-002 -2.028=4002 -£.124e-003 -7.013e-003

za] Hame PIPE-CWR-IS5 Heat PIPE-CWSD1 Heat PIPE-HV-01 Heat PIPE-Comp Heat

30) Heat Flow [K¥) =2.425a-003 -1.032a-002 .97 3e-003 9.623e-003

3] Name Chiller Pump Power Electric: Heater Power PIPE-CWS-04 Heat PIPE-CWR-IG Heat

3z]| Heal Flow (W) 03877 250.0 ~4.033e-002 -4.630e-003

% Heaters Fluid PEg: All

3] Name Blectric Healers

x| DUTY L] 250.0

37| Feed Temperature <] 6500

33| Product Temperature € 650.0 -

3] Mass Flow [kg's) 5.032e-002

% Cooclers Fluid Plig: All

42 Hame Chiller

43] DUTY L] 2605

44] Faed Temperature € 17.78

45| Product Temperature € 6.659

42| Mass Fiow [63s) E.761

% Heat Exchangers Fluid PEg: All

43] Hame RHE-1 Chiller HX-01 Wacuum Chamber

o] Duty L] 3B 260.0 250.0

1] Tube Side Feed Mass Flow [kgis) 0.9187 0.9187 E.062e-002

sz] Shell Side Feed Mass Flow kgis) 0.9187 E.TE1 - oa1av

23] Tube Iniet Temperature <) S98.5 283.2 630.0 "

241 Tube Cutiet Tempsraburs <) 2838 " 20.00 " 620.0

25] Shell Iniet Temperature <) 33.08 E.B6T " 35841

25] Shell Outiet Temperatune <) 3566 17.78 &00.0 "

7] LMTD €] 2451 168.2 135.5

2] UA [ 1321 0.0000 1832

s2] Minimum Aporoach € 2307 1562 4899

=

=1

=

=] o Sspen LSS yeiond Cage s orl |
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Licerzed boc UNIVEREITY OF IDAHD

L Cass Mame: getalled Inl 1est bed 250kw n2 V2 hso
2 x UNIVERSITY OF IDAHO
EH &ga speni:ech Badiond, MA unit Set: MAGNET
4 Usa
a DateMime: Wed Jun 03 14:20034 2020
=
i Workbook: Case (Main) (continued)
B
Bl
m Pumps Fluid Pig: All
11] Hame Chiller Pump
12| Power W) 0.3677
13| Feed Pressure [oar_g) 3724
14| Product Pressurs [oar q) 4,187
15| Product Temperature ) 6.662
12| Feed Temperature ) 6.659
17| Amabatic EMciency %) 75.00
12| Pressurs Rato 1.098
12| Mass Flow [hgiE) 6.761
% Compressors Fluid Pg: All
22] Hame Comp-01
23] Power W) 12.68
24| Feed Pressure [oar_g) 10.73
25| Product Pressurs [oar q) 12.20 "
22| Product Temperaturs [C] 3328
27| Feed Temperature ) 13.94
zz| Adabatic EMcency 75"
za] Pressure Rato 1.125
30| Mass Flow [hgiE) 0.9157 *
% Expanders Fluid Pig: All
33| MHame
3] Power (&3]
32| Feed Pressure [oar_g)
3| Product Pressurs [oar_g)
37| Product Temperature [T
32| Feed Temperature )
32| Amabatic EMciency
Mass Flow [hgiE)
% Fipe Segments Fluid Pig: All
23] Hame PIPE-Coid QuiRHX-01 10| PIPE-Hot In-Vacum Cham| PIPE-Hot Cut-RHX-01 10 H  PIPE-HV-03 to HV-01
44| Feed Temperaiure ) 358.8 600.0 2B3.5° 331
4:| Feed Pressure [oar_qg) 1167 " 11.40 " 1116 11.95
42| Product Temperaturs ) 3561 5955 2B3.2 33.09
47| Product Pressurs [oar_g) 11.65 11.34 11.15 11.80
42 Insulation Conductvity (im0 6.5262-002 54352002 * 6.350e-002 * 45562002 *
42| Insulabion Thiciness [mj) 0106 0.1016 01016 0.1016
zo] MHame PIPE-HV-02 to Comp PIFE-HX-01 to HV-02 PIPE-CWS-HV-003 to HX-  PIPE-CWR-HX-01 to HV-]
z1| Feed Temperature ) 13.97 20.00 - 6.654 17.76
zz| Feed Pressure [oar_g) 10.56 11.03 3.835 3.726
s3] Product Temperaturs ) 13.94 19.97 6.667 17.76
4| Product Pressurs [oar_g) 10.73 10.57 3.987 " 3.502
=z| Insulation Conductvity [Wim-) 4. 781002 47822002 3.254e002 3.325e002
2| Insulation Thiciness [mj) 0106 01016 3.810e-002 3.510e-002
B
=
=2
=2
=
=1
=
=] o Aspen SV C eionD Cogesorl |
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CaseMame:  tetailed Ini 126t bed I50KW N2 V2 hse
. UNIVERSITY OF IDAHO
(®aspentech oo, ma Unit Set MAGNET
usA
DateMime: Wad Jun 03 1£:20:34 2020

Workbook: Case (Main) (continued)

Fipe Segments (continued) Fluid Pg: All
Hame PIPE-CWR-HV-002 o CI‘II‘ PIPE-CWS-Chiller to HW-0| PIPE-HV-01 to RHX-01 PIPE-Comp to HW-02
Feed Temperaiure €} 17.7E E.BE2Z 3308 33.2E
Fead Pressure [oar_qgj 2822 4.187 11.79 1220 "
Product Temperature €1 17.7E E.EE2Z 33.08 3321
Product Pressure [ar_gj 3.E20 4185 1178 11.96
Insulation Conductytty [Wim-K) 3.328e-002 - 3.254s002 - 4.355e-002 * 4.857e-002 -
Insulation Thickness [m]} 3.510e-002 3610002 LA016 DADME
12] Hame PIPE-CWR-Outsige Wall ty  PIPE-CWR-HV-00L o Cut]  PIPE-CWS-HW-001 to Out| PIPE-CWS-Dutside Wall i
13] Feed Temperature €} 17.7E 17.7E 6.662 6.654
0] Feed Pressure [oar_qgj) 3.500 3.496 4.183 3.538
21] Product Temperature €} 17.7E 17.7E 6.654 6.654
2| Product Pressuns [oar_qg) 3496 d.624 3.838 3.837
23] Insulation Conduchytty [Wim-K) 3.328e-002 * 3.328=002 " 3.2548e002 " 3.254e002
24 ] Insulation Thickness [m]} 3.510a-002 36102002 3.910e-002 3.510e-002
25
%
d
23
l
)
e
31
p—
iz
e
33
=
34
-
£
a7
=
33
==
40
==
41
e
42
o
43
e
44
e
45
=
45
47
43
43
]
==
=1
e
B
=
=3
=
54
p—
=5
=
B
o=
B
==
T
=l
&0
51
52
==
52 o, Aspen HYSYS Version 9 Cos i
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Aspen HYSY'S Process Model of Microreactor AGile Non-nuclear Experimental Testbed with Heat Pipe Heat Exchanger using
Helium Operating at 600°C and 250 kW of Heat Pipe Power

o
Chiller Duty

Chiller
Pump

Out

—
Chiller Pump Pow

Chiller

PIPE.

PIPE-CWS-Chiller
to HV-001

HV-001
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L -
er PIPE-CW3-01 Heat
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]

—
—
Chiller In

PIPE-CWR-05 Heat

J, Electric Heater Power

Iz l
CWs-04 Heat Pipe
) gg;gn';gr Evaporator
Electric
gﬁ c‘u |‘J)m gﬁ c‘_u "'bm Heaters
PIPE-CWS-04 Suamoer o amoer
PIPE-CWS-HV-001 Hest -
to Outside Wall — A L Heat Pipe
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Wallto HV-003 Hot In Heat o to Vacuum
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PIPE-RHX-01 Cold Out Heat
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RHX-01
PIPE-CWS-HW-003 L RHX-01 Hot In Cold
Hv_003 to HX-01 Gut
o
CWs-02 CWs-06 H CWs
PIPE-Hot RHX-01
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OQut-RHX-01
J 01 o Hi-01
PIPE-CWS-06 Heat — O =
HX-01 HX-01 Hot In RHX-01 Hot Out RHX-01
Hot Cold In
HV-002 Wv.oge  PIPE-CWR-HX-01to HV-004 Out
e S P — -
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Heat

.
PIPE-CWR-02 Heat
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d—
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|
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—
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vaspentech

UNIVERSITY OF IDAHO

Badiond, MA
USA

Case Name: getalled Inl test bed 250kw He w2.hss
Unit Set: MAGMET
DateTime: Wed Jun 03 14:22-25 2020

Workbook: Case (Main)

alz ',D‘Iu:- -x-l-ql-:n u:l-hlu-lwl-n

Uczrized toc UNIVEREITY OF IDAHD

Material Streams Fluid Plg: All

Name H¥-01 Het In CWR CWS HX-01 Hot Out

Temperature €] 214.7 17.78 6.667 " 20,00
13| Pressure [oar_g) 11.1% 3726 3.987 " 11.08
14| Mass Fiow [kgis] 0.2635 E.837 5.937 0.2635
15| Mass Density (kgim3) 1.204 1068 17T 1.085
1] Mass Enthalpy &) 9355 -1.207e+004 -1.210e+004 -26.82
17] Mass Entropy (kJkg-C] 13.40 0.5631 04282 15.77
12| Mame RHX-01 Coid In RHX-01 Cold Cut Vacuum Chamber In WVacuum Chamber Cut
12| Temperature [C) 3432 452.4 451.7 343"
0] Pressurs [oar_q) 1.78 11.67 1165 11.40
21] Mass Flow kyis) 0.2635 0.2635 02635 0.2635
22] Mass Density (kgim3) 2.002 0.5409 0.8406 0.6583
3] Mass Emthalpy L] 4761 2321 217 366
24] Mass Entropy (kJkg-C] 15.90 20.38 20.38 21.59
25| Name RHX-01 Hot In RHX-01 Hot Cat Comg In &
25| Temperature [T £33.0 214.8 20.01 20.00
27| Pressure [oar_g) 11.36 11.1% 10.90 10.98
22| Mass Flow [Rgis) 0.2635 0.2635 02635 * 0.2635
22] Mass Density (kgim3) 0.6573 1.204 1.956 1,952
30] Mass Enthalpy &) 360 536.2 2678 -2E.79
31| Mass Entrogy (kJKg-C) .58 18.40 15.80 1575
32| Mame Chiller In Chilller Out CWS-04 CWR-I1
32| Temperature [C) 17.78 6.658 5.663 17.78
34| Pressure [oar_g) AE1E 3T 3.544 3.500
35| Mass Flow kyis) E.83T E.537 5.937 6.937
32| Mass Density (kgim3) 1068 1077 1077 1068
27| Mass Enthalpy (kM) -1.207e+004 -1.210e+004 -1.210e+004 -1.207e+004
32| Mass Entrogy (kJkg-C] 0.5631 0.4281 04282 0.5631
3] Hame CWR-5 CWR-03 CWR-02 CWaE-02
a0] Temperature [C) 17.78 17.78 17.78 6661
11| Pressurs [oar_g) 3820 3.494 3.438 4.132
42] Mass Flow kyis) E.83T E.537 5.937 6.937
43] Mass Density (kgim3) 1068 1068 1068 1077
44] Mass Enthalpy [k4kg) -1.207e+004 -1.207e+104 -1.207e+004 -1.210e+004
45| Mass Entropy (kJkg-C] 0.5631 0.5631 05631 D281
45| Hame CWS03 CWS-05 13 14
47| Temperature [C) 6661 6564 34.38 34.32
42| Pressurs [oar qj 4.190 3.837 11.88 11.78
42| Mass Fiow [kgis] E.837 E.837 02635 0.2635
o] Mass Density (kgim3) 17T 1077 2.018 2.002
1] Mass Enthalpy &) -1.210e+004 -1.210e+004 4747 47.64
2] Mass Entropy (kJkg-C] 0.4281 0.4282 15.89 15.90
3] Mame 15 16 Comg Cut 4-2
4] Temperature [C) 3432 20.00 34.40 34.33
5] Pressurs [oar q) 11.7TE 10.97 1203 " 11.88
=5] Mass Flow kyis) 0.2635 0.2635 02635 0.2635
7] Mass Density (kgim3) 2.003 1.968 2.041 2.018
2] Mass Emthalpy (kkg) 47 64 -26.70 4801 4797
s3] Mass Entropy (kJkg-C] 15.90 15.79 15.86 15.89
=
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Lcerzed boc UNIERETY OF IDAHD

i Case Mame: etalled Inf test bed 250w HE v2.hse
2 | .x UNIVERSITY OF IDAHO
EH &;a speni:ech Badiond, MA unit Set: MAGNET

4 Usa
a DateTime: Wed Jun 03 14:22:25 2020
=
i Workbook: Case (Main) (continued)

-]

% Material Streams (continued) Fluid Plg: All
11] Hame CWs-01 Heat Pipe Evaporator Heat Fipe Condensor CWR-4

1z] Temperature i) 6661 ES0.0 50.0 17.78
12] Pressure bar_g) 4194 18475 03475 3.522
[14] miass Fiow [E] £.53T 6.047e 002 E.0E2e- D02 £.937
15| Mass Density (kgim3] 1077 1.572:-002 TELE 1058
15] Mass Enthalpy [EAkg) -1.2102+004 1791 -5802 -1.207e=004
17] Mass Entroay (klKg-C) 04281 £8.21 5339 [.5631
1z] Mame CWS-05

i3] Temperature i) 6.664

zu] Pressurs mar_g) 3LE4D

21] Mass Fiow kis) £.53T

22| mass Density (kgim3] 1077

23] Mass Enthalpy [EAkg) -1.2102+004

24] Mass Enmrogy (klKg-C) 04283

i Compaositions Fluid Plg: All
27| mame HE-01 Hot In CWR CWS HiR-1 Hok Out

zz] Master Comp Mass Frac (Hellum) 1.0000 1.0000
22| Master Comp Mass Frac (H20) 0.5533 [.5539
)] Master Comp Mass Frac (EGiycol) 0.4451 L4451
31| Master Comp Mass Frac (Sodium’)
iz] Mame RH-1 Cold In RHX-01 Cold Catt Wacuum Chamber in acuum Chamber Cut
::] Master Comp Mass Frac (Helum) 1.0000 1.0000 1.0000 1.0000
2| Master Comp Mass Frac (H2G)
| Master Comp Mass Frac (EGiycol)
=) Master Comp Mass Frac (Sodium-)
7] Mame RH-1 Hot In RHX-01 Hot Cut Comg In E

x| Master Comp Mass Frac (Helum) 1.0000 1.0000 1.0000 1.0000
32| Master Comp Mass Frac (H2C)
s0] Master Comp Mass Frac (EGiycol)
21] Master Comp Mass Frac (Sodium*)
12 name Chiller In Chiller Cud CIvS-04 CWR-I

3] Master Comp Mass Frac (Hellum)
14] Master Comp Mass Frac (H2G) 0.5538 ° 0.5533 [.5539 L5538
45| Master Comp Mass Fras (EGiycol) 0.4461 " 0.4461 [.4461 [.4461
45| master Comp Mass Frac (Sodium*)
47] name CWR-D5 CWR-13 CWWR-0Z CWS-12

42| master Como Mass Frac iHelium)
22| master como Mass Frac (K201 05538 05533 [.5539 L5538
z0] Master Comp Mass Frac (EGiycol) 04461 0.4451 L4451 L4451
z1] Master Comp Mass Frac (Sodium*)
z2] mame CWs-03 CWS-05 13 14

s3] Master Comp Mass Frac (Hellum) 1.0000 1.0000
24] Master Comp Mass Frac (H20) 05538 0.553
2z] Master Comp Mass Frac (EGiycol) 04461 0.4451
2] Master Comp Mass Frac (Sodium*)
:7] name 15 16 Comp Cut 4z

22| master Comp Mass Frac (Hellum) 1.0000 1.0000 1.0000 1.0000
s2] master Comp Mass Frac (H2C)
50| master Como Mass Frac (EGHcal)
51] Master Comp Mass Frac iSodium”)
=
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Uicenised toc UNIVEREITY OF IDAHD

N Case Name: detalled Inl test bed 250kw He v2.hso
H r UNIVERSITY OF IDAHO
= ] {:ﬁ_:‘a Spentech Badiord, MA Urit Sat MAGNET

4 usa
? DateTime: Wied Jun 03 14:22:25 2020
=
i Workbook: Case (Main) (continued)

H

B

m Compositions {continued) Fluid Pig: All
11] Mame CWS-01 Heat Pipe Evaporator Heat Plpe Condensor CWR-

12] Master Comp Mass Frac (Hellum) o
13] Master Comp Mass Frac (H20) 0.5538 05539
[14] Master Comp Mass Frac (EGRycol) 0.4461 02451
15] Master Comp Mass Frac (Sodlum™) 1.0000 - 1.0000 o
15] Hame CW505

17| Master Comp Mass Frac (Hellum)

15] Master Comp Mass Frac (H20) 0.5538

12] Master Comp Mass Frac (EGHycol) 04451

0] Master Comp Mass Frac (Sodlum®™)

% Energy Streams Fluid Pig: All
3] Mame PIPE-RHX-01 Coid Ouwt Hd PIPE-RHX-01 Hot In Heat | PIPE-RHX-01 Hot Cut Heg PIPE-HWV-D3 Heat

24| HealFlow (W) 0.8476 1.761 01839 8.514e-002
3] Hame PIPE-HX-01 Hot Heat PIPE-HV-02 Heat Comp Power Chiller Dty

25| HealFlow (WY -5.6662-003 -£.401=004 1871 2672
z7| Hame PIPE-CWS-06 Heat PIPE-CW3S3 Heat PIPE-CWR-02 Heat PIPE-CWR-Heat

22| HealFlow (W) -2.6562-002 -2.032=002 -£.129e-003 -7.043e-003
za]| Mame PIPE-CWR-15 Heat PIPE-CWS01 Heat PIPE-HV-01 Heat PIPE-Comp Heat

0] Heaal Flow (W) -2.427e-003 -1.032=002 E.504e-003 1.057e-002
3] Hame Chiller Pump Power Eleciric Heater Power PIPE-CWR-03 Heat PIPE-CWE-04 Heat

3z] Heal Flow (&) 0.4054 250.0 -4.834e-003 -2.605e-002
% Heaters Fluid Pig: All
3] MHame Bleciric Healers

x| DUTY [EW) 250.0

37| Feed Temperaiure <] 650.0

33| Product Temperature € 6500 "

3a] Mass Flow (kgis) 6.082=-002

% Coolers Fluid Pig: All
42 Mame Chiller

42] pury &) 2572

44] Feed Temperature € 17.76

45| Product Temperature € 6.656

45] Mass Flow kgis) 6.037

% Heat Exchangers Fluid Pig: All
42 Hame RHX-01 Chiller HX-01 Wacuum Chamber

o] Daty [EW) 5726 7667 250.0

=1] Tube Side Feed Mass Flow L] 02635 0.2635 G.082e-Di02

2| Shell Side Fesd Mass Flow [kgis) 0.2835 E.B3T - 02635

23] Tube Iniet Temperature <) 633.0 214.7 &s0.0"

241 Tube Cutie! Temparaturs <) 2148 20.00 " &20.0

35] Shell Infet Temperature [C) .32 B.BGT " 451.7

25] Shell Ouwtiet Temperature <) 4524 17.78 8323

7] LMTD <) 1806 125.7 7202

Z2) UA [Wc) 37 0.0000 7

s3] minimum Approach icl 180.5 125.7 15.71
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Ucensed toc UNIVEREITY OF IDAHD

N Case Mame: ‘detalled Inl test bed 250kw He v2.hse
Ex o UNIVERSITY OF IDAHD
EH &;a speni:ech Badiond, MA unit Set: MAGNET
4 usa
? DatesTime: ‘Wied Jun 03 14:22:25 2020
=
i Workbook: Case (Main) (continued)
B
Bl
m Pumps Fluid Plig: All
11] Hame Chiller Pump
12| Power W) 04054
12| Feed Pressure bar_aq) a7
141 Product Pressurs [oar qj 4.194
15| Product Temperature icl 851
15| Feed Temperature [c) £.658
17| Amiabatic Emcizney %) 75.00
18] Pressure Rato 1.100
12| Mass Flow [kgis) £.037
% Compressors Fluid Pg: All
22| Mame Comp-D1
23| Power W) 19.71
24| Feed Pressure bar_aq) 10.00
25| Product Pressura [oar qj 12.03 "
25| Product Temperature <l 3240
27| Feed Temperature [c) 20.01
zz| Adabatic EMcency 75"
za| Pressure Rato 1.085
30| Mass Flow [kgis) 02635 "
% Expanders Fluid Pilig: All
3] Hame
M| Power [EW)
35| Feed Pressure bar_aq)
32| Product Pressure bar_aq)
37| Product Temperature <l
33| Feed Temperature icl
32| Adabatic EMcency
Maiss Flow [kgis)
% Fipe Segments Fluid Pg: All
43 MHame PIPE-Coid Qui-RHX-01 o] PIPE-Hot In-Vacum Cham| PIPE-Hot Cut-RHX-01t0 H PIPE-HV-0S to HW-I1
44| Feed Temperature <) 4524 E34.3" 2148 " 34.35
45| Feed Pressure [oar_q) 11.67 " 11.40 " 11.19 " 11.88
451 Product Temperature <) 451.7 E£33.0 2147 34.32
47] Product Pressura [oar_q) 11.65 11.36 11.19 11.78
321 Inzuiation Conductyity [Wim-R) 7.438e-002 * &.690a-002 * S.927e{02 * 4.563e-002 "
421 Inzulation Thickness [} 0.AME 0.10M8 D016 LADHE
0] Mame PIPE-HV2 to Comp PIPE-HX-AO1 to HV-02 PIPE-CWS-HV-0032 to HXH PIPE-CWR-HX-01 to HV-{
=1] Feed Temperature [C) 20.00 20.00 - 6.664 17.78
2| Feed Pressure [oar_q) 10.97 11.08 3.837 3.7T26
23] Product Temperature <) 20.01 20.00 6.667 " 17.76
241 Product Pressure [oar_g) 10.90 10.88 3.987 " 3.500
5] Insulation Conducivity [Wim=R) 4.782=-002 * 4. 782e-002 ° 3.254e002 " 3.325e002 "
5] Insulation Thickness [mj) 0.1ME 0.10M8 2.510e-002 3.510e-002
B
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Ucensed toc UNIVEREITY OF IDAHD

== Case Mame: detallesd I test bed 250kw He v2.hse
2 | - UNIVERSITY OF IDAHO
3 (‘EJES{JEI‘HECh Bedion, MA unit Set: MAGNET
4 Usa
a DateTime: Wed Jun 03 14:22:25 2020
==
i Workbook: Case (Main) (continued)
-]
= . -
F Fipe Segments (continued) Fluid Pig: All
1] Mame PIPE-CWR-HV-002 to Cnill_ PIPE-CWS-Chiller to H-I|_ PIPE-HV-01 10 RHX-O1 | PIPE-Comp o HV-03
1z] Feed Temperature i) 17.78 E.661 M3z 34.40
13| Feed Fressure mar_g) 3,620 4.154 11.78 12.03 *
14| Product Temperature [C1 17.78 B.661 a3z 34.35
15| Product Pressures mar_g) 318 4.152 11.78 11.88
15] Insulation Conductvity [Wim-£) 3.3252-002 - 3.2542-002 - 4.863e-002 - 48632002 -
17] insulation Thickness imj 3510002 3E10e002 Li016 L6
13| Mame PIPE-CWS-HV-001 to Qutj  PIPE-CWS-Outsige Wall i PIPE-CWR-HV-004 fo 0w PIPE-CWR-Ouiskde Wall tf
12| Feed Temperature i) B.E61 E.563 17.78 17.78
zo] Feed Pressue mar_g) 4.150 3.544 3.438 3.434
21] Product Temperature i) 6.E63 £.664 17.78 17.78
22| Product Pressurs mar_g) 3,644 3.840 3494 3.522
2:] insulation Conductivity [Wim-£) 3.254e-002 3.254e-002 ° 3.328e-0402 * 3.375e002 °
24| Insulation Thicimess imj 3510002 3E10e002 3.510e-02 3.510e002
Z5
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Aspen HYSY'S Process Model of Microreactor AGile Non-nuclear Experimental Testbed with Heat Pipe Heat Exchanger using
Nitrogen Operating at 600°C and 75 kW of Heat Pipe Power
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Ucerzed boc UNIVERETY OF IDAHD

L CaseMame:  setalled In test bed 75kw n2 vZhse

= | z UNIVERSITY OF IDAHO

E &ga speni:ech Badiond, MA unit Set: MAGNET

s UsA

< DateTime: Wed Jun 03 14:25:51 2020

=

i Workbook: Case (Main)

-]

L]

m Material Streams Fluid Pg: All
11] Hame HX-1 Hot In CWR cws HX-01 Hok Out

12| Temperature ic1 2321 17.78 6.657 * 20.00 *
12| Pressurs fbar_g) 11.36 3726 3887 11.25
14| mass Fiow [ 0.3253 1.523 1823 0.3253
15| Mass Density {kgim3) B3 1066 1077 1417
1z] Mass Enthalpy 4k 2188 -1.2072+004 -1.2102+004 5514
17] Mass Entrogy (kJkg-C) 5083 0.5631 D.4282 4515
1z] Mame RH¥-H Cold In RHX-01 Cold Cut Vacuum Chamber In Vacuum Chamber Cut
12| Temperature ic1 24.56 3344 3822 5867 "
20| Pressurs [ar_g) 11.67 1165 11.65 11.40 *
21] ass Fiow s) 0.3253 0.3253 L3253 0.3253
22| Mass Density {kgim3) 14.43 B.366 6.384 4.730
22| Mass Enthalpy 4k -3E73 3T 3845 6252
2¢| Mass Entrogy (kJkg-C| 4525 5.35E 5.334 5.702
22| Mame RHX-01 Hot In RHX-01 Hot Cut Comg In E

22| Temperature i1 5324 2327 2002 20.02
27| Pressurs [ar_g) 11.38 1136 1121 11.23
2z | Mass Fiow s) 0.3253 0.3253 03253 - 0.3253
22| Mass Density {kgim3) 4811 B211 1413 14.14
2] Mass Enthalpy 4k 6203 215.4 -2.57% -£.587
31] Mass Entrogy (kJkg-C) 5687 5.100 4.520 4518
2] Mame Chiller In Chiller Out WS04 CWR-I1

2] Temperature ic1 17.78 E.654 6.652 17.78
2| Pressurs [ar_g) 3858 3762 3Tz 3526
2| Mass Flow s) 1823 1523 1.823 1.823
2| Mass Density {kgim3) 1068 1077 1077 1058
37| mass Enhalpy bk -1.2072+004 -1.2102+004 -1.210e+004 -1.207e+004
3| Mass Entrogy (kJkg-C) 0.5631 0.4251 D.4282 05631
2] Mame CWR-DS CWR-03 CWR-12 cws-a2

o] Temperaure icl 17.78 17.78 1778 B.55E
1] Pressurs [ar_g) 3.860 3.525 3526 4131
2] ass Fiow s) 1823 1523 1.823 1.823
32| Mass Density {kgim3) 1068 1066 1053 1077
22| Mass Enthalpy 4k -1.207e+004 -1.2072+004 -1.207e+004 -1.2108+004
2| Mass Entrooy (kkg-C) 0.5631 0.5631 05631 0.4281
32| mame CWSI3 CWS-05 13 14

47| Temperature icl B.ESE E.653 2454 24.57
s2]| Pressurs [ar qj 4131 3792 11.59 11.67
2= | miass Fiow [s) 1.823 1.523 L3253 0.3253
so| Mass Density {kgim3) 1077 1077 14.45 14.43
31| Mass Enthalpy 4k -1.2102+004 -1.2102+004 -3.800 -3.558
22| Mass Entrooy (kJkg-C) 04381 04789 4525 4535
52| mame 15 16 Comg Cut 42

54| Temperature ic1 2457 20.02 2456 24.54
2| Pressurs [ar_g) 11.67 11.23 173" 11.70
2| ass Fiow s) 0.3253 0.3253 L3253 0.3253
57| Mass Density {kgim3) 1443 1414 14.49 14.45
52| Mass Enthalpy 4k -3.B6E -8.557 -3.788 -3.500
2] Mass Entrogy (kJkg-C) 4535 4518 4524 4595
=
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= CassMame:  defalled Ini test bed 75kw N2 vAhes

2 | .x UNIVERSITY OF IDAHO

] Waspentech  sedorma Unit Set MAGNET

4 Usa

a DaterTime: Wed Jun 03 14:25:51 2020

=

i Workbook: Case (Main) (continued)

-]

% Material Streams (continued) Fluid Plg: All
11] Hame CWE-01 Heat Fipe Evaporator Heat Fipe Condensor CWS-05

1z] Temperature ic) B.EST ES0.0 " 850.0 6.553
12| Pressure mar_g) 4131 <1.8475 03475 3Tz
14] Mass Flow [Es] 1.523 1.6252- 002 1.825e- 002 1.523
15| Mass Density (kgim3) W77 1.572-002 76 107
15| Mass Enthalpy kg -1.210e+004 1791 -5502 -1.2108+004
17| Mass Entroay (kkg-C) 0.4251 £4.21 5338 L4283
12] Hame CWR-02

13| Temperature ic1 17.78

zu] Pressurs mar_g) 3660

21] Mass Flow Es] 1.523

22| Mass Densiy {kgim3] 166

22| mass Enthalpy [Akg) -1.207e+004

24| mass Enrooy (kkg-C) 0.5631

i Compositions Fluid Plg: All
27| mame He-01 Hot In CWR WS HiR-01 Hot Cud

zz] Master Comp Mass Frac (Nitrogen) 1.0000 - 1.0000
zz] Master Comp Mass Frae (H20) 05533 [.5539
] Master Comp Mass Frac (EGiycal) 0.4451 L4451
31| Master Comp Mass Frac (Sodium*)
z] Mame RH-1 Coid In RHX-01 Cold Cut Wacuum Chamber in actum Chamber Cut
33| Master Comp Mass Frac (Nitrogen) 1.0000 1.0000 1.0000 1.0000
2| Master Comp Mass Frac (H20)
| Master Comp Mass Frac (EGiycal)
#| Master Comp Mass Frac (Sodium*)
37| Mame RH-I1 Hot In RHM-01 Hot Cut Comg In E

35| Master Comp Mass Frac (Nitrogen) 1.0000 1.0000 1.0000 1.0000
32| Master Comp Mass Frac (H2)
so] Master Comp Mass Frac (EGiycal)
21] Master Comp Mass Frac (Sodium*)
sz mame Chiller In Chiller Out Cvs-04 CWR-I

43| Master Comp Mass Frac (Nitrogen)
14] Master Comp Mass Frac (H20) 05535 ° 05533 [.5539 L5535
45| Master Comp Mass Frac (EGiycal) 04461 ° 0.4451 L4461 L4451
5] Master Comp Mass Frac (Sodium*)
47] name CWR-05 CWR-03 CWR-0Z CWs-02

=] wiaster como mass Frac retgen)
42| Master Coma Mass Frac (H20) 05533 05533 [.5539 [.5535
zn] Master Comp Mass Frac (EGHycol) 04461 0.4461 [.4461 [.4461
z1] Master Comp Mass Frac (Sodium*)
zz] name CWE-03 CWS-05 13 14

s3] Master Comp Mass Frac (Nitragen) 1.0000 1.0000
s4] Master Comp Mass Frac (H20) 05538 05533
2z Master Comp Mass Frac (EGiycal) 0.4451 0.4451
2] Master Comp Mass Frac (Sodium*)
:7] mame 15 16 Comp Cut 4z

52| Master Comp Mass Frac (Mitrogen) 1.0000 1.0000 1.0000 1.0000
sz Master Comp Mass Frac (H20)
50| master Como Mass Frac (EGHycal)
51] Master Comp Mass Frac iSodium®]
=
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Workbook: Case (Main) (continued)

Ucersed boc UNIVEREITY OF IDAHD
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m Compositions {continued) Fluid Plg: All
11] Mame CWs Haal Pipe Evaporator Heat Plpe Condensor CWSHS

12] Master Comp Mass Frac (Nitrogen)
13] Master Comp Mass Frac (H20) 0.553% OL553%
[14] Master Comp Mass Frac (EGHyC0l) 0.4451 02451
15| Master Comp Mass Frac (Sodlum®™) 1.0000 - 13000
15] Hame CWR-DL

17] Master Comp Mass Frac [Nitrogen)

1] Master Comp Mass Frac (H2O) 0.5539

12| Master Comg Mass Frac (EGiycol) 0.4451

20) Master Comp Mass Frac (Sodlum®™)

% Energy Streams Fluid Plg: All
3] Hame PIPE-RHX-01 Coid Out Hd PIPE-RHX-01 Hot In Heat| PIPE-RHX-01 Hot Cut Heq  PIPE-HW-03 Heat

24 ] Heat Flow (W) 0.7T76E 1.283 02026 2.286e-002
5| Hame PIPEHX-01 Hot Heat PIPE-HW-02 Head Comg Power Chilier Dty

25 ) Heat Flow (W -6.621=-003 -6.5062-004 1.558 T4.14
7| HName PIPE-CW-S-06 Heat PIPE-CWS03 Heat PIPE-CWR-02 Heat PIPE-CWR-Heat

zz] Heat Flow (W) -2.901=-002 -2.07E=4002 -6.114e-003 -7 ATSe-003
| Name PIPE-CWR-05 Heat PIPE-CWS01 Heat PIPE-HV-01 Head PIPE-Comp Heal

0] Heat Flow (W) -2.4212-003 -1.031e002 1.703e-003 2.7Tee-003
3] HName Chiller Pump Power Eleciric Heater Power PIPE-CWS-04 Heat PIPE-CWR-03 Heat

3z) Heal Flow (W) 8.79%-002 75.00 -4.033e-002 -2.604e-003
% Heaters Fluid Plg: All
3] Hame Blecinc Healers

| pury L] 75.00

37| Foed Temperature [S] 6500

3z| Product Temperature € BS0L0 "

32] Mass Flow [E35) 1.5252-002

% Coolers Fluid Plg: All
42] Hame Chilller

4z] DuTY EW) 7414

44| Feed Temperature € 17.78

42| Progduct Temperature [C) £.654

45| Mass Flow [kg's) 1.823

% Heat Exchangers Fluid Pg: All
3] Hame RHX-I1 Chilller Hx-01 Wacuum Chamber

ol Duty L] 1304 73.97 7500

1] Tube Side Feed Mass Flow [kgis) 0.3253 0.3253 1.825e-002

sz Shell Sioe Fesd Mass Flow [kgis) 0.3353 1.923 - 03253

23] Tube Inlet Temperature €] S9z24 2321 &20.0 "

4] Tube Cutie? Temperabure <) 2327 " 20.00 " &20.0

5] Shell Inket Temperaiure €] 2456 E.BET " 352.2

5] Shell Owtiet Temperature <) 3344 17.78 5867 *

=T) LMTD €] 203.2 T2.69 129.3

2] UA W) B21.E 10E SE80.2

s2] Minimum Approach [C) 1951 13.33 5329
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CaseMame:  detalled In test bed 75w N2 v2Nse
x UNIVERSITY OF IDAHO
(®aspentech oo, ma unit et MAGNET
usA
Dateime: Wied Jun 03 14:25:51 2020

Workbook: Case (Main) (continued)

M EE ',D‘Iu:- -x-l-ql-:n u:l&lwlwl-n

Ucerzed boc UNIVERETY OF IDAHD

Pumps Fluid Pig: All

Nama Chiller Pump

Power &) 8.7909-002

Faed Pressure [bar_q) 762
14 ] Product Pressura [oar qj 4131
15| Product Temperature i<l 6.657
15| Feed Tempersture [l E.ES4
17| Adabatic Emdency %) 75.00
15 ] Pressure Rato 1.077
12| Mass Flow [kg's) 1.823
% Compressors Fluid Pig: All
22| Mame Comp01
3| Power &) 1.556
24| Feed Pressure [oar_g) 11.21
Z5] Product Pressurs [oar qj 11.73 "
25| Product Temperature €1 2468
z7| Feed Temperaiure (in] A0.02
>z | Adiabatic EMdency 75"
=] Pressune Rafo 1.042
30| Mass Flow [kg's) 03353 "
% Expanders Fluid Plg: All
2] Hame
3| Power &)
35| Feed Pressure [oar_g)
35| Product Pressure [bar_g)
37 ) Product Temperature €1
32| Feed Temperature [C)
33| Adiabatic EMciency
so] Mass Flow [kg's)
% Fipe Segments Fluid Pig: All
3] Name PIPE-Coid Out-RHX-01 in| PIPE-Hot In-Vacum Cham| PIPE-Hot Cut-RHX-0110 H  PIPE-HV-I3E to HV-I1
44 ] Feed Temperaiure €} 4.4 5967 " 2327 24.64
45| Feed Pressure [oar_q) 11.65° 11.40° 11.36 " 11.69
45 Product Temperature €} 22 5924 2321 24.57
47 Product Pressurs (oar_gj 11.65 11.3% 11.36 11.67
42] Inzuiation Conductivity [Wim-K] 7.052e-002 * 4062002 * E.038e{02 * 4.506e-002 "
421 Inzulation Thickness [} 0.4A0E 0.1016 L1016 LADHE
o] Name PIPE-HV-O2 to Comp PIPE-HX-01 o HV-02 PIPE-CWS-HV-DD3 ip HXH{ PIPE-CWR-HX-1 to HW-]
1] Feed Temperaiure €} 20.02 20.00 - 6.663 17.76
x| Feed Pressure [oar_q) 1123 11.25 3.2 3.726
23] Product Temperature €} 20.02 20.02 6.667 " 17.76
4] Product Pressurs (oar_gj 11.21 11.23 3.987 " 3.526
5] Insulation Conduchytty [Wim-K) 4.782e-002 * 4.732=002 " 3.2548e002 " 3.326e-002
25 ] Insulation Thickness [m]} 0.10E 0.115 2.510e-002 3.510e-002
i
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Case Mame: el Inf 126t bed TSkW N2 VENEC
’ UNIVERSITY OF IDAHO
(-E,_'a spentech Bedion, MA unit Set: MAGNET
Usa
DateTime: Wed Jun 03 14:25:51 2020
Workbook: Case (Main) (continued)
Fipe Segments (continued) Fluid Pig: All
Hama PIPE-CWR-HV-002 fo Gl PIPE-CWS-Chiller to HV-0| PIPE-HU-01 1o RHX-01 | PIPE-Comp to HV-03
Feed Temperaturs ic1 17.78 E.65T 24.57 24.56
Feed Pressure [oar_qgj) 3860 4.131 1167 11.73 "
Product Temperature i1 17.78 E.658 2456 24.54
Product Pressurs mar g 3.858 4.131 11.67 11.70
Insulation Conductivity (W) 3.3252-002 - 32542002 - 48082002 - 45086002 -
Insulation Thiciness im] 3510002 3.510e002 L1016 L1016
Hamsz PIPE-CWR-Cutside Wall i PIPE-CWR-HV-004 i Cul] PIPE-CWS-HV-001 fo Out{  PIPE-CWS-Outside Wail i
Feed Temperaturs ic1 17.78 17.78 6.5658 £.652
Feed Fressure mar_g) 3.526 3.525 4131 3.782
Product Temperaiure ic1 17.78 17.78 6.562 6.653
Product Pressurs mar g 3.525 3.660 3Tz 3.782
2:] insulation Conductvity (W) 3.3252-002 ° 3.326e002 ° 3.254e- 002 ° 3.254e002
24| insulation Thickness im) 3510002 3.510e002 3.510e-02 3.510e002
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Aspen HYSY'S Process Model of Microreactor AGile Non-nuclear Experimental Testbed with Heat Pipe Heat Exchanger using
Helium Operating at 600°C and 75 kW of Heat Pipe Power

] Electric Heater Power
—
CW3-04 HeatPipe
Vacuum
Chamber Evaporator Eloctic
——
Vacuum Wacuum) Heaters
PIPE-CWS-04 Shamber | Ghambgr
PIPE-CIVS-HV-001 Heat —-
to Qutside Wall — Heat Pipe
PIPEHat Condensor
PR Y PIPE-Cold
PIPE-CWS-03 Heat PIPE-CWS-Outside piPE-Ri01 | || Chamber OUERHX-01
- Wall to HV-003 HotIn Heat 1o RHX-01 to Vacuum
Chiller Duty Chamber —
l PIPE-RHX-01 Cold Out Heat
WS- CWa-05
cws-03 RHX-01
Chiller PIPE-CWS-Chiller PIPE-CWS-HY-003 RHX-01 HotIn Cold
Pump to HY-001 HV-001 HV-003 to HX-01 OQut
R S— - g — |

CWs-01 CWs-02 CWs-06 T CWs
Chiller
out Chiller PIPE-Hot RH-01

L s OULRHi-01
- L - 10 HX-01
Chiller Pump Power PIPE-CWS-01 Heat PIPE-CWS-06 Heat d— - :'47 =
HX-01 HX-01HotIn RHX-01 Hot Out RHX-01
Chiller Hot ColdIn
FIPE-CWR-HV-002 to Chiller  Hy-go2 HY-004 FPIPE-CWR-HX-01 to HV-004 Out
— F — P N P . —
Chiller In T CWR-05 CWR-01 PIPE-HV-01
L - 10 RHX-01
CWR-04 CWR-02 PIPE-RHX-01
PIPE-CWR-05 Heat Hot Out Heat PIPE-HY-01
Heat
PIPE-CWR-Outside —
Wall to Hv-002 PIPE-CWR-02 Heat

—_— PIPE-CWR-HV-004
PIPE-CWR-03 to Outside Wall
Heat

CWR-03

T PIPE-HY-02
HV-02 Heat

J CWR
—
PIPE-CWR-Heat e
Hot Heat
PIPE-H}-01
to HV-02
I

16 IComD Com|
PIPE-HV-02 n Out PIPE-Comp
to Comp 1o HV-03
A
Comp
Comp-01 Power

T PIPE-Comp
Heat

15
HY-01
pipEHv-02 T
Heat
14
HY-03
e
PIPE-HY-03
fo HV-01

G81
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vaspentech

UNIVERSITY OF IDAHD

Badiond, MA
USA

Case Name: detalled Inl iest bed TShw He v2.hsc
Unit Set: MAGMNET
DateTime: Whed Jun 03 14:30019 2020

Workbook: Case (Main)

alz ',D‘Iu:- -x-l-ql-:n u:lalwlwl-n

Uczrized toc UNIVEREITY OF IDAHD

Material Streams Fluid Plg: All

Name H¥-01 Het In CWR CWS HX-01 Hot Out

Temperature [C) 148.9 17.78 5.667 " 20.00
13| Pressure [oar_g) 11.34 3726 3.987 " 11.23
14| Mass Fiow [kgis] 0.1134 1.877 1.977 * 0.1134
15| Mass Density (kgim3) 1.400 1068 177 2.010
1] Mass Enthalpy &) B43.5 -1.207e+004 -1.210e+004 -26.83
17] Mass Entropy (kJkg-C] 17.62 0.5631 D.4z282 15.74
12| Mame RHX-01 Coid In RHX-01 Cold Cut Vacuum Chamber In Vacuum Chamber Cut
12| Temperature [C) 26.78 506.5 506.6 £33.8 "
20| Pressurs [oar_q) 1169 11.65 1165 11.40
21] Mass Flow kyis) 0.1134 0.1134 01134 01134
22] Mass Density (kgim3) 2038 0.7798 07815 0.6536
3] Mass Emthalpy L] 8391 2513 2503 3164
24] Mass Entropy (kJkg-C] 15.79 .77 20.76 21.59
25| Name RHX-01 Hot In RHX-01 Hot Cat Comg In &
25| Temperature [T £30.9 1481 20.01 20.01
27| Pressure [oar_g) 1139 11.34 1120 11.21
22| Mass Flow kgis) 0.1134 0.1134 0.1134 * 0.1134
22] Mass Density (kgim3) 0.6604 1.408 2.005 2.007
30] Mass Enthalpy &) 3143 644.5 2676 -26.77
31| Mass Entrogy (kJKg-C) 5T 17.62 1575 1575
32| Mame Chiller In Chilller Out CWS-4 CWR-I
32| Temperature [C) 17.78 6.651 5.659 17.78
34| Pressure [oar_g) AEST 3762 3.793 3.526
35| Mass Flow kyis) 1.877 1.877 1.977 1.977
3| Mass Density 1kgim3) 1068 1077 1077 1068
27| Mass Enthalpy (kM) -1.207e+004 -1.210e+004 -1.210e+004 -1.207e+004
32| Mass Entrogy (kJkg-C] 0.5631 0.4280 04281 0.5631
3] Hame CWR-O5 CWR-03 CWR-O2 CW302
a0] Temperature [C) 17.78 17.78 17.78 6.655
11| Pressurs [oar_g) AEST 3.525 3.525 4.132
42] Mass Flow kgis) 1.577 1.577 1.977 1.977
43] Mass Density (kgim3) 1068 1068 1068 1077
44] Mass Enthalpy &) -1.207e+004 -1.207e+004 -1.207e+004 -1.210e+004
45| Mass Entropy (kJkg-C] 0.5631 0.5631 05631 0.4280
45| Hame CWS03 CWS-05 13 14
47] Temperature €] E.ESS E.663 2845 26.78
42| Pressurs [oar qj 4.132 3.792 11.71 11.69
42| Mass Fiow [kgis] 1.877 1.877 0.1134 0.1134
o] Mass Denstty (kgim3) 1077 1077 2.041 2.033
1] Mass Enthalpy &) -1.210e+004 -1.210e+004 8.745 B.41E
2] Mass Entropy (kJkg-C] 0.4280 0.4282 15.78 15.79
3] Mame 15 16 Comg Cut 4-2
4] Temperature [C) 26.78 20.01 26.85 26.85
x| Pressure [oar_q) 1169 11.21 11.74 " 11.71
=5] Mass Flow kyis) 0.1134 0.1134 01134 01134
7] Mass Density (kgim3) 2039 2.007 2046 2.041
2] Mass Emthalpy [LELh]] 8416 -26.77 8.788 B8.745
s3] Mass Entropy (kJkg-C] 15.79 15.75 15.78 15.78
=
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LUzmized toc UNIVERIEITY OF IDAHD

= CassMame:  oefalled Il test bed TSEW He v2hec
2 | .x UNIVERSITY OF IDAHO
] Waspentech  sedorma Unit Set MAGNET

4 Usa
a DaterTime: Wied Jun 03 14:30018 2020
=
i Workbook: Case (Main) (continued)

-]

L]

m Material Streams (continued) Fluid Plg: All
11] Hame CWE-01 Heat Fipe Evaporator Heat Fipe Condensor CWR-I4

1z] Temperature icl B.654 ES0.0 50.0 17.76
12| Pressure mar_g) 4132 <1.8475 03475 3.85%
14] Mass Flow [Es] 1577 1.6252- 002 1.825e- 002 1877
15| Mass Density (kgim3] W77 1.5722-002 THE 1068
15| Mass Enthalpy kg -1.210e+004 1791 -5502 -1.207e+004
17| Mass Entroay (kkg-C) 04250 £4.21 5338 [.5631
1z] Mame CW5-05

13| Temperature ic1 6.663

zu] Pressurs mar_g) aTsa

21] Mass Flow Es] 1577

22| Mass Densiy {kgim3] 7T

23| Mass Enhalpy [E4kg) -1.2102+004

24| mass Enrooy (kkg-C) 04253

i Compositions Fluid Plg: All
27| mame He-01 Hot In CWR WS HiR-01 Hot Cud

2z Master Comp Mass Frac (Helum) 1.0000 1.0000
zz] Master Comp Mass Frae (H20) 05533 [.5539
] Master Comp Mass Frac (EGiycal) 0.4451 L4451
31] Master Comp Mass Frac (Sodium”)
z] Mame RH-1 Coid In RHX-01 Cold Cut Wacuum Chamber in actum Chamber Cut
33| Master Comp Mass Frac (Helum) 1.0000 1.0000 1.0000 1.0000
| Master Comp Mass Frac (H20)
| Master Comp Mass Frac (EGiycal)
#| Master Comp Mass Frac (Sodium*)
37| Mame RH-I1 Hot In RHM-01 Hot Cut Comg In E

x| Master Comp Mass Frac (Helum) 1.0000 1.0000 1.0000 1.0000
32| Master Comp Mass Frac (H20)
so] Master Comp Mass Frac (EGiycal)
21] Master Comp Mass Frac (Sodium*)
32| name Chiller In Chiller Qut CWvS-04 CWR-I

13| Master Comp Mass Frac (Hellum)
14] Master Comp Mass Frac (H20) 05535 ° 05533 [.5539 L5535
12| master Comp Mass Frac [EGHyeal) 04461 ° 0.4451 [.4461 [.4461
5] Master Comp Mass Frac (Sodium*)
47] mame CWR-05 CWR-03 CWWR-02 CWs-02

42| Master Como Mass Frac (Hellum)
42| Master Coma Mass Frac (H20) 05533 05533 [.5539 [.5535
zo] Master Comp Mass Frac (EGiycal) 0.4451 0.4451 L4461 L4461
z1] Master Comp Mass Frac (Sodium*)
zz] name CWE-03 CWS-05 13 14

s3] Master Comp Mass Frac (Hetum) 1.0000 1.0000
s4] Master Comp Mass Frac (H20) 05538 05533
2z Master Comp Mass Frac (EGiycal) 0.4451 0.4451
2] Master Comp Mass Frac (Sodium*)
:7] mame 15 16 Comp Cut 4z

22| Master Comp Mass Frac (Helum) 1.0000 1.0000 1.0000 1.0000
sz Master Comp Mass Frac (H20)
50| master Como Mass Frac (EGHycal)
51] Master Comp Mass Frac iSodium’]
=
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Ucenzad toc UNIVEREITY OF IDAHD

L Cass Mame: detalled Ini 125t bed T5kw He w2 hsc

E x UNIVERSITY OF IDAHOD

EH &_;a spentech Badiond, MA unit Set: MAGNET

4 USa

a DiateTime: ‘Wed Jun 03 14:30:19 2020

=

i Workbook: Case (Main) (continued)

B

Bl

m Compositions (continued) Fluid Pg: All
11] Hame cws1 Heat Plps Evaporator Heat Plps Condensor CWR-I4

12| Master Comp Mass Frac (Hellum)
13| Master Comp Mass Frac (H2O) 0.5538 0.553%
12] Master Come Mass Frac (EG#ycol) 0.4451 D.4451
15] Master Comp Mass Frac (Sodlum™) o 1.0000 * 1.0000 o
12| Hame CWs05

17| Master Comp Mass Frac (Hellum)

18] Master Comp Mass Frac (H20) 0.553%

12| Master Comp Mass Frac (EGiycol) 0.4451

20] Master Comgp Mass Frac (Sodlum®)

% Energy Streams Fluid Pig: All
23] Mame FIFE-RHX-0'1 Coitl 0wt HY  PIFE-RHX-01 HotIn Heat|  PIPE-RHX-01 Hot Dut Hed  PIPE-HV-03 Heat

24] HeatFlow W) 1.113 1.752 01141 3.755e-002
25] Hame PIPE-HX-01 Hot Heat PIFE-HW-02 Heat Comg Power Chilier Duty

26| HeatFlow W) -6.6352-003 -6.582a4004 4.031 76.22
27| Hame PIPE-CWS-06 Heat PIFE-CWSE-03 Heat PIPE-CWR-02 Haat FIPE-CWR-Heat

zz] Heal Flow (W) -2.863a-002 -2.07Be-002 -6.115e-003 -7 223e-003
22| Mame PIPE-CWR-05 Heat PIFE-CWE-01 Heat PIFE-HV-01 Heat FIPE-Comp Heat

30| Heat Flow W) -2.4212-003 -1.031e4002 2 807e-003 4.526e-003
3] Hame Chiller Pump Povwer Eleciric Heater Power PIPE-CWR-03 Haat PIPE-CW5-04 Heat

32| Heat Flow W) 3.057a-002 75.01 -4.558e-003 -2 602e002
% Heaters Fluid Pg: All
3| Mame Electric Healers

x| puty W) 75.01

37| Feed Temperature [C) 6500

32| Product Temperature [C) 6500 -

32| Mass Flow [Wgis) 1.525-002

% Coolers Fluid Pig: All
2] Mame Chiller

43| DUTY W) 76.22

44| Feed Temperature [C) 17.76

45| Product Temperature [C) 6651

45| Mass Flow [Wgis) 1.877

% Heat Exchangers Fluid Plig: All
2] Mame RHX-01 Chiller HX-01 acuum Chamber

zo| Duty W) 284.0 76.02 7501

1] Tube Side Fesd Mass Flow kgis) 01134 01134 1.825e-0i02

zz| Shell Side Fesd Mass Flow [Rgis) 0.1134 1.877 - 01134

=:] Tube Inlet Temperature [C) 6308 1485 650.0

4] Tube Cutiet Temperabuns [C) 149.1 " 20.00 " G30.0

zz] Shell Iniet Temperature [C) 26.76 6.667 " 506.5

2| Shell Outist Temperatune [C) 508.5 17.76 633.9°

7] LMTD [C) 1224 B6.22 5624

sz Ua [Wic) 2321 0.0000 1288

s2] Minimum Approach [C) 122.3 B6.22 16.12
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Uczrized toc UNIVEREITY OF IDAHD

uu Case Mame: detalled Ini test bed T5iw He 2 hsc
e x UNIVERSITY OF IDAHO
] Waspentech  sedorma Unit Set MAGNET
4 usa
a DateTime: Wied Jun 03 14:30:19 2000
e
i Workbook: Case (Main) (continued)
-]
L]
m Fumps Fluid PRg: All
11] Hame Chiller Pump
iz] Power (&) 9.057e-002
13] Feed Pressure [oar_g) 3TE2
14] Product Pressure [oar q) 4.132
12| Product Temperature [C) £.654
15| Feed Temperature [C] BES1
17| Amiabatic EMdency 3] 75.00
12| Pregsure Rato 1.078
12] Mass Flow [ig's) 1.577
% Compressors Fluid Pg: All
2] Hame Comp-D1
3] Power (W) 4.031
24] Feed Pressure [oar_g) 11.20
25| Product Pressure [oar q) 11.74 *
2] Product Temperaturs [C] 26.85
17| Feed Temperature [C] 20.01
2] Adiabatic EMcency 75"
z=] Pressure Rafo 1.044
0] Mass Flow [ig's) 01134 "
% Expanders Fluid Plig: All
33] Hame
M| Power L]
32| Feed Pressure [oar_g)
35| Product Pregsure [oar_g)
37] Product Temperature [C]
3z| Feed Temperature [C]
33] Adabatic EMdency
Mass Flow [ig's)
% Fipe Segments Fluid Plg: All
43] Hame PIPE-Coid Out-RHX-01 1o PIPE-Hot In-Vacum Cham| PIPE-Hot Out-RHX-01 to | PIPE-HV-03 to HV-01
44] Fieed Temperature [C] S08.5 £330 " 149.1 " 26.85
42] Feed Pressure [oar_g) 11.65 * 11.40 * 1134 * 11.71
45] Product Temperature [C] S06.6 £30.0 143.9 26.78
47| Product Pregsure [oar_g) 11.65 11.38 1134 11.58
42| Insulation Conductvity (WK ) 7.80%e-002 &.671e002 * 5.530e-002 * 4.820e-002 *
42| Insulation Thickness [mi) 0106 01016 0.1016 01016
0] Name PIPE-HV-02 bo Comp PIPE-HX-01 t» HW-02 PIPE-CWS-HW-003 to HX PIPE-CWR-HX-01 o Hv-[}
z1] Feed Temperature [C] 20.01 20.00 * 6.663 17.78
zz] Feed Pressure [oar_g) 11.21 11.23 3.Taz 3.726
s3] Product Temperature [C] 20.01 20.01 6.567 ° 17.78
4] Product Pregsure [oar_g) 11.20 11.21 3.987 ° 3.526
5] Insulation Conductity [WImHK) 4.782e-002 4.7R2e002 - 3.254e-002 * 3.328e-002
25| Insulation Thickness [mj) 0106 01016 3.810e-002 3.810e-002
£zl
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= Case Mame: detalled Inf Sest bed TSkW He v2hse
= | - UNIVERSITY OF IDAHO
3 ('E,_'a spentech Bedion, MA unit Set: MAGNET
s usa
a DateTime: Wed Jun 03 14:30:19 2020
=
i Workbook: Case (Main) (continued)
1]
= . -
m Fipe Segments (continued) Fluid Plg: All
1] Mams PIPE-CWR-HV-002 to onil| _ PIPE-CWS-Chiller to Hv-g] PIPEHV-01 o RHX-01 | PIPE-Comp to HW-03
1z] Feed Temperature il 17.78 E.654 2678 26.35
Feed Fressure [ar_g) 3.B50 4.132 11.58 1174
Product Temperaturs i1 17.78 B.ES5 2678 26.35
Product Pressurs [ar_g) 3.B50 4.132 11.59 11.71
Insulation Conductity [Wim-E) 33982002 - 32542002 - 4.390e-002 - 4571002 -
Insulation Thicness i) 3.510=-002 3.E10e-002 L1016 L1016
Name PIPE-CWS-HV-001 to Dut{  PIPE-CWS-Cutside Wall b PIPE-CWR-HV-D04 to Ow|  PIPE-CWR-Ouiside Wall if
Feed Temperature il B.ESE E.ESE 17.78 17.78
Feed Fressure [ar_g) 4132 3793 3525 3.525
Product Tamperature i€l B.ESD B.653 17.75 17.78
2z] Product Pressurs [ar_g) 3793 3793 3525 3.85%
22| Insulation Conductivity [Wim-E) 3.2548-002 32542002 3.323e-002 * 3395002 °
24| insuiation Thiciness im) 3.510=-002 3610002 3.810e002 3.510e-002
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Aspen HYSY'S Process Model of Microreactor AGile Non-nuclear Experimental Testbed with Heat Pipe Heat Exchanger using

—
Chiller Duty
Chiller

Pump

Out

Chiller

Chiler g o

A
Chiller Pump Power

PIPE-CWS-HW-001
to Outside Wall

—
PIPE-CWS-03 Heat

PIPE-C'WS-Chiller
to HV-001

sy I—

HW-001

VS-01 CW5-02

L
PIPE-CWS-01 Heat

PIPE-CWR-HV-002 to Chiller Hv-002
]

Chillr In

——
1 CWR-05

PIPE-CVWR-05 Heat

PIPE-CWR-HV-004
to Outside Wall

——
PIPE-CWR-03

Heat

e t—
CWR-01 "
CWR-04 CWR-02 J

CWS5-04

-
PIPE-CVW/S-04
Heat

PIPE-CWS-Outside
Wall to HV-003

CWS-03 CWS-05
PIPE-CIWS-HV-003
HV-003 to HX-01

CWSs-06 CWs

PIPE-CWS-06 Heat

Hy-ppz  PPE-CWR-HX.01 o HV-004
F—

PIPE-CWR-Heat

F‘IPE HX 01

—
PIPE-CVWR-0Z Heat

PIPE-CVWR-Outside
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L

[ Workbook: Case (Main)

&

2

m Material Streams Fluid Pg: All
1] name HX-01 Hot In CWR oWs HX-01 Hot out

1z] Temperature i) 177.5 17.76 6.667 20.00 *
12] Pressurs mar_g) 1135 3726 3.987 " 1128
12| s Fiow Mys] 01474 0.6471 05471 " 0.1474
1z] Mass Density {kgim3] o734 1068 1077 1420
16| mass Enthaipy [kg) 1602 1 207e+I04 -1.21De+004 622
17] miass Entropy (kIkg-C] 4576 0.5631 042782 4518
1z] wame RHX-01 Cold In RHX-D1 Cokd Out Wacuum Chamber In Vatuum Chamber Cut
12] Temperature i) 2352 4478 2423 BT
2] Pressure mar_q) 1156 165 1155 11.40 -
21] Mass Flow Mys] 01474 0.1474 01474 0.1474
22| Mass Density {kgim3]| 1247 5.893 5.938 4.750
23] Mass Enthalpy [k4%g) 4078 4567 4505 6336
24| Mass Entrogy (kIkg-C] 4521 5.454 5.475 5712
2:| Name RHX-01 Hot In RHX-D1 Hot Out Comg In B

25| Temperature il 5346 1788 2006 2005
7| Pressure mar_g) 11.40 11.38 1127 137
2] Mass Flow Mys) 01474 0.1474 01474 - 01474
2] Mass Density {kgim3]| 4B01 5216 14.19 1420
20| wass Enthaipy [kg) E22E 161.1 -a.550 &.571
31] Mass Entrogy {klkg-C) 5.700 4578 4518 4516
2| wame Chiller In Chiller Out CWS-04 CWR-

22| Temperature i) 17.75 5536 5.653 17.78
2] Pressurs mar_g) 3863 3788 3788 3528
3| wass Flow Mys] 0.6471 0.6471 05471 05471
35| wmass Density {kgim3]| 1068 1077 07T 1088
57| miass Entnaipy [k 1. 207e+I04 -1.210e+004 -1.21De+004 -1.207e+004
22| Mass Entropy (kIkg-C] 0563z 0.4278 0.4230 D.5632
32] wame CWR-03 CWR-03 CWR-02 cws-a2

o] Temperature i) 17.75 17.76 1778 £.643
1] Pressure mar_g) 3863 3528 3528 4177
2] Mass Flow s 0.6471 0.6471 D.5471 05471
3] Mass Density {kgim3]| 1068 1068 058 1077
4] Mass Enthaipy [kg) 1. 207e+I04 1 207e+I04 1207004 -1.21De+004
5] Mass Entrogy (kJRg-C) 0563z 05632 D563z 0.4279
5] Name CWs3 CWS-06 12 14

47| Temperature i) 6643 £.654 2353 2353
2] Pressure [ar q) 4127 3786 1156 1156
2| wiass Fiow Mys| 0.6471 0.6471 0.1474 0.1474
o] Mass Density {kgim3] 1077 1077 1447 14.47
1] Mass Enthaipy [kg) 1.210e+104 1.210e+I04 2854 4571
2] Mass Entrogy (kIkg-C] 04278 0.4281 4522 4521
2] Name 15 16 Comp Cut az

1] Temperature i) 2353 20.05 2355 2363
=z] Pressure mar_q) 1156 127 1157 ° 1156
2] wass Flow Mys] 01474 0.1474 01474 0.1474
57| Mass Density {kgim3]| 1247 1420 1447 1447
53] Mass Enthalpy [k4%g) 4071 -B571 4847 -4.854
2] Mass Entrogy (kIRg-C] 4521 4518 4522 4522
=

el

=

=] Ssnen HS s asiond Cagc lois |
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E " UNIVERSITY OF IDAHD
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< Datermime: Wed Jun 03 14:33:39 2020

L

i Workbook: Case (Main) (continued)

-]

% Material Streams (continued) Fluid Plg: All
11] Mame CWs Heat Pipe Evaporator Heat Plpa Congensor CWS-05

1z] Temperature ic) 6638 £50.0 " 550.0 £.654
12] Pressure foar_g) 4127 1.0475 £.9475 1788
[14] mass Flow ki) 0.6471 £.5522003 £.5692003 L5471
15| Mass Densiy {kgim3) WTT 1.572e4002 THLE 1077
1] Mass Enthalpy [ikg) -1.210e+004 1701 -5002 -1.210e+004
17] Mass Entropy {kJkg-C) 04278 £3.21 5330 L.£291
1z] Mame CWR-D4

12] Temperature ic) 17.79

0] oressure [oar_g) 3863

21] Mass Fiow ki) 0.6471

22| Mass Density {kgim3) 1066

23] Mass Enthalpy [ikg) -1.207e+I04

24] Mass Entrogy (kJkg-C) 05632

% Compositions Fluid Plg: All
27| Mame HX-01 Het In CWR CWS HX-01 Hot Out

22| Master Comp Mass Frac (Mitrogen) 1.0000 - 1.0000
2] Master Comp Mass Frag (H20) 05533 L5539
0] Master Comp Mass Frac (EGiyeal) 0.4461 [.4451
31] Mame RHX-01 Coid In RHX-D1 Cokl Cut Vacuum Chamber in Vapuum Chamber out
2] Master Comp Mass Frac (Nirogen) 1.0000 1.0000 1.0000 1.0000
2] Master Comp Mass Frac (H20)
34| Master Comp Mass Frac (EGiyeal)
1| Mame RHX-01 Hot In RHX-D1 Hot Cut Comg In £

3| Master Comp Mass Frac (Nirogen) 1.0000 1.0000 1.0000 1.0000
27| Master Como Mass Frac (H20)
3] Master Comp Mass Frac (EGiyeol)
2] Mame Chiller In Chillier Out WS04 CWR-O1

so] Master Comp Mass Frac (Mitrogen)
41] Master Comp Mass Frac (H20) 05830 05533 L5533 L5539
42| Master Comp Mass Frac (EGiyeol) 04451 " 0.4461 [.4451 L.&451
13| Hame CWR-D5 CWR-02 CWR-02 CWs-02

44] Master Comp Mass Frac (Mitrogen)
45| Master Comp Mass Frac (H20) 05539 0553 [.5539 [.553%
45| Master Comp Mass Frac (EGiyeol) 0.4451 0.4461 [.4451 L.&451
47| Mame CWS03 CWS-05 12 14

42| Master Comp Mass Frac iNtrogen) 1.0000 1.0000
42| master Como Mass Frac (H20) 05838 05533
0] Master Comp Mass Frac (EGiyeol) 0.4451 0.4461
z1] Mame 15 16 Comp Out 42

=2 | Master Comp Mass Frac (Nirogen) 1.0000 1.0000 1,000 1.0000
53] Master Comp Mass Frac (H20)
4] Master Comp Mass Frac (EGiyeol)
22| Mame CWs Heat Pipe Evaporator Heat Plpe Congensor CWS-05

5] Master Comp Mass Frac (Mirogen)
57] Master Comp Mass Frac (H20) 05838 L5539
53] Master Comp Mass Frac (EGiyeol) 0.4451 L.&451
2] Mame CWR-D4

50| Master Como Mass Frac iNtrogen)

[51] Master como Mass Frae (H20) 0.5539

=2 | wiaster como Mass Frac (EGiycal) 04451

i Sapen LSSV emsiond Cagcsoid |

* Specified by user.
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L

i Workbook: Case (Main) (continued)

-]

L]

m Energy Streams Fluid Pig: All
11] Hame FIPE-RHX-01 Coid Oui HY  PIPE-RHX-01 Hat In Heat| PIPE-RHX-D1 Hot Cut Hed  PIPE-HV-03 Heat

12| Heat Flow W) 0.9126 1.596 D.1424 1.604e-002
13| Hame PIPE-HX-01 Hot Heat PIFE-HV-12 Heat Comgp Power Chiller Duty

14| Heat Flow W0 -6.5042-003 -6.3062-004 0.5474 25.00
15| Name PIPE-CW5-06 Heat PIPE-CWS03 Heat PIPE-CWR-02 Heat PIPE-CWR-Heat

12| Heat Flow W) -2.517e-002 -2.021e002 -6.060e-003 -6.360e-003
17| Hame PIPE-CWR-05 Heat PIFE-CWSE-01 Heat PIPE-HV-01 Heat PIPE-Comp Heat

1z| Heat Flow W) -2.398=-003 -9.9272-003 1.162e-003 1.975e-003
12] Hame Chiller Pump Power Eleciric Heater Power PIPE-CWS-04 Heat PIPE-CWR-03 Heat

20] Heat Flow W 2593002 27.00 -3.862e-003 -4.405e-003
% Heaters Fluid Pig: All
23] Hame Eleciric Heaters

24] ouTY W) 27.00

25| Feed Temperature [C) B50.0

22| Product Temperature [C) B50.0

7] Mass Flow [Wgis) 6.5592-003

2 Coolers Fluid Plg: All
0] Hame Chiller

31| DUTY [EW) 25.00

32| Feed Temperature ) 17.78

33| Product Temperature ) 6636

34| Mass Flow [Wgis) 0.6471

E Heat Exchangers Fluid Plg: All
37| Hame RHX-01 Chiller HX-01 acuum Chamber

32| Duty KW} 53.05 2455 2700

32| Tube Side Fesd Mass Flow [Rgis) 0.1474 0.1474 6.569e-003

10] Shell Sige Fesd Mass Flow [Rgis) 0.1474 0.6471 - 0.1474

21] Tube Inlet Temperature ) 5346 177.8 650.0 *

42] Tube Cutiet Temperaburs ) 178.8 - 20.00 650.0

23] shell Inet Temperature ) 23.52 B.667 4423

4] shell Outist Temperature ) 4478 17.76 604.1

45| LMTD [C) 151.1 ey | 106.9

e [Wic) 450.4 4203 2525

47| Minimum Approach [C] 146.8 13.33 4594

% Pumps Fluid Pig: All
z0] Mame Chiller Pump

z1] Power W) 2593002

z2| Faed Pressure bar_gj ITES

s3] Product Pressurs [oar_q) 4127

2| Product Temperature [€) 6.638

=:| Feed Temperature ) 6636

=2 ]| Adiabatic EMcancy i3] 75.00

=7]| Pressurz Rato 1.076

sz] Mass Flow [Wgis) 0.6471

=2

=2

51

=

= a3 Aspen LSS Veiond gl oid

* Bpecified by user.



195

Lcerzed boc UNIERETY OF IDAHD

L CaseMame:  setalled Inf test bed 27hw n2 v2hse

H .x UNIVERSITY OF IDAHOD

] ®aspentech  sedomma Urit Set MAGNET

4 usa

a DateTime: Wed Jun 03 14:33:38 2020

Ex

i Workbook: Case (Main) (continued)

&

2

m Compressors Fluid Plg: All
1] mama Comp-01

12| Power W) 0.5474

12| Feed Pressure [par_g) 11.27

12| Procuct Pressure [oar g 167"

15| Procuct Temperature icl 2365

15| Feed Temperature [c) 20.06

17| Amabatic Emciency 75

12| Pressurz Rato 1.033

12| mass Fiow [kgs) 0.1474 "

% Expanders Fluid Plg: All
2] Mame

23] Power L]

22| Feed Fressure [oar_g)

zs| Product Pressurs [oar g

2| Product Temperature [cl

27| Feed Temperature [c)

22| Adlabatic EMcancy

za] Mass Flow kgis)

% Fipe Segments Fluid Pg: All
12| Mame PIPE-Coid Out-RHX-D1 to| PIPE-Hot In-Vacum Chami| PIPE-Hot Cutb-RHX-01 toH  PIPE-HV-03 to HV-01

12| Feed Temperature [c) 4478 E04.1" 178.8 " 2353
31| Feed Pressure [par_g) 1HES” 11.40 " 113" 11.56
35| Product Temperature [c) 4223 Sl4E 177.0 2353
35| Procuct Pressure [par_g) 1168 11.40 11.39 11.56
27| insulation Conductvity [Wim-K ) 7.391e-002 * 84402002 £.705e-007 4.500e007 *
32| Insulation Thickness mj 0.101E 0.1015 L1016 LADIE
32| Mame PIPE-HV-02 to Comp PIPE-HX-01 fo HV-02 PIPE-CWR-HX-01 to HV-0|  PIPE-CWR-HV-002 o Chil
10| Feed Temperature [cl 2005 20.00 - 17.78 17.7%
11] Feed Pressure [par_g) 11.27 11.28 3726 3.853
12| Product Temperature [c) 20.06 20.05 17.78 17.78
13] Product Pressure [par_g) 11.27 11.27 3528 1853
11| Insulation Conducvity [Wim-K ) 4.782e002 " 47802002 " 33782002 33282002 °
15| Insulation Thickness imj 0L101E 0.1015 2.310e-002 3.510e002
15| Mame PIPE-CWS-Chiller fo HV-0| PIPEHV-01 fo RHX-D1 | PIPE-Comp bo HV-03 PIPE-CWR-Outskde Wall ff
47| Feed Temperature icl £.630 7353 2355 17.78
42| Feed Pressure [oar g 4.127 11.66 1167 " 3828
13| Product Temperature [cl £.843 23.52 2353 17.78
o] Product Pressure [par_g) 4.127 11.66 11,56 3.528
z1] Insulation Conductvity [Wim-K ) 3.2542-002 - 4.B0%2002 - 4.802e002 3.328e002
2| Insulation Thickness imj 3.510-002 0.1015 L1016 3.510e002
3] Mame PIPE-CWR-HV-004 to Out|  PIPE-CWS-HV-D01 fo Out|  PIPE-CWS-Outsle Wall t)  PIPE-CWS-HV-D03 to HX
4] Feed Temperature icl 17.7E EE43 5.653 BL.E54
zz]| Feed Pressure [par_g) 3828 4127 3788 738
2= | Product Temperature [cl 17.7% 6.£53 5.654 6.65T
7] Product Pressure [par_g) 1E63 1788 3788 3097 "
2] Insulation Conducvity [Wim-K ) 3.308e002 " 32542002 " 32582007 32548002
2| Insulation Thickness {mj 3510002 351000 3.310e-002 3.510e002
=

el

=
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< Datemme: Wad Jun 03 14:35:50 2020

L

i Workbook: Case (Main)

&

2

m Material Streams Fluid Plg: All

11] Hame Hx-01 Hot In CWR CWS H-01 Hok Out

12] vapour Fraction 1.0000 0.0000 [.0D00 1.0000

13] Temperature = HET 17.76 £.657° 2000

12] Pressure [oar q) 1134 1726 3.997 11.22

15| wass Fiow [gs) 46992003 12322002 1.232e- 002 46006003

15] wass Density {kgim3) 1066 1064 1072 14.14
Mass Enthalpy [kikg) Q.47 -1.240a+004 12448004 -5.608
Mass Entrogy (RJKg-C) 4821 0.7733 0A351 4519
Hame RHX-01 Coid In FRHX-01 Cold Cut VaCuum Chameer in Vacuum Chamber Out
Vapour Fraction 1.0000 1.0000 1.0000 1.0000
Temperature i<l zapz 720 2005 SE3.E
Pressurs [oar_q) 165 11.65 1155 11.40 *
Mass Flow [gs) 46992003 4902003 46996003 46006003
Mass Density {kgim3) 1453 7794 8.976 4882
Mass Enthalpy [L4%T) 5.560 262 2 1645 10,1
Mass Entrooy (RJKG-C 4516 5175 5002 5635
Mama RH*-01 Hok In RHX-01 Hot Out Comg In £
Wapour Fraction 1.0000 1.0000 1.0000 1.0000
Temperature i<l |02 133.5 2076 2071
Pressurs [oar_g) 1140 11.34" 1123 1122
Mass Flow [gs) 46992003 4902003 46998003 * 46006003
Mass Density {kgim3) £.373 10.21 14.11 14.11
Mass Enthalpy [kikg) |z 1125 7.503 -7.852
Mass Entrogy {kJkg-C) 5380 4EEE 4532 4522
Hame Chilier In Chiller Cut CWS-04 CWR-0
Vapour Fraction 0.0000 0.0000 [.0000 L.O000
Temperature [cl 1818 4T1E 5.447 17.92
Pressurs [oar_g) 4197 4093 3780 3500
Mass Flow [gs) 1.2322-002 1.232e-002 1.237e-002 1.232e-002
Mass Density {kgim3) 1063 1074 1073 1054
Mass Enthalpy [EAkg) -1.2802+004 -1.2452+0D4 12448004 12402004

42| mass Entrogy (RJKg-C) 0.77ES 06114 06207 L7757

42| Mama CWR-DS CWR-03 CWR-2 CWs-03

41| vapour Fraction 0.0000 0.0000 [.0D00 [.0000

45| Temperaturs i<l 18.11 13.02 1792 4056

45| Pressurs [oar_g) 4197 1863 3520 4126

47| wass Fiow [gs) 1.2322-002 1.23%e-002 1.237e-002 1.232e-002

42| Mass Density {kgim3} 1063 1064 1054 1074

42| mass Enthalpy [L4%g) -1.280e+004 -1.2808+004 124082004 124482004

o] Mass Entrogy {kJKg-C) 0.77E0 0.7758 L7757 L6145

z1] Hame CWS-06 13 14 15

2| wapour Fraction 0.0000 1.0000 1.0000 1.0000

s3] Temperature i<l 6041 2413 2210 2210

1] pressurs [oar_g) 37ER 11.65 1155 11.55

2z | Mass Flow kgis) 1.2322-002 4.£90=003 4.600e-003 4 500e003

5| wass Density {kgim3) 10732 1443 1453 14.53

57| Mass Enthalpy [&Xkg] -1.2842+004 -4.397 -5.486 £.486

=x| mass Entrogy (RJkg-C) 06282 4524 4516 4516

=2

=2

=]

=2
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Workbook: Case (Main) (continued)
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Lczrized oc UNIVEREITY OF IDAHD

Material Streams (continued) Fluid Plig: All
Name 16 Comg Cut 43 Heat Fipe Condensor
Wapour Fraction 1.0000 1.0000 1000 00000 *
Temperature ) .71 24.60 2413 650.0
Pressurs [oar q) 11.22 11.65" 1165 09475
=] Mass Flow [kgis) 4.69%-003 4 695003 4609003 4. 566e-004
Mass Densly (kgim3) 1411 14.40 14.43 7906
17§ Mass Emthalpy L] -T.B52 -3.6831 -2.327 -5902
15] Mass Enirogy (kLKg-C) 4523 4.525 4524 5339
12] Hame CWs1 cwso2 CWR-04 CWs0s
0] Wapour Fraction 0.0000 0.0000 00000 00000
21) Temperature <) 4718 4.566 18.11 6.041
Z2) Pressura [oar_g) 4126 4126 4.197 3.7859
Z3] Mass Flow [kgis) 1.232a-002 1232002 1.232e-0i02 1.232e-002
24| Mass Densly (kgim3) 1074 1074 1053 1073
|25 Mass Enthalpy [EAkg) -1.2452+004 -1.2442+004 -1.240e+004 -1.244e=004
|25 Mass Entrooy (kLkg-C) 0.6114 0.6145 07730 05282
z7] Mame Heat Pipe Evaporaion
=) Wapour Fraction 1.0000 *
za] Temperature ) B50L0 "
:0] Pressura [oar_g) -1.0475
31] mass Flow W) 4. 566a-004
3z| Mass Densly (kgim3) 1.97 2e-002
33] Mass Enthalpy [E4kg) -1791
34| Mass Enirogy (kLKg-C) 5321
E Compositions Fluid Pg: All
i) Hame HE-01 Hot In CWR CWS HE-01 Hot Out
2z ) Master Comp Mass Frac (Mirogen) 1.0000 * - 1.0000
2] Master Como Mass Frac (EGHcal) 0.4073 04073
40) Master Comp Mass Frac (H2O) - 0.5827 D597
41) Master Comp Mass Frac (Sodlum®™) o o
42 Hame RHX-01 Coid In RHX-01 Cold Out Wacuum Chamber in Wacuum Chamber Cut
43 ) Master Comp Mass Frac (Mirogen) 1.0000 1.0000 1.0000 1.0000
44| Master Comp Mass Frac (EGHCol)
45 ) Master Comp Mass Frac (H20) - -
45 ) Master Comp Mass Frac (Sodium®) o o
47] Hame RHX-I1 Hot In RHX-01 Hot Cat Comg In B
42 Master Comp Mass Frac (Mitrogen] 1.0000 1.0000 1.0000 * 1.0000
42 Master Comp Mass Frac (EGHCol) - -
o] Master Comp Mass Frac (H20) - - . "
z1) Master Comp Mass Frac (Sodium*™) o o
2] Hame Chiller in Chiller Qut CWS-D2 CWR-I1
23] Master Comp Mass Frac (Mirogen) - -
41 Master Comp Mass Frac (EGHycol) 0.4073 " 0.4073 DA073 04073
5] Master Comp Mass Frac (H2O) 0.5827 ° 0.5527 ey DL5%aT
25 ) Master Comp Mass Frac (Sodium®™) o o
E7T) Hame CWR-OS CWR-02 CWR-02 CwWs03
23] Master Comp Mass Frac (Mitrogen) - - . "
23] Master Comp Mass Frac (EGHycol) 0.4073 0.4073 DA073 04073
50) Master Comp Mass Frac (H20) 0.5827 0.5827 05927 05827
51) Master Comp Mass Frac iSodium”) o o
=
= Sapsn LSS NSricn s L s ol
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=

[ Workbook: Case (Main) (continued)

B

El

m Compositions {continued) Fluid Pig: All

11] Hame CW5-06 13 14 15

12] Master Comp Mass Frac (| Nitrogen) 1.0000 1.0000 1.0000

13 ] Master Comp Mass Frac (EGiycol) 04073

14 ] Master Comp Mass Frac (H20 .52y

15| Master Comp Mass Frac (Sodlum®™)
Hame 18 Comg Cut 42 Heat Pipe Evaporaion
Master Comp Mass Frac (Nitrogen) 1.0000 1.0000 1.0000
Master Comp Mass Frac (EGHycol)
Master Comp Mass Frac (H20)

20 ) Master Comp Mass Frac (Sodlum™) 1.0000 *

Z1] Hame Hedt Pipe Condensor CWs-D1 CWS-02 CWR-D4

22 ] Master Comp Mass Frac (Nitrogen)

3| Master Comp Mass Frac (EGHycal) 0.4073 04073 0L4073

24| Master Comp Mass Frac (H20) 0.5827 o.seay 0.55827

5| Master Comp Mass Frac (Sodlum™) 1.0000

Z5 ] Hame CWS05

27| Master Comp Mass Frac {Nitrogen)

22| Master Comp Mass Frac (EGHycol) 04073

zz| Master Comp Mass Frac (H2O) 0.5827

30 ) Master Comp Mass Frac (Sodlum™)

% Energy Streams Fluid Pig: All

i3] Hame PIPERHX-01 Coid Out Hd PIPE-RHX-01 HotIn Heat| PIPE-RHX-01 Hot Cut Heg  PIPE-HV-03 Heat

] Heat Flow (W) 0.3652 1.075 E.453e{02 1.016e-002

3| Hame PIPEHX-01 Hot Heat PIPESH-02 Heal Comg Power Chilier Dty

3] Heal Flow (W) -3.5222-003 -1.572=004 1.567e-002 0.5853

37| Hame FIPE-CWS-06 Heat PIFE-CWS-03 Heat PIFE-CWR-0Z Heat FIPE-CWS-Heat

zz] Heatl Flow (W) -2.723=-002 -2.087e002 -4.301e-003 -5.177e-003

za] Hame PIPE-CWR-D5 Heat PIPE-HV-01 Heat PIPE-Comp Heat Chilier Pump Powed

40] Heat Flow (W) -2.043=-003 3.833=004 2.313e003 5.050e-00s

41] Hame Blecirnic Heater Power PIPE-CWE01 Heat PIPE-CWR-02 Heat PIPE-CW-5-04 Heat

42]) Heat Flow (W) 2.000 -1.07E=-002 -4.169e-003 -2.565e-002

:4—5 Heaters Fluid Plig: All

45 ] Hame Blecinc Heaters

1| ouTy [EW) 2.000

47| Feed Temperature i<l B50.0

42] Product Temperature (L] 6500 *

% Coolars Fluid Pkg: All

z1] Hame Chiller

2| puTY [EW) 05863

2| Feed Temperature i<l 18.16

1] Product Temperature [c) 4T1E

=
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Lcerzed boc UNIERETY OF IDAHD

= CaseMame:  detalled Ini test bed 2kw n2 v hse

2 | .~ UNIVERSITY OF IDAHO

= ] vaspentech  sedomma Urit Set MAGNET

4 usa

? DateTime: Wied Jun 03 14:35:50 2020

=

i Workbook: Case (Main) (continued)

B

B

m Heat Exchangers Fluid Pg: All
111 Hame RHX-A Chiller HX-01 Wacuum Chamber

12| Daty L] 1263 0.4B44 2.000

13) Tube Side Fesd Mass Flow [kgis) 4.699-003 46952003 4.565e-004

14) Shell Sige Fesd Mass Flow (L] 4.699-003 1233002 ° 4.559e-003

15] Tube Iniet Temperature ) 0.2 116.7 G50.0

15] Tube Cutlet Temperatura € 1335 " 20.00 " §50.0

17§ Shell Iniet Temperature [C) 2202 E.BET - 200.5

12 ) Shell Outiet Temperatune <) 2720 17.78 SE3.5"

128 LMTD <) 1100 4276 153.9

o) UA W) 11.45 11.33 10,05

z1] Minimum Approach € 108.2 13.33 56.54

22_5 Pumps Fluid Pg: All
241 Hame Chiller Pump

I3 ) Power (W) 5.050e-005

25 ) Feed Pressure [oar q) 4.093

27| Product Pressure [oar_g) 4.126

22| Product Temperature € 4T1B

2] Amabatic EMciency (3] 75.00

30 ) Pressure Rato 1.006

31] Mass Fiow (k5] 1.232e-002

% Compressors Fluid Pg: All
34| Mame Comp-D1

35| Power L] 1.857e-002

3| Feed Pressure [oar_g) 11.23

37T} Product Pressura [oar q) 11.65 "

3z] Product Temperature ic) 24.60

33| Feed Temperature € .76

10| Amabatic Emdency 75"

41] Pressurs Rato 1.035

42| Mass Flow [kg's) 4.599e-003 *

% Expanders Fluid Plg: All
5] Name

45 ) Power L]

47| Feed Pressure [oar g

42) Product Pressurs [oar q)

431 Product Temperature €]

zo] Feed Temperature €

=1] Adlabatic EMciency

:ZT Fipe Segments Fluid Pg: All
4] Hame PIPE-Coid Out-RHX-01 tn| PIPE-Hot In-Vacum Cham| PIFE-Hot Cut-RHX-0110 H  PIPE-HWV-IE to HV-I1
5] Feed Temperaiure <) 2720 5335 133.5" 2413
5] Feed Pressure oar g 11.65 " 11.40 " 11.34 * 11.55
7] Product Temperature <) 200.8 3802 116.7 2210
2] Product Pressurs [oar_g) 11.65 11.40 11.34 11.65
23] Insulation Conduchytty [Wim-K ) 6.058e-002 * 7.E36e002 " S.36%e{02 " 4789002 "
[50) Inzulation Thickness [} 0.40E 0.105 LA016E LADHE
=1
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(Waspentech

UNIVERSITY OF IDAHO

Badiord, MA

USA

Casa Mame: detalled Inl test bed 2kw n2 v2 hsc
Unit Set: MAGMHET
DateMime: Wed Jun 03 14:35:50 2020

Workbook: Case (Main) (continued)

sz ',D‘Iu:- -x-l-ql-:n u:lhlwlwl-n

Ucenzad toc UNIVEREITY OF IDAHD

Fipe Segments (continued) Fluid Plg: All

Hame PIPE-HV2 to Comp PIPE-HX-AO1 to HV-02 PIPE-CWS-HW-001 fo Hvy PIPE-CWS-HV-DD3 to HXH
Feed Temperature <) 20.71 20.00 " 4.956 6.041
Feed Pressure [oar_q) 1122 11.22 4.126 3.7859

141 Product Temperature <l 20.76 20.71 5.447 6.667 °

15] Product Pressuns [oar_gj 1123 11.22 3.739 3.987 "

15| Insulation Conducivity [Wim=R) 4. 736002 - 4.784e002 - 3.244e002 * 3.252e-002 *

17| Insulation Thickness [mj) 0.1ME 0.1015 2.510e-002 3.510e-002

15] Hame PIPE-CWR-HX-01 to HV-I| PIPE-CWR-HW-004 fo Cut] PIPE-CWR-HWV-DIZ to Chil  PIPE-HV-I1 o RHX-01

13] Feed Temperature <) 17.7E 17.892 1B8.11 2210

0] Feed Pressure [oar_q) AT26 3.529 4197 11.65

21] Product Temperature <) 17.92 13.02 1B.16 2202

22| Product Pressura [oar_q) 3.529 3.B63 4197 11.65

23] Insulation Conduciyity [Wim=R) 3.328=-002 * 3.32%e-002 ° 3.330e-{02 " 4.783e-002 "

241 Insulabion Thickness [mj) 3.510=-002 3.610e-002 2.510e-002 LADE

3] Hame PIPE-Comp to HV-03 PIPE-CWS-Chiller to HV-I| PIPE-CWR-Dutside Wall iy PIPE-CWS-Dutside Wall iy

25| Feed Temperature <l 2460 4718 1802 5.447

27| Feed Pressure [oar_q) 11.65 " 4126 3.863 3.7859

z2] Product Temperature [C) 24.13 4566 18.11 6.041

za| Product Pressura [oar_q) 11.65 4126 4197 3.7859

30 Insulation Conduciyity [Wim=R) 4.506=-002 * 3.242e002 " 3.330e-{02 " 3.245e-002 "

31] Insulation Thickness [mj 0.10ME 3510002 3.810e-002 J.610e-002
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Appendix C: Aspen HYSYS Models for the Microreactor
AGile Non-nuclear Experimental Testbed PCU Units



Aspen HYSYS Process Model of Microreactor AGile Non-nuclear Experimental Testbed with PCU using Nitrogen Operating at
600°C and 250 kW of Heat Pipe Power

FIFE-CWS-HV-001
to Cutside Wall

L

—
CNS03 PIFE-CWS-02
Heat

HW-001
Cws-02

to HWV-001

—
PIPE-CW5-01 Heat

Cws-04

FIPE-CWS5S-04
Heat

FIPE-CWS-Cutside
Wall to HV-0032

Hest Pipes
-

— ——
Vacuum Vacuum
Chamber Vacuum Chamber
Out Chamber In

F

PIPE-Hot
In-Vacum
Chamber

PIFE-Cold
Out-RHX-01
to Vacuum

—
FIFE-RHX-01 o
RHX-01 Chamber

Hot In Heat
I —
PIPE-RH¥-01 Cold Cut Heat

RHX-01 Cold Out

Turbine Inlet

Hot In
—p—

Turbine Power

HV-003
=
Cws-06 cws Turkine — RHX-01

L

—
PIFE-CW5-08 Heat

R CWS-05 l FIFE-CWS-HV-003

Chiller PIPE-Hot
HX-01 Cut-RHX-01
to HX-01

CWS-01 FIFE-CWR-HX-01 —— -— e
to HV-004 Hi-01 Hot Out H-01 Hat In RHX-01
RHX-01 Cold In
T S— - | ot St
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Fump CHE[ vans Elﬁ%ﬂm{-n: PIPE-HV-01
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Chiller Cut " —
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o - —
Chiller Duty FIFE-HX-01 Hot Heat
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FIPE-HX-01
Chiller Hest to HV-02
Chiller In FIFE-CWR-HV-004 Hv-01
to Cutside Wall i a8
14
FIPE-CWR-HV-002 ]‘ PIPE-HV-02 Heat
to Chiller CWR-D3 Hv02
FIFE-Com PIPE-HV-03
Hest P to HW-01
FIFE-CWR-D5 Heat FIFE-CWR-02
Hest ——————
PIPE-HV-03 Hest
~ &
CWR-D5 & 03
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Wall to HV-002 - p
- Compln Comp Cut 4 13
- PIPE 02 PIPE-Comp
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Ucersed boc UNIVEREITY OF IDAHD

= CaseMame:  setalled Ini fest bed 250kw n2 PCU Pressures.nss

H z UNIVERSITY OF IDAHO

] Waspentech  sedom ma unit Set: MAGNET

A usA

1 DateTime: Wed Jun 03 14:36:48 2020

L

L Workbook: Case (Main)

-]

El

m Material Streams Fluid Plg: All
1] Hame H%-01 Het In CWR oWS H=-01 Hot Oul

12| Temperature i<l 772 17.78 6.647 * 20.00 *
12| Pressure o3 _g) 5214 3.726 3887 5.100
12| Mass Fiow i) 0.8187 5.B55 5855 08187
15| Mass Density {kgim3)| 3604 1068 1077 7.047
15| Mass Enthaipy [E4kg) 268.1 -1.2078+004 -1.21De+004 £.919
17| Mass Entrogy (kJkG-C) 5.397 0.5631 D.4232 4.730
15| Mame RHX-01 Coid In RHX-D1 Cokd Cut Vacuum Chamber in Vacuum Cramber out
13| Temperature il 1257 3287 328.0 BO0.C °
0] eressurs o3 _g) 11.76 11.67 1185 11.40 *
21] wass Fiow s 05187 08157 08187 D.A187
2] mass Denstty {kgim3) 10.77 T.066 7.056 4.770
23] wass Enthalpy [E.4%g) 1040 324.4 3236 £25.0
24| mass Entrogy (kJkg-C) 4.835 5.283 5.282 5.707
2| Mame RH-01 Hot In RHX-01 Hot Cut Comg In B

25| Temperature cl 4TEE 75" 19.39 19,94
7| Pressure (o3 g) 5.457 - 5.22E - 4513 4.532
5] mass Fiow gis] 0.8187 0.8187 0.5187 - D.8187
2] wass Density {kgim3)| 2515 3511 5.436 £.738
20| Mass Enthaipy [E4kg) 4358 265.4 5895 £.903
31| Mass Entrogy (kJkG-C) 5.726 5337 4755 4.744
2| Mame Chiler In Chiller Cut CWR-01 CWRS

32| Temperature il 17.76 B.B5E 1778 17.76
1| Pressurs o3 _g) 331 3.734 3.508 3.832
3| Mass Flow s 5.655 5.B55 5.855 5.855
35| wmass Density {kgim3) 1068 1077 1058 1058
7 | Mass Eninalpy [E.4%g] -1.2072+004 -1.2102+004 -1.207e+004 -1.207e+004
35| Mass Entrogy (kJkg-C) 0.5631 0.4281 0.5631 0.5631
3| Mame CWR-03 CWR-02 cWs2 cwWs-02

o] Temperature i<l 17.76 17.78 5.651 6.651
1] Pressure (o3 g) a.502 3.507 4174 4172
2] mass Fiow gis] 5.855 5.B55 5.855 5.855
3] wass Density {kgim3)| 1068 1068 1077 1077
2] mass Enthaipy [E4kg) -1.2078+004 -1.2078+004 -1.21De+004 -1.210e+004
5] wass Entrogy (kJkg-C] 0.5631 0.5631 04231 D.4281
4] Mame CWS-06 13 14 15

47| Temperatre il E.EES 126.6 125.7 1257
42| oressurs [mar g) 3.624 11.94 11.78 11.77
22| mass Fiow s 5.B55 08157 08187 D.a187
so] mass Densty {kgim3) 077 10.90 1078 10.78
51] wmass Enthalpy [Ekg) -1.2102+004 105.0 104.1 104.1
2| mass Entrogy (kJkg-C) 04282 4833 4834 4.835
2] Mame 16 Comg Cut 4 Turbine Inied

1] Temperature i<l 19.94 126.8 126.6 5%6.3
5] Pressurs (o3 g) 4622 12.20° 1135 11.35
s5] mass Fiow gis] 0.8187 0.8187 08187 D.8187
7] wass Density {kgim3)| E.727 1111 10.30 4.763
55| mass Enthaipy [E4kg) -£.903 105.1 105.0 627.0
52| wass Entrogy (kJkg-C) 4744 4.827 4533 5.706
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(Waspentech

UNIVERSITY OF IDAHO
Badiond, MA
USA

Case Name: detalled Inl test bed 250kw n2 PCU Pressures hec
Unit Set: MAGMET
DateTime: Wed Jun 03 14:38:48 2020

Workbook: Case (Main) (continued)

alz ',D‘Iu:- -x-l-ql-:n u:l-hlu-lwl-n

Uczrized toc UNIVEREITY OF IDAHD

Material Streams (continued) Fluid Flg: Al

Hame CWs1 CWs-05 CWR-04 CwWE04

Tamperature [€) 6661 6.665 17.78 £.563
13| Pressure [oar_g) 4175 3.B25 3833 3590
141 Mass Flow (L] S.ESS S.B55 5.855 5.855
15| Mass Density (kgim3) 1077 1077 1068 1077
15] Mass Emthalpy L] -1.210=+004 -1.210=+004 -1.207e+004 -1.210e+004
17] Mass Enirogy (kLkg-C) 04381 04362 05631 [.4287
% Compositions Fluid Plg: All
0| Hame HE-01 Hot In CWR CWS HE-01 Hot Out
21] Master Comp Mass Frac (Nirogen) 1.0000 ° 1.0000
2] Master Comp Mass Frac (EGHycol) 0.4461 D.2451
23| Master Comp Mass Frac (H20) 0.5538 05539
24| Hame RHX-I1 Coid In RHX-01 Cold Out Wacuum Chamber in Wacuum Chamber Cut
251 Master Comp Mass Frac (Mitrogen] 1.0000 1.0000 1.0000 1.0000
|25 Master Comp Mass Frac (EGHCol)
27| Master Comp Mass Frac (H2O)
22| Mame FRHX-01 Hot In RHX-01 Hot Cut Comg In &
za]| Master Comp Mass Frac (Nirogen) 1.0000 1.0000 1.0000 * 1.0000
0] Master Comp Mass Frac (EGHycol)
31] Master Comp Mass Frac (H20)
2] Hame Chiller in Chiller Qut CWS-D2 CWR-I1
23] Master Comp Mass Frac (Nirogen)
3| Master Comp Mass Frac (EGHycol) 0.4451 ° 0.4461 D.2451 D.2451
3] Master Comp Mass Frac (H20) 0.5538 ° 0.5533 05539 05539
3] Hame CWR-05 CWR-02 CWR-02 Cws02
|37] Master Comp Mass Frac (Nitrogen]
zz| Master Comp Mass Frac (EGHycol) 0.4451 0.4461 D.2451 D.2451
32| Master Comp Mass Frag (H2O) 0.5535 0.5539 05539 05535
40] Hame CWS03 CWs-05 13 12
41] Master Comp Mass Frac (Nirogen) 1.0000 1.0000
42| Master Comp Mass Frac (EGHycol) 04481 0.4481 o o
43] Master Comp Mass Frac (H2O) 0.5538 0.5533
441 Hame 15 16 Comp Cut 4
45] Master Comp Mass Frac (Nirogen) 1.0000 1.0000 1.0000 1.0000
45) Master Comp Mass Frac (EGHycol)
47| Master Comp Mass Frag (H2O)
42 Hame Turbing Inket WS- CWS-05 CWR-I4
421 Master Comp Mass Frac (Nitrogen] 1.0000
zo] Master Comp Mass Frac (EGHycol) 0.4481 04451 [.4487
1] Master Comp Mass Frac (H2O) 0.5533 05539 05539
;2_5 Energy Streams Fluid Plg: All
4] Hame Heat Plpes PIPE-RHX-01 Cold Cut Hg PIPE-RHX-01 Hotn Heat| PIPE-RHX-01 Hot Out Hag
23] Heal Flow [K¥) 250.0 0.6111 1.620 02557
2] Mame PIPE-HV3 Heat PIPEHX-01 Hot Heat PIPEHV-02 Heat Comp Power
7] Heal Flow (KW 0.7Te72 -5.6891e003 -£.973e-004 91.71
2] Name Chiller Duty PIPE-CWS-DE Heat PIPE-CWS-3 Heat PIPE-CWR-2 Heat
23] HealFlow (KW 2256 -2.582=002 -2.002e-002 -5.124e-003
0] Hame PIPE-CWR Heat PIPE-CWR-0S Heat PIPE-CWS-01 Heat PIPE-HWV-I1 Heat
1] Heat Flow AN -5.902=-003 -1. 147002 -1.032e-002 5.73e003
=
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Ucersed boc UNIVEREITY OF IDAHD

KN Casa Name: detallied Ini test bed 250kw n2 PCU Pressines had

| = ] o UNNERSITY OF IDAHD

] Waspentech  seoror, ma unit Set MAGNET

4 usa

? DateTime: Wied Jun 03 14:36:48 2020

=

ka Workbook: Case (Main) (continued)

B

Bl

m Energy Streams (continued) Fluid Plg: All
11] Hame PIPE-Comp Heat Turaine Power Chiller Pusmp Powear PIPE-CWS-04 Heat

12] Heat Flow (W) 9.240=-002 113.1 03138 -2.605e-002
13] Hame PIPE-CWR-03 Heat

14 ] Heat Flow (W -2.230=-002

:—: Heaters Fluid Pg: Al
17] Hame Vacuum Chamiber

12| DUTY [EW) 250.0

12| Faed Temperature i<l 328.0

20 Product Temperature [c) £00.0

Z1] Mass Flow kgis) 0.8187

22_5 Coolers Fluid Plg: All
4] Hame Chiller

5] DUTY L] 2256

25 ] Feed Temperaiure <] 17.7E

27| Product Temperature ic) £.658

22| Mass Flow [kgs) SB35

ﬁ Heat Exchangers Fluid Plg: All
3] Hame RHX-01 Chillier Hx-01

12| Duty [EW) 180.4 2253

23] Tube Side Feed Mass Flow [kg's) 0.8187 0.8187

3] Shell Sige Fead Mass Flow [kgis) 0.8187 S.B55 "

32| Tube Inlet Temperature ic) 4TEE 772

35| Tube Cutiet Temparaturs [c) I 20.00

37 ] Shell Iniet Temperature <] 1257 E.BET "

zz] Shell Ouwtiet Temperatune <) 3287 17.78

z3] LMTD <) 1409 E3.5E

an] UA WIC) 1202 2604

41] Minimum Approach [c) 147.9 13.33

:ZT Pumps Fluid Plg: All
44 ] Hame Chiller Pump

15| Power [EW) 03128

45| Feed Pressure bar_g) 3734

47| Product Pressure bar_g) 4175

42] Product Temperature <] E.BE1

43 ) Feed Temperaiure <] E.ESE

o] Amabatic EMdency %) 75.00

1] Pressure Rato 1.083

2| Mass Flow [kgs) SB35
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Uczrized toc UNIVEREITY OF IDAHD

L Case Mame: detalled Ini test bed 250kw n2 PCU PressUres.nec

H x UNIVERSITY OF IDAHO

] Waspentech  sedorma Unit Set MAGNET

4 usa

=1 DaterTime: Wt Jun 03 14:36:48 2020

=

i Workbook: Case (Main) (continued)

-]

L]

m Compressors Fluid Plig: All
1] Hame comp01

12| Power ] 9171

12| Faed Pressure [oar_q) 4613

14| Product Pressurs [oar q) 12.20 -

15| Product Temperature =] 126.6

12| Faed Temperature (<l 13.55

17] Amabatic Emciency 75"

1] Pressune Ralo 2348

12] mass Fiow s 05187 "

% Expanders Fluid Plg: All
2] Mame Turtine

23] Power W) 1131

22| Feed Pressure [oar_q) 11.35

2:]| Proguct Pressure [oar q) 5.457

2| Proguct Temperature i3] 4766

27| Feed Tempersture (<l 5383

22| Amatatic Emcisnay vl

2] mass Fiow s 05187

% Fipe Segments Fluid Plg: All
2| Mame FIPE-Coid Qut-RHX-01 t0|  PIPE-Hot In-Vacum cham| PIPE-Hot Cutb-REX-01 to | PIPE-HV-03 to HW-01

32| Faed Temperature (<l 3287 £00.0 - Iis" 126.6
3| Feed Pressure oar_qg) 11.67 ° 11.40° 528" 11.34
32| Product Temperaturs (<l 328.0 5363 ] 1257
32| Product Pressurs [oar_q) 11.65 11.35 5214 11.78
37| Insulation Conductiity [Wim-K ] £.6342-002 5.4382-002 £.313e-002 * 53552002
32| Insuiation Thiciness [m) 0106 0.1015 01016 01016
32| Mame FIPE-HV-02 to Comp PIPE-HX-01 fo Hv-02 PIPE-CWS-HW-103 fo HX-|  PIPE-CWR-HX-1 to Hv-J
1] Feed Tempersture (<l 13.84 20.00 - 6.665 17.78
11] Feed Pressure [oar_q) 4622 5.100 3.524 3.726
42] Product Temperature [C) 19.88 19.94 6.667 " 17.78
4] Proguct Pressure [oar_q) 4613 4,832 3.987 " 3.508
44| insulation Conaductivity [Wim-K] 47812002 47820002 3.254e-002 3.328e002
45 ] insulation Thiciness [m) 0106 0.1015 3.910e-002 3.510e002
4] mame FIPE-CWR-HW-102 fo Chll PIPE-CWS-Chiller to HV-0|  PIPE-HV-01 fo RHX-01 PIPE-Comp fo HV-02

47| Feed Temperature (< 17.78 6651 125.7 126.8
42| Foed Pressure [oar q) 3.632 4175 137 12.20 -
42| Proguct Temperaturs i3] 17.78 6651 125.7 126.6
=0] Product Pressuns [oar qg) 3831 4.174 11.76 11.895
z1] insulation conductivty [Wim-K] 3.3282-002 32542002 - 5.352e-002 * 5.358e-002
z2] insulation Thiciness [m) 3.5102-002 3.5102-002 01016 01016
23] Hame FIPE-CWS-HV-001 fo Cat|  PIPE-CWS-Cutsige Wall f]  PIPE-CWR-HV-004 to Oul{  PIPE-CWR-Cuiside Wall |
22| Feed Temperature (<l 6661 6.663 17.78 17.78
2] Feed Pressure [oar_q) 4172 3.625 3.507 3.503
zz] Proguct Temperaturs (<l 6.663 £.665 17.78 17.78
z7] Product Pressure [oar_q) 3.625 3.625 3.503 3.833
5] Insulation Conductytty W= 3.254e-002 " 3254002 " J.328e-002 " J.325e-002 "
22| insulation Thiciness [m) 3.5102-002 3.5102-002 3.910e-002 3.510e002
=
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LUpzrised hoc UNIVEREITY OF IDAHD

L Case Mame: oetalled I 125t bed 250 kw He PCL Pressures nse

2 | ’ UNIVERSITY OF IDAHO

E &ga speni:ech Badiond, MA unit Set: MAGNET

4 Usa

<] DateTime: Wed Jun 03 14:41:37 2020

=

i Workbook: Case (Main)

-]

L]

m Material Streams Fluid Plg: All
11] Hame HE-01 Hot In CWR CWS HiR-1 Hok Out

1z] Temperature ic1 ZEE 17.78 6.567 ° 2000
12| Pressurs mar g 5.567 3726 3087 5.454
14| Mass Flow [ks] 0.1543 5.308 5.398 " L1543
15| Mass Density {kgim3] 05351 1068 077 1.052
15| Mass Enthalpy kg 1042 -1.2072+004 -1.2108+004 26,44
17| Mass Entroay (kLKD-C 19.50 0.5631 [.4282 17.07
1] Mame RH-I Cold In RHX-01 Cold Cut Wacuum Chamber In Vactum Chamber Cut
i3] Temperature ic1 148.7 353.1 324 6000 °
zu]| Pressurs mar g 11.73 1166 1165 11.40 *
21] Mass Flow [ks] 01543 0.1543 01543 L1543
22| Mass Density (kgim3} 1.450 09738 [.a741 (6641
23| Mass Enthalpy kg B47.5 1705 71 2088
24| mass Enirooy (kLKD-C 17.57 19.62 1561 21.39
2| Name RH-I1 Hot In RH¥-01 Hot Cut Comg In E

2| Temperaiure i1 4293 58 2001 2001
7| Pressurs mar g 5737 " 5.572 5.271 5.350
2z ] Mass Fiow [ks] 01543 0.1543 [.1943 - L1543
2] Mass Density (kgim3} 0.4626 0.6353 1.032 1.045
] Mass Enthalpy kg 2100 1043 2639 26,40
1] Mass Entroay (kLKD-C 21.52 19.50 17.13 17.11
2] Mame Chiller In Chiller Cut CIvS-04 CWR-I

] Temperature ic1 17.78 E.658 6.563 17.78
2| Pressure mar_g) 3832 3736 3523 3511
x| Mass Flow [ks] 5.398 5.308 5.398 5.398
3| Mass Density (kgim3) 1066 1077 1077 1068
37| Mass Eninalpy [4kg] -1.2072+004 -1.2102+004 -1.2108+004 -1.207e=004
3| Mass Enroay (kLKD-C 0.5631 0.4281 [.4282 [.5631
2] Mame CWR-DS CWR-13 CWWR-0Z CWS-12

so] Temperaiure ic1 17.78 17.78 17.78 6.651
41] Pressurs [oar_qgj) 3634 3.507 3.510 4.167
2] Mass Flow [ks] 5.398 5.308 5.398 5.398
33| Mass Density (kgim3) 1066 1066 1056 1077
4] Mass Enthalpy kg -1.2072+004 -1.2072+004 -1.207e+004 -1.210e2004
12| Mass Enirogy (klKD-C) 0.5631 0.5631 [.5631 L4281
4] name CWS-03 CWS-D5 13 14

47| Temperaiure ic1 6661 E.665 150.7 1498
42| Pressurs [oar g 4.165 3.B1E 11.81 11.74
22| Mass Flow [is] 5.398 5.308 [.1543 L1543
zn] Mass Density (kgim3) 1077 1077 1.456 1.451
z1] Mass Enthalpy kg -1.2102+004 -1.2102+004 6528 6475
2| Mass Enirooy (klKD-C) 04381 04252 17.57 17.57
s:] name 15 16 Comp Cut 4z

24| Temperaiure ic1 1456 20.01 150.8 150.7
s:| Pressurs mar_g) 11.73 5.347 1192 11.81
22| Mass Flow [ks] 01543 0.1543 01543 L1543
=7 Mass Density (kgim3) 1.450 1044 1.468 1.456
22| Mass Enthalpy kg 475 -25.40 653.4 6525
2| Mass Emrogy (klKD-C) 17.57 17.11 1755 17.57
E
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Case Name: detalled Inl test bed 250 kw He PCLU Pressures.nsc
Unit Set: MAGMET
DateTime: Wed Jun 03 14:41:37 2020

Workbook: Case (Main) (continued)

F B ',D‘Iu:- -x-l-ql-:n u:lhlwlwl-n

Uczrized toc UNIVEREITY OF IDAHD

Material Streams (continued) Fluid Flg: Al

Hame CWs1 Turiing In CWR-04 CWE0s

Temperature ic) 6.661 596.4 17.76 6.565
13] Pressura [oar_g) 4168 11.38 3.835 3.820
141 Mass Flow (L] S.39E 0.15843 5.398 5.398
15] Mass Density (kgim3) 1077 1.6643 10658 1077
15] Mass Emthalpy L] -1.210=+004 2550 -1.207e+004 -1.210e+004
17] Mass Enirogy (kLkg-C) 04381 .36 05631 [.4287
% Compositions Fluid Plg: All
0] Hame HX-01 HotIn CWR CW3S HX-01 Hot Oul
21] Master Comp Mass Frac (Hellum) 1.0000 1.0000
2] Master Comp Mass Frac (EGHycol) 0.4461 D.2451
22| Master Comp Mass Frac (H20) o 0.5538 05539 o
24| Hame RHX-I1 Coid In RHX-01 Cold Out Wacuum Chamber in Wacuum Chamber Cut
|25] Master Comp Mass Frac (Hellum) 1.0000 1.0000 1.0000 1.0000
|25 Master Comp Mass Frac (EGHCol)
27| Master Comp Mass Frac (H2O)
22| Mame FRHX-01 Hot In RHX-01 Hot Cut Comg In &
za]| Master Comp Mass Frac (Hellum) 1.0000 1.0000 1.0000 * 1.0000
0] Master Comp Mass Frac (EGHycol)
31] Master Comp Mass Frac (H20)
2] Hame Chiller in Chiller Qut CWS-D2 CWR-I1
23] Master Comp Mass Frac (Heallum)
3| Master Comp Mass Frac (EGHycol) 0.4451 ° 0.4461 D.2451 D.2451
3] Master Comp Mass Frac (H20) 0.5538 ° 0.5533 05539 05539
] Hame CWR-05 CWR-02 CWR-02 CwE02
|37] Master Comp Mass Frac (Hellum)
zz| Master Comp Mass Frac (EGHycol) 0.4451 0.4461 D.2451 D.2451
22] Master Comp Mass Frac (H20) 0.5538 0.5538 05539 05539
40] Hame CWS03 CWs-05 13 12
41] Master Comp Mass Frac (Hellum) 1.0000 1.0000
42) Master Comp Mass Frac (EGHycol) 0.4451 0.4461
43] Master Comp Mass Frac (H2O) 0.5538 0.5533
441 Hame 15 16 Comg Cut 4-2
45) Master Comp Mass Frac (Hellum) 1.0000 1.0000 1.0000 1.0000
45) Master Comp Mass Frac (EGHycol)
47| Master Comp Mass Frac (H20)
42 Hame CWs- Turiine In CWR-04 CWE05
42] Master Comp Mass Frac (Hellum) 1.0000
0] Master Comp Mass Frac (EGHycol) 0.4451 D.2451 D.2451
1] Master Comp Mass Frac (H2O) 0.5538 05539 05539
:2-5 Energy Streams Fluid Plg: Al
4] Hame Heat Plpes PIPE-RHX-01 Cold Cut Hg PIPE-RHX-01 Hotn Heat| PIPE-RHX-01 Hot Out Hag
2] HealFlow L 250.0 0.6737 1.622 01550
2] Mame PIPE-HV3 Heat PIPEHX-01 Hot Heat PIPEHV-02 Heat Comp Power
7] Heal Flow (KW 0.9656 -5.6552-003 -£.391e-004 1321
2] Hame Chiller Dy PIPE-CWSS Heat PIPE-CWS3 Heat PIPE-CWR-I2 Heat
23] HealFlow (KW 206.0 -2.B57e-002 -1.969e-002 -6.123e-003
0] Hame PIPE-CWR-Heat PIPE-CWR-0S Heat PIPE-CWS-01 Heat PIPE-HV-I1 Heat
1] Heat Flow AN -7.578=-003 -2.424=003 -1.032e-002 7.230e-003
=
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L Case Name: detalled Ini test bed 250 kw He PCLU Pressures.hsc

2 x UNIVERSITY OF IDAHD

EH &_;a spentech Badiond, MA Unit Set: MAGNET
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a DiateTime: Wed Jun 03 14:41:37 2020

=

ki Workbook: Case (Main) (continued)

B

% Energy Streams (continued) Fluid Flg: All
11] Hame PIFE-Comp Heat Chiller Pump Power Turoine Power PIPE-CWS-04 Heat

12) Heal Flow [E¥Y) 01162 0.2663 170.8 -2.605e-002
13| Hame PIPE-CWR-03 Heat

14| Heat Flow [ -1.0512-002

:_: Heaters Fluid Plg: All
17| Hame acuum Chamier

1z DUTY W) 250.0

13] Feed Temperature =] 3524

20| Product Temperature [C) 6000

21] Mass Flow [Wgis) 0.1543

;2_5 Coolers Fluid Plg: All
4] Mame Chiller

25] DUTY [ 208.0

26| Feed Temperature [C) 17.76

27| Product Temperature c) 6.656

22| Mass Flow [Rgis) 5396

ﬁ Heat Exchangers Fluid Plg: All
3] Hame RHX-1 Chiller HX-A01

32| Duty W) 205.4 2076

33| Tube Side Feed Mass Flow [Rgis) 0.1543 0.1343

34| Shell Side Fead Mass Flow kgis) 0.1543 5.308 "

32| Tube Inlet Temperature c) 4292 2256

3| Tube Cutiet Temperaturs c) 2258 " 20.00

37| sShell Iniet Temperature [C) 149.7 6.667

3z| Shell Outist Temperature c) 353.1 17.76

32| LMTD [C) 7611 62.01

s0] UA [WIC) 2695 3ME

41] Minimum Approach c) 76.08 13.33

12—5 Pumps Fluid Plg: All
4] Hame Chiller Pump

25| Power W) 0.2655

45| Feed Pressure [oar_q) 3736

47| Product Pressurs [oar_q) 4.166

42| Product Temperature [C) 6661

42| Feed Temperature [C) 6.656

0| Amabatic Emcency %] 75.00

z1] Pressunz Rato 1.091

zz]| Mass Flow [Wgis) 5.396

B
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Ucerzed oo UNIVEREITY OF IDAHD

L Casa Mame: detalled Inl test bed 250 kw He PCU Pressures.nsc

E e UNIVERSITY OF IDAHO
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=

i Workbook: Case (Main) (continued)

B

Bl

m Compressors Fluid Plg: All
11] Mame Comp-01

1z] Power &) 1321

13| Feed Pressure [oar_g) 5271

14] Product Pressuns [oar qj 11.82 °

15| Product Temperature ) 150LE

15] Feed Temperature ) 20.01

17| Adiabatic EMdancy 75"

12| Pressurs Rato 2058

13) Mass Flow L] 01543 "

% Expanders Fluid Plg: All
2] Hame Tuwbing

23] Power &) 1706

22| Feed Pressure [ar_q) 11.38

5] Product Pressuns [oar qj 5737 "

5] Product Temperatue ] 4293

27| Feed Temperature ) 5984

>z] Adiabatic EMdancy o -

za] Mass Flow k') 01043

% Fipe Segments Fluid Pig: All
32] MHame PIPE-Coid Oui-RHX-01 in| PIPE-Hot In-Vacum Cham| PIPE-Hot Cul-RHX-0110 H  PIPE-HW-03 to HWV-I1

33) Feed Temperaiure ) 3531 B00LD " 2358 " 150.7
3| Faeed Pressure [oar_g) 11.66 " 1140 a.572" 11.81
3] Product Temperature ) 3524 S36.4 225.6 149.8
3] Product Pressuns [oar_ag) 11.65 11.36 5.567 11.74
371 Insulation Conducvity [WAm-E) 5.7902-002 ° §.43%2-002 ° 5.993e-002 * 5.535e002 *
32| Insulation Thickness [} 0106 0.1015 D016 D016
3] Mame PIPE-HW-02 to Comp PIPE-HX-A01 i HV-02 PIPE-CWS-HV-003 o HX-| PIPE-CWR-HX-01 to HV-J
40 Feed Temperaiure ) 20.01 20.00 - 6.665 17.78
11] Feed Pressure [oar_g) 5.7 5.454 3818 3.726
42] Product Temperatue ) 20.01 20.01 6.667 " 17.78
43 ] Product Pressuns [oar_ag) 5271 5.350 3.987 " 3511
44 ] Insulation Conducivity [Wim-K) 4.782=-002 ° 4.782=-002 ° 3.258e-002 " 3.326e-002 "
45 ) Insulation Thickness [} 0106 0.1015 3.810e-002 3.610e-002
5] Hame PIPE-CWR-HW-002 io Chll  PIPE-CWS-Chiller to HV-0| PIPE-HV-01 io RHX-01 PIPE-Comp io HV-03

47| Feed Temperature 5] 17.78 E.E61 149.8 150.E
42] Feed Pressure [oar qj 3634 4.168 11.73 11.92 *
43] Product Temperatue ] 17.78 B.B61 143.7 150.7
zo| Product Pregsurs [oar_g) 3832 4167 11.73 11.81
=1] Insulation Conduciivity [Wim-K) 3.328=-002 - 32542002 - 5.535e-002 - 5.541e-002 -
2] Insulation Thickness [} 3.510=-002 3.510=-002 D016 D016
3] Hame PIPE-CWR-HW-004 10 Oul|  PIPE-CWR-Dutside Wall ) PIPE-CWS-HW-001 to Oul|  PIPE-CWS-Dutside Wail i
4] Feed Temperature ) 17.78 17.78 6.661 6.663
=53] Feed Pressure [oar_ag) 3510 3.507 41585 3.623
5] Product Temperature ) 17.78 17.78 6.663 6.665
=T] Product Pressuns [oar_ag) 3.507 3.635 3823 3.820
2] Insulation Conducivity [Wim-K) 3.328=-002 ° 3.326=-002 ° 3.258e-002 " 3254002 "
2] Insulation Thickness (] 3.510=-002 3.510=-002 3.810e-002 3.610e-002
=2
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Appendix D: Pipe Insulation Data Sheet

MAGNET Gas Pipe Insulation Data Sheet (Johns Manville, 2019)

THERMO-1200™

INDUSTRIAL INSULATION

THERMO-1200™

CALCIUM SILICATE PIPE & BLOCK INSULATION
DATA SHEET

Thermo-1200™ is a water resistant, Type | calcium silicate pipe and block insulation, designed for applications

that operate at temperatures up to 1200°F (650°C).

BENEFITS

Water Resistant*; Thormo-1200™ iz the only Morth American calcium
silicate insulation available that is water resistant. Tha insulation is
enginagred to withstand a heavy rainfall (1%” of rain’ hour) for up to

M minutes without absorbing more than 15% of its weight in watar.
This will allow contractors to install the insulation without immadiataly
applying the jacketing aftarward, offering more time and flaxibility in the
installation process than has traditionally baan availabla.

Inhibits Corrosion: A proprietary corrosion inhibitor, called

X0X Corrosion Inhibitor®, is integeal to the chemical makeup of
Thermo-1200™. X0X Corrosion Inhibitor helps protect against corrosion
under insulation (CUI) and makes Tharmo-1200™ one of the least
corrasive thermal insulations availabla.

Durable: Thermo-1200™ is a cementitious insulation with exceptional
compressive strangth (>100 psi/E90kPal, making it ideal for applications
whara machanical abusa is likely. Tha inarganic bindar will hold its
shapa and maintain the physical integrity of the insulation, aven past
450°F, tha point atwhich most organic bindars burn off.

Extended Life Cycle: When properly installed and maintained,
Thermo-1200's superior physical strangth and inorganic binders can
provide an insulation lifaspan of up to 25 years or more.

FEATURES

* Non-combustible, cemantitious insulation
* Temperature range: Ambient to 1200°F
+ Ashestos, lead, and mercury-frae

APPLICATIONS

In addition to watar resistance, Thermo-1200™ offers superior durability
and compressive strangth. This is couplad with high-temparature,
corrasien-inhibiting performance, making it ideal for the following
applications:
Pipa and Equipmant:

= Chemical Procassing

* Power Generation

* Petroleum Refining

QUALITY STATEMENT

Johns Manville industrial products are designed, manufacturad
and tested to strict quality standards in our own facilities.

This, along with third party auditing is your assurance that this
product delivers consistently high quality.

FIRE SAFETY

Surface Burning Charactaristics. Whan tested in accordance with
ASTM E84 and UL 723, Thermo-1200™ has flama spraad/smoke
davelopad ratings of 0/0.

Non-Combustible. When tested in accordance with ASTM E136 as
dafinad by NFPA 101.

150 9000 CERTIFICATION

Tharmo-1200™ iz manufacturad and testad in our own facilities under
implamantad Quality Managemant Systems which arg cartifiad to ba

in accordance with 150 3001quality standards. This certification, along
with regular, independent third-party awditing of our plant and records
for compliance, is your assurance that this product consistantly dalivers
high quality parformance.

PRODUCT CERTIFICATION

When ordering matarial to comply with any government specification
or any other listed spacification, a statemant of that fact must appear
on the purchase order. Govarnment regulations and other listad
specifications requira specific lot testing, and prohibit the certification
of compliance after shipmant has bean made. Thera may be additional
charges associated with specification compliance testing. Pleasa
refer to JM-IND-CSP-3for Cortification Procedures and Charges. Call
customer sarvice for mora information {1-800-066-2224).

*Themmg-1 200 water resistant caloinm siicale [s nof hydrephobic. Thiemmo-F200 ™ [s designed io be siie Io withsiand shorf perods of rainfal withoot sbsoriing waler 0 axcess. The volime of
water absorpiion sepends on Mg gurstion of expasure and ihe amoow! of rsinfsil The iesuistion ks not meant [0 withsiand exireme weslier conditions withour [soketing. Wile tis newwaler
restsian feafure can e helpil duving prvonged Teid instalalions, i (= revertfieiess recommended ihat an instalior wealrerproor and (2cket the thammal inswialion as soon as i (s feasibiy
[pos=siDie. Shouwk water enfer the systam, the comasion iNhiors wil st ScOvate o continue 1o help combat covrnsion at § chemical ieve( snd once the System reaches operstng lEmperaiures,

the water will vaporiss snd leave the systam

IMD- 203 ME18 [Replaces IND-300 052815



INDUSTRIAL INSULATION
THERMO-1200™
CALCIUM SILICATE PIPE & BLOCK INSULATION
DATA SHEET
THERMAL CONDUCTIVITY SPECIFICATION COMPLIANCE
Mean Temgerature O} -
. =1 00psi [EB0kPa
1 uz m s as sm ASTM C155 Comprassive Strangth by cll’jmpmssimj
o pase ASTM C203 Flawural Strength E0psi (450KkPa]
L e ASTM C302 Density {Dry) Average <15pcf | 240kg/m]
o5 . ) <2 0% after Mhr
5 - ASTM C358 Linear Shrinkage Suaking period at 1200°F (650°T)
E gz L
rl £ ASTM C421 Abrasion Resistance After the first 10min <20%
g™ ot F Weight Loss by Tumbling After the second 10min<40%
" o =——R5TM CE1E (Flat} ASTM CA4T Maximum Service ar i
Y T 1200°F {B50°C)
-} 5T C335 (Pie| L Temperature |
g . ASTM C523, Type | Matarial
ail Bihe : : Paszas
o 200 00 00 ana 00 SPECIﬁEaUDI'I
ASTM L5865 Comrosivity to Steel Passas
i Temperatre ) ASTIM CT95/CE71/CEO2 Corrasion: Passas
Mean T°F [ 100 [ 200 [ 200 | &0 | &0 [ 6w | w0 Austenitic Stainlass Stesl
Temperature EHEEEEEE I EERERED ASTM C1238 Fungi Resistant Paszzas
ASTMC33 | Blu=infheeff=F) | 344 | 305 | 407 | 486 | 5aO | GO0 | BA7 ASTM C1617 Comrosion Passaes (<01 Water]
Fipe] wiim *°C =0 | 066 | 063 | o0 [ mm | 0es | oe3 ASTM EB4 Surface Burning Fame Spread: 0
ASTMCEIE | Btu=inghre=t=F) | 355 | 373 | 397 | & | %5 | 606 | 580 Characteristics Emaoke Devalopad: 0
Ral) | wim="C g5 | o6t | oer | om2 | 067 | 073 | o6t ASTM E136 Non-Combustible Passes
* Thermo- 1200 Insulation is tested in accordance with ASTM CE18 and ASTM MNAC Reg. Guide 1.36 Passes
CIA MIL-1-34244 Paszas
MIL-1-2781 1 H0°F {850°C) Fassas
AVAILABLE FORMS & SIZES [Fipe] Military Specification
Insulation Forn: Round Suriaces Fipe Size (il Pipe Size imm) MIL-PRF-2819 Class 2 to 1200°F (BSI°C) | oo
Fipe Insulation [T 15600 |Block] Military Specification
fuad Segments ELE] ERa 3-V SCORED BLOCK APPLICATION GUIDE
Hex Pipe Covering [Ruston Plant Onlyl 3B-52 950-1300
2V Scored Block — - Minimum Diameter
Width: 12°/205mm Length: 36791 4mm 30 minimizm =0 minimum . Insulation Thickness _ Triple Scored
Curved Sagments 30126 762 - 320 1'1 ";" 3":1 ;15";
Beveled Lags 125 and higher 3200 and higher 2 = I T3
Inzulation Form: Flat Surfaces Inzulation Size (in} |Insulation Size {mm] G B 50 1270
Width: & and 12 Width: 152 and 306 3 TE =] 1524
Fat Block
=t s Langth-36 Langth: 914

214

Johns Manville
M7 17h St
Denver, CO 80202

(B00) 866-3234
JM.com

Technical specifications as shown in this literature are intended to be used as general
puidalines only. Please refier to the Safety Data Sheet and product labeal prior o wsing this

IKi0- 303 MA1E¢19 (Replaces IND-300005281%

prodwct. The physical and chemical properties of the Therma- 1 200™ listed herein represent
typical, swerage values obtained in accordance with sccepted test mathods and are subject o
normal manufacturing variations. They are supplied 2= & technical senice and ane subject o
change without notice. Any references to numerical flame spread or smoke developed ratings
are not intended to reflect hazards presemted by thesa or any other materials under actual fire
conditions. Check with the Regional Sales Office nearest you for curment information.

Al Johns Mamville products are old subject to Johns Manville’s standand Terms and

Conditions, which includes & Limited Wamranty and Limitation of Remedy. For a copy of the
Johnes Mamwille standamd Tems and Conditions ar for information on other Johns Manville
‘thermal insulation and systems, visit wiww jm.comtems-conditions or call [B0064-31 0.

£ 119 Jobns Manvile Al Sights Bosereed



MAGNET Outside Chiller Loop Pipe Insulation Data Sheet (Owen Corning, 2017)

SSLII" WITH AS)

MAX FIBERGLAS

PIPE INSULATION

FIBERGLASS INSULATION

B e Ll —
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Physical Properties
PROPERTY TEST METHOD VALUE
Density (size dependert) ASTM C302 351055t
Operating Temperalre Range? ASTMC41 CoF 10 1,000:F (-18°C 10 538°C)
Water Vapor Sorption ASTMC1104 Less than 5% by weight
Corrosion ASTM C665 Pasg - slesd, copper, and aluminum
Corrosion ASTM C1617 Pass -~ sleed
Jacket Temperature Limitation ASTMC1136 -204F 1o 150:F (-229:C 10 66<C)
Jacket Permesnce ASTM E96, Proc. A 0.01 parm
Burst Strength, min ASTM D774/D774M 100 psi

Composite Surface

UL 723 ASTM EB4 o
CANJULC-S201

Flarme Spread 25
Smoke Developed 50

Description

Owens Corning® SSL II* with ASJ Max Fiberglas™
Pipe Insulation is molded of heavy density resin
bonded inorganic glass fibers that comein
one-piece, 36" (914mm) long, hinged sections.
The insulation is tailored to fit for copper and iron
pipe applications.

Features

- ASJ Max is an all-service-jacket with a polymer
film exterior surface that is smooth, durable,
cleanable, wrinkle-resistant, resists water staining
and doesn't support meld or mildew growth'

- ASJ Max can resist short durations of water
exposure that may occur during construction

- SSL I Positive Closure System is an advanced
double adhesion that fastens and installs with no
need for staples or mastic

- Insulation is tailored to fit with:

- FlexCore technology to compress over copper
and some small-bore iron pipes and fittings,
saving time by eliminating the need to fillet

- RigidCore technology for fast and easy
fabrication on larger pipes

- The product has a maximum operating
temperature of 1,000°F (538°C) (with heat-up
schedule)

- The product does not contain Polybromodiphenyi
ethers (PBDE) (penta-, octa-, or deca-brominated
diphenyl)

T AS M jachet doues 028 segor! redd growth ak teated i+ woctrdesce with ASTM C1X3E

Buning Characleristics*

2 WD et < Sctmadie Whet) CoReRtng MemTwetioes badween S50 end T 00
3 The serfic bursing charucter stics of Beoe prodects v e deimined i scoordencs wih UL 721 ASTM E8¢

o CANJULE 5702 Vidows e ot [ T rewncst  1ding

Standards, Codes Compliance

- ASTM C547 Mineral Fiber Pipe Insulation: Type |, Grade A; and Type IV,

Grade B

- ASTM C585, Inner and Outer Diameters of Thermal Insulation for
Nominal Sizes of Pipe and Tubing

- ASTM C1136, Flexible Low Permeance Vapor Retarders for Thermal
Insulation: Types |, II, lll, IV, X

- UL Labeled for Flame Spread Index of 25 or less and Smoke
Developed Index of 50 and is fully building code compliant

- UL Listed and Labeled for use over PVC and other polymer pipes UL
Category BSMP

- ASTM C795, Thermal Insulation for Use in Contact with Austenitic
Siainless Steel*

- Nuclear Regulatory Commission Guide 1.36, Non-Metallic Thermal
Insulation*

- MIL-PRF-22344E Insulation, Pipe, Thermal, Fibrous Glass

- MIL-DTL-32585, Type |, Form 4, Facing A

- MIL-DTL-24244D (Ships) Insulation Material with Special Cormrosion,
Chloride, and Fluoride Requirements*

- NFPA90A and 90B

4 Prgroduction susficetion Sating conmgieie end on fle. Cherricel ensdyds of sech Srodection kot regeired kr 1otel corfor mence
Cortfication neds i e specifadd of Lime of cree



Applications

- Usedtoinsulate iron, copper, PVC and other polymer
pipes with operating temperatures between 0°F (-18°C) to
1,000°F (538°C) in cornmercial & institutional buildings,
and industrial facilities

- When temperatures are above 650°F (454°C), maximum
installed insulation thickness shall be no greater than &° as
@ single layer or nested

- Rated per ASTM C347, Type |, Grade A - Pipe insulation
can be installed on in-service/hot pipes with an operating
temperature up fo 850°F (454°C)

- Rated per ASTM C547, Type IV, Grade B - When operating
temperatures will be between 850°F (434°C) to a 1,000°F
(538°C) @ heat-up schedule needs to be followed per the
Installation Instructions, Pub Mo. 10021355

- When installed outdoors, an additional weather-protective
Jjacket is required

Thermal Conductivity
MEAM TEMP °F K MEAM TEMP =C k
BTU-IN/HR-FT*F WM

50 027 o oz
75 023 25 0034
100 024 S0 0.0a7
150 0z7 o0 0oLz
200 02% 125 0047
250 0.3z 150 0051
300 0as 175 0056
asn 0am 200 00632
400 043 25 Q0sE
450 D4E 280 0.o7s
500 054 275 0.0az

Sqzzarent tharmal conguctsety velues determined ie scooedence with A5 T prectice C1048 mits date obtsined by
AT Vot Wt £ 3015, Vihows srwrsorrins, st b el Sesting s s factenng tokrasoes

Thickness to Prevent Surface Condensation
Owens Corning” ASJ Max Jacket for up to 16" NP3 (400mm DM}, in. {mm)* ¢

AMBIENT TEMP | REL ATIVE SYSTEM OPERATING TEMPERATURES
of {ec) | HUMIDITY | 35eF | (2oc) | a5eF | (7=c) | 55°F [ (13°C)
Mo |4 | 70w 1 23 |1 25 |1 {25)
BD% e |i3g) | 1w | (38 | 1 | EE
0% e | (B9 | 3w | (a9 |3 75
wo  |imm) | 70w 1 23 |1 25 |1 {75)
BD% e | (ag) | 1 | (38 |0 {25)
90% e | (E9) | 3 7E |24 | ea
%0 ) | 70w 1 23 |1 25 |1 (25)
B0% e | gaE |1 (25 |1 {25)
0% e | (89 | 3 FE) |2 | e
80 (27 | E0w 1 |3 |1 {25 |1 {25)
0% 1 i7&) | 2 |5 |2 {51)
0 71y | 60w 1 25 |1 {25 |1 {25)
0% e | (64 | 2 {s1) |1 {25)

ko st ] g MAIWAS, 3E Plun varaios 4.0 acftware. Floed deagn conditions. Stesl Horloostal Meing
W WS D mph wisd scese]. Duter Surface Jackel Esiascs of 1
vl conductiedy veboes used i= Hrs caloulsbons me wsbjec! |0 sonmel masuleseng e
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Availability

Our Fiberglas™ Pipe Insulation portfaolio is available in
thicknesses up to 5°. Contact your local Owens Corning Area
Sales Manager for product availability.

Refer to Pipe Insulation Sizing Manual for mare information:
Pub. Mo. 10078078,

Installation

Ambient application femperatures are from 25°F [-4°C) o
M0°F “og.

For complete installation instructions and recommendations
see “Fiberglas™ Pipe Insulation Installation Instructions”
(Pub. Mo. 10021358).

Environmental and Sustainability

Owens Coming is @ worldwide leader in building material
systems, insulation and composite solutions, delivering a
broad range of high-quality products and services. Owens
Corning is committed to driving sustainability by delivering
solutions, transforming markets and enhancing lives. More
information can be found at www.owWenscorming.com.

Certifications and Sustainable Features

- Certified by 3CS Global Services to contain an average of
53% recycled glass content, 31% pre-consumer and 22%
post-consumer

- For faced products: GREEMGUARD Certified products are
certified to GREENGUARD standards for low chemical
emissions into indoor air during product usage. For more
inforrmation, visit ul.comy/gg

- Environmental Product Declaration (EPD) has been
certified by UL Environrment

- Material Health Certificate from Cradle to Cradle Products
Innowvation Institute or Health Product Declarations available

S

CERTIFIED
Erlimb
ey
wrmmre

Disclaimer of Liability

Techinical infonmation contaired heren is Tumished wilhout charge of ebigaton and

is given and accepled af recipient’s soke risk. Because conditions of use may vary and
are beyond our contral, Owers Corming makes o representation about, and & not
responsibie of Bable for the acouracy of relability of data associated with particular
uses of any product described heren SCE Global Services provides independent
varification of recycied content in building matarksls and varifies recyolad content claims
made by manulaciurers. For moee information, visll www SCEglobalsendoes com
LEED" i & registered trademark of the LS. Green Buiding Council.

P OWENS CORMING INSULATING SYSTEMS, LLC
.-"’.’ OME OWBENS CORNIMNG PARKWAY
OWENS . TOLEDO, OHIO, USA A3650
1-800-GET-PINK®

Pubi Mo 20547-Z Printed inULEA June 2015
& 2019 Dwens Corning. All Rigts Reseried.
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MAGNET Inside Insulation Chiller Loop Pipe Data Sheet (Owen Corning, 2017)

Fiberglas®

PRODUCT DATA SHEET

'@ VaporWick® Pipe Insulation

Description

Owens Corning® VaporWick® Pipe Insulation is an innovative
insulation product designed specifically for below-ambiant
temperatura applications in severe hot'humid operating
environmeants. The heart of the system is a wick material that
transports condansed water to the outside of the system

for evaporation to the atmosphera. The wick keeps the
fiberglass insulation dry, preventing dripping and allowing
the insulation to perform effectively over the ife of the
project.

VaporWick® Pipe Insulation's cne-piece, 38" (814mm) long
maolded sactions comea in standard sizes and are composed
of heavy density fibarglass insulation with an organic binder.
The synthetic wicking material is factory-installed on the
inner surface of the assembly. The sections are opened,
placed over the pipe, closed and secured with a pressure-
sansitive adhesive closure. The insulation is factory-jacketad
with a resilient, tough, soil-resistant polymer facing that
matches standard PVC fitting covers. Awxiliary items includa
rolls of wick material for wrapping elbows and valves;
VaporWick® Pipe Insulation evaporation skirt (hula skirt) for
\r?rtic:als_: and matching butt joint sealing tape for system
clasura.

Availability

Vepoiick" Fipe Insulanons are avsilahis n thickness and for ppe sices as folows.

Insulation Thicknass Hominal Pips Stzas
Inchas {mmy HPS, Inchas (DM, mm)
1 25 134 [15-600
% {38 424 (15-B00
2 &0 %-30 (15-762)
1™ B4) 230 (B0-TED
3 78 330 75-T6D

For addmonal sz o8, check with your Dwens Coming reprosarmams.,

Physical Properties

Proparty Text Mathod Valus
Oiperating Tempembure A2°F 1o 220°F (0°C o 104°C)
Range
Jackst Permsance ASTM EDE, < DE perm

Desicart method
Jacksa Tempesatuwee Limitation ASTM G136 225°F (107C)
Burst Strength, min ASTM DTT40 5E pu

D774M

Cosrosion Resistance ASTM CBER Mgt raquirements:
Fungi Resistance ASTM 1338 Meets requirements
Compasite Surface Buming
c sncifics! ASTMES4, UL
Flame 723, and €05
5 SEF = CANULC-5102 < 5D

1. Thesurisca burming chamcmmncs of haso producs heve Bcan dascrminad in accondanca wih
ASTM E84, UL 723, and CAN/ULC-5107 Thoso siendards shiuld ba usod I Maasss and
demcriba tha propanics of mamrial, products, o assamblics i resporss @ haat and fleme undar
controlod sbormeony conditom and should not b used o descoriba o spprasa tha fre haesed or
fre: rak of mamcnals, producs o mscmibios undor acaml fro condimons. Howasor, rosuls of ths
o may ba usad as aomans of a T nsk assossmon, which takes mo account all of the Teciors,
which ora partnant 10 an essassm o of tha s har ord of & pamicaar and e, Vi an repomd
10 tha noarass 3§ rerng.

Features

= Keeps insulation dry by incorporating a specially designed

wicking material that absorbs condensed water from

tha pipe surface and wicks it to the outside, keeping

tha insulation dry and minimizing any loss in insulating

capability. This prevents dripping and the associated

staining of ceiling tiles and damage to the building

comtants

VaporWick® Pipe Insulation is rated for operating

temperaturas which range from 32°F to 220°F, making it

ideal for dual temperatura installations

UL Classified for Surface Burning Characteristics. Flame

spread rating of 25 or less, and smoke development rating

of 50 or lass means that VaporWick® Pipe Insulation will

be granted immediate building code approval for use in air

plenums and other critical locations

= Low thermal conductivity contributes to lower operating
costs at a favorable installed cost/performance ratio

= Salf-drying featurs allows product to be installed on wet
pipes. Systems do not need to be shut down during
installation of the VaporWick® System

= Positive closure is fast, neat, and foolproof. No need for
staples or mastic

= VaporWick® Pipa Insulation provides no sustenance for
mold to propagate and meets the standard ASTM test for
fungi resistance



Thermal Conductivity

Mean Temp. k Biu<in/

3 hr=ft**F Mean Temp. *C L Wim="C
50 022 10 0.03z
75 L= 5 0.0a4
100 024 50 ooar
150 oar 100 0043
200 o.28 126 04T

Home: Valuos am nosinal, subjoct 10 norEal weng and sansiacirng molerancas.

Technical Information

* Tha VaporWick® System was developed for piping
systems that operate at below ambient temperatures,
which present special considerations due to the possibility
of water vapor migration to tha cold pipe surface. If the
operating lemﬁaratun_a of the piping system is below the
dew point of the ambient air, moisture will condense on
the cold pipe surface. With time, the condensed water will
accumulate, reducing the R-value of the insulation, and
possibly rgsultinﬁ in dripping, which can stain ceiling tiles
and damage building contants balow

* Tha problem is not Imited to open cell insulation matarials.
Many closed cell insulations have low water vapar
permeability, yet water buildup is a serious problem dus to
incomplete saaling at longitudinal seams and butt joints

* Traditionally, designers have relied on vapor retarders and
mastice or other zealants to slow the ingress of moisture.
This approach is highly dependent on the skill and
experience of the installers. In contrast, VaporWick® Pipe
Insulation incorporates a patentad concept that utilzes a
unique wicking material to remove condensad water from
the system, keeping the insulation dry. Water vapor that
entars the system and condensas on the cold pipe surface
is removed to the cuter surface by capillary action, where
it then evaporates to the ambient air.
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Applications
* VaporWick® Pipa Insulation is engineered for insulation

of cold piping and dual temperature piping cparating
at temperatures from 32°F (0°C) to 220°F (104°C) in
buildings and industrial facilitias

= Installation of VaporWick® Pipe Insulation is similar to

regular fibarglass pipe covering. Sea VaporWick® Pipe
Insulation Installation Instructions for complete details
(Publication Mo. 44645)

Installation

= The VaporWick™ System can be applied on new and

retrofit jobs. Unlike traditional insulation, this system

may readily be installed on operating systems even if the
pipas are wet and shightly corroded. Caution is needed

on severaly corroded sections as pipe diameters may
exceed those listed in ASTM C585. This may cause an
improper pipe fit and result in overloading of the system
andfor failura of the closure tape resulting in system failure.
For zeveraly comroded pipes, rust and scale should be
ramoved before installation. Ensure that the recommended
thickness has been specified to prevent surfaca
condengation

The VaporWick® Systam is not recommended for cutdoors
or exposed piping where additional jacket finish is
requirad. Application should be at temperatures between
25°F (-4°C) and 110°F {44°C)

The evaporation holes must remain uncoverad and
unpainted at all times after installation. Painting or
covering over the evaporation holes will defeat the function
of the systam. Use of stickers, labels, or colored tape is
recommended for pipe service identification

Standards, Codes Compliance

ASTM C547, Mineral Fiber Pre-Formed Pipe Insulation,
Type 1°

ASTM C795, Tharmal Insulation for Use Owver austenitic
Stainlass Steal

ASTM C585, Inner and Outer Diametars of Rigid Thermal
Insulation for Pipe and Tubing

Muclear Regulam?‘ Commission Guide 1.38, Non-Metallic
Thermal Insulation

NFPA 90A

NYC MEA No. 342-02M

T. Encapnon requined ior ma Usa semEL
A Preproduction quelfl caion ieeang compicm and on e, Chemical amaiss of gach producson koo

required for 1mal conformance.



Thickness To Prevent Surface Condensation

VaporWick™ Fipa insulanon doos nor provent suriana condonsanion. Sufficion thicknoss must bo
sakaciad D MINMZa condansaion on the ounar seriace. Usa the ioliow ing e for gudanca.

Fuld Temparaiure 35°F

Amblent  Relative ER, M
Temp."F  Humidity % %" ' 4"

Fluld Temparaturs 45"F
Pipe Size, NPS

FAuld Temperature 55°F

Pipe Size, NP3
7
Ta 1 1 1 1 1 1 1 1 1
BO 20 1 1 1 1 1 1 1 1 1
90 1 1 1 1 W s 1w 1% 1%
T 1 1 1 1 1 1 1 1 1
BO 20 1 1 1 1 1 1 1 1 1
80 LT LT LT L T 2 2 2 2
Mo Al thicknessos ara in nchas rounded up o e neenes svakebk Veporivick™ Fipe
Insubmicn sxa

FECOMMGNI EICNS Wars dovelopod mng the MAIMA IE FILE® CompuinT prsgram, assuming wand
‘sposd of 0 mph and ower okt omizanca of 0.9
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Environmental and Sustainability

Owens Corning is a worldwide leader in building material
systems, insulation and composite solutions, delivering a
broad range of high-guality products and services.
Owens Corning is committed to driving sustainability by
delivering solutions, transforming markets and enhancing
lves. More information can be found at
WWW.OWENSComing.com.

Certilications and Sustainable Features

= Certifhed by SCS Global Services to contain a minimum of
53% recycled glass content, 31% pre-consumer and 22%
post-consumen

= GREEMGUARD Certifed products are certified to
GREEMNGUARD standards for low chemical emissions into
indoor air dunng proeduct usage. For more information,
vigit ul.comigg

= Erwvironmental Product Declaration (EPD) has been cartified
by UL Ernvironment

= Material Health Certificats from Cradle to Cradle Products
Innovation Institute

CERTIFIED
P A AT
FESELCT DSCLALE]
= mary
PR 2 LM
TR RESTRERAITE
O S

Disclaimer of Liability

Tochnical imicmeson comened homin & fumishad wihowr charga orobliganon and & gin and
‘Bcoapmd & reciants 5ol nsik. Becasse conduons of use mey vary and are bayond our conmrol,
‘Ovwaons: Coming MEkss N0 MMmsanTanon abour, and B noresponsibio o kabla for o aocumy
‘or raliabiliy of dam assocand with partcular uses of any product descibad hansin.

‘BCE Global Soracos provides indopondant worficanon of regyciad conmn in bulding
Eaanals and werifies eopcked coman claims mada by manutacurens. For mons niorsason,
wiBnww w.SCSgiobaisaracos com,
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OWENS CORNING INSULATING SYSTEMS, LLT
OHE OW ENE CORMME PARKWAY
TOLEDD, OHID, RS 43629

Pub. Mo. 4434 H. Pimed in LLS_ A 7.

THE FINK PANTHER™ L & 1064-2017 Marro-Gokdwy n- My or Smudios Inc.

L ﬁ?_f,ﬂl Rosereod Tha color FINK is a regmarod tradomark of Owona Coming.
& 2017 Owens Corning. All Righm Resared.




Appendix E: Recuperating Heat Exchanger Data

PCHE Recuperating Heat Exchanger Process Specifications

Microreactor Recuperative HX Salient Features List
11/2712019

A compact platelet heat exchanger with the following design parameters:

+ 316L stainless steel
+ Cold Side Parameters

o Compressed Nz
o Mass flow rate 0.938 kg's
o MAWP 22 barg
o MNominal inlet pressure 12.0 barg )
o Nominal Ap 0.375 pary y Feu T
o Nominal Tin ABC 38°C ( 28-Ten -zoTe

. SN, yt o minal Tow 360 °C

(e Ay /; "o /ga nominal, schedule 40 Grayloc nozzles
an + Hot Side Parameters
1 o Compressed N2

o Mass flow rate 0.938 kals
o MAWP 22 barg
= Mominal inlet pressure 10.625 barg 7. -
o Mominal Ap 0.375 barg 14 -TFan —rewo
o Nominal Tia 600°C i e
o Ngmi-na| T“m .:_53_2“013___;..1 _.'|' I HI. o "L._L_S.L .
o 4" nominal, schedule 40 Grayloc nozzles

220
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Recuperating Heat Exchanger Outer Dimensions
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Aspen HYSYS Spreadsheet of Recuperating Heat Exchanger Design Parameters

222

Connections | Parameters | Formulas | Spreadsheet | Calculation Order | User Variables | Notes |

Current Cell

Exportable []
[ a1 |Variable: Angles in: M Edit Rows/Columns.
\ \
A ] c D E F G H 1 ]

1 Hot Cold Channel

2 In out Avg In out Avg D 2,000 mm 2.000e-003 m
3 m dot 09166 ka/s 09166 kg/s Dh 1.222 mm 1.2226-003 m
4 Temperature 5085 C 827¢C 4406¢C 3166C 3583C 1e50¢ P 24.60 mm 2.4602-002 m
5 Pressure 1241 kPa 1223 kPa 1232 kPa 1285 kP2 1274 kPa 1280 kPa Theta (Degrees) 6.430

6 Viscosity 4187e-002 <P 288420027 3521e-002 c? 1.8826-002 cP 31850002 P 2.5442-002 P Theta (Rad) 6122

7 Density 4780 kg/m3 7.384 kg/m3 5793 kg/m3 1427 kg/m3 6770 kg/m3 8178kg/m3  Lp Ulength per pitc... 24.76 mm 2476e-002 m
8 | Thermal Conducti..  5806e-002W/m-K  4222e-002Wjm-K  5086e-002W/m-K  2686e-002W/m-K  4644e-002 Wim-K  3716e-002 W/m-K Af per Channel 1.571 mm2 1.571e-006 m2
9 Mass Specific Heat 1184 jkg-C 1,083 klfkg-C 1119 k/kg-C 1065 Klfkg-C 1106 k/kg-C 1080 k/kg-C  Channels per Sheet 65.00

0 Pr 08112 0.7468 07746 0.7463 07582 07395 Number of Sheets 1120 1129
n Re hot 5563 a 9.126e-003 Re cold 7702 Af Cold 5.718¢-003 m2

2 FRe 6288 b 09913 Re 80.80 Af Hot 5.718¢-003 m2

3 dP hot 1828 kPa < 1.255¢-003 dP cold 10.71 kPa Perimeter 5.1426-003 m Number of Pitch 9.085
4 Nu hot 1558 d 1.058 Nu cold 2030 As per Pitch 1.2736-004 m2 Number of Pitch 9.000
15 hhot 648.3 Vym2-C h cold 617.2 W/m2-C As Cold per Channel 1.1462-003

16 As Hot per Channel 1.1462-003

7 v 316.2 Wim2-C Thickness of metal... 07620 mm 7.6208-004 m Total As Cold 2170m

13 VA 1318 W/C WMetal K value 14.00 W/m-K Total As Hot 4170m

19 A 4170m2 R for §§ material 5.443-005  1.837e+004 W/m2-C

) Aactual 4170m2 UA actual 1318 WAC

Delete | [ Funcionbelp. | | Only..
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Sentry Tube-in-Tube Recuperating Heat Exchanger (Sentry, 2017)

0= SENTRY TUBE-IN-TUBE DTC-8
O uwssssiny Heat Exchangers

o Salie & ey

- Sheam &Waber

SAMPLE CONDITIONING

Saentry® DTC-8 (dual tube coil) tube-in-tube heat exchangers are spirally wound, full
counter flow heat exchangers well suited for a variety of applications wheare low flow
rates of high temperature and/or high pressure fluids need cocling or heating.

MODELS
DTC-CUB/CUC-8-1-1
DTC-55B/CUC-8-1-1
DTC-INFACUC-8-1-1
DTC-55B/550-8-1-1
DTC-IN7/S50-8-1-1

BENEFITS

The sturdy tube-within-a-tube concept uses heavy duty terminal fittings to provide
for a plain tube end interface for the inner tube, and a compression connection for
the outer tube. The plain end of the inner tube is easily adapted to a variety of
connections induding compression, threaded, socket weld, sanitary clamp and many
mare,

The tube-within-a-tube design also provides for high pressure/temperature capabili-
ties on both sides of the heat exchanger, providing greater application flexibility.

The single continuous inner tube increases reliability and cleanliness and allows the
unit to be completely drainable.

FEATURES
= Fully drainable inner and outer coil = Highly resistant to tharmal and

= Spiral wound for maximum counter- hydraulic shock

flow efficiency = Materials to meet any application: 300
and 400 grade stainless steel, copper
and copper alloys, nickel alloys,
= Mo dead spots or cravices titanium, zirconium or PTFE
= Excellent for multi-phase/multi-

component fluids and slurries

= Constant fluid velocity

Samaole, Monitor, Measure,

YV SENTRY

Any Appication. Anywhere.



SENTRY TUBE-IN-TUBE DTC-8 > HEAT EXCHANGERS > SAMPLE CONDITIONING

Wodsl DTC 8
Busiace Arw 282 FLY (A2 mo]
unz-uu Coing Wate: B4F [35°0) | —
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fu "] sEj
N i
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Ew _E l:! 1612 [419]
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30 &0 £ L) T a ko) o
1 172" [20)
BE BT 28 OF 1 10 12 13 14 15 18 LT 1B I N P—=—p—& 34" 17—
30M MD[’ L] Lo
Flow Fabe
SPECIFICATIONS
outer tube
models inner tubse design outer tube design  Inner tube materlal matert heat transfer area welght
1250 psi at 300°F 700 psi at 300°F = - 252 3olb
DTC-OUBACIMC-8-1-1 {86 bar at 145°C) (438 bar at 148°C) 1/2in 00 copper 1in O0 copper 023 mY (135 kg)
2400 psi at 1000°F 