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Abstract

Before this LDRD research, no single tool could simulate a very high temperature
reactor (VHTR) that is coupled to a secondary system and the sulfur iodine (SI)
thermochemistry. Furthermore, the SI chemistry could only be modeled in steady
state, typically via flow sheets. Additionally, the MELCOR nuclear reactor analysis
code was suitable only for the modeling of light water reactors, not gas-cooled
reactors. We extended MELCOR in order to address the above deficiencies. In
particular, we developed three VHTR input models, added generalized, modular
secondary system components, developed reactor point Kinetics, included transient
thermochemistry for the most important cycles [SI and the Westinghouse hybrid
sulfur], and developed an interactive graphical user interface for full plant
visualization. The new tool is called MELCOR-H2, and it allows users to maximize
hydrogen and electrical production, as well as enhance overall plant safety. We
conducted validation and verification studies on the key models, and showed that the
MELCOR-H2 results typically compared to within less than 5% from experimental
data, code-to-code comparisons, and/or analytical solutions.
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EXECUTIVE SUMMARY

The Department of Energy (DOE) is expediting its search for economical, reliable fuel sources
that produce minimal greenhouse gases. Among these are very high temperature reactors
(VHTRS) that are suitable for large-scale production of hydrogen. The VHTRs are coupled to a
secondary system (for the generation of electricity) and to a thermochemical cycle (for the
production of hydrogen). The sulfur iodine (SI) thermochemical cycle is a top choice due to its
high efficiency. The Westinghouse hybrid sulfur (HyS) cycle is another leading contender. For
convenience, the coupled system is referred as a nuclear-hydrogen (nuclear-H,) plant or VHTR-
Sl plant whenever the thermochemical cycle is SI. Currently, there are two leading VHTR core
designs: the pebble bed and prismatic core.

For FY07, we completed a multipurpose tool, MELCOR-H2, capable of modeling nuclear-H,
plants in both steady state and transient mode. Our effort focused on the following key areas:

e Development of input models for a pebble bed core, a prismatic core, and a full-plant
VHTR-SI.

e Secondary system components (turbines, compressors, intermediate heat exchangers, and

generators),

Transient chemical cycles (e.g., SI and HyS),

Reactor point kinetics model,

Validation and verification of the models, and

Development of an interactive graphical user interface (GUI) for system output

visualization and interactive modification of system parameters during simulations.

We endeavored to produce modular, generalized system components that can be linked as
desired by the analyst/designer. Thus, the uniqueness of our modeling approach is that
MELCOR-HZ2 is not limited to an ad hoc configuration for the primary system, the secondary
system, or chemistry cycle. Instead, because of MELCOR-H2’s generalized and modular
approach, the configuration possibilities are practically infinite; that is, the modular, generalized
nature of MELCOR-H2 allows the analyst/designer to explore any desired system
configurations. This approach serves to enhance plant safety, efficiency, and profitability.

As a result of our research, every component shown in Figure ES-1 can now be modeled
dynamically using MELCOR-H2. The figure shows our VHTR-SI input model.

Figure ES-2 shows a summary of the latest MELCOR-H2 models, their status, and key results.

In the discussion that follows, we will briefly discuss the models, as well as their validation and
verification.
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Figure ES-1. MELCOR-H2 input model of a pebble bed reactor coupled to a
secondary system and a sulfur iodine cycle (VHTR-SI model).
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Figure ES-2. Summary of the latest MELCOR-H2 models, their status, and key results.

14



This is the first time that the SI chemistry equations have been modeled in transient mode. The
literature shows that previous attempts were done in steady state by using mostly spreadsheets.
In addition, the search showed that there were no simulations where a thermochemical cycle was
coupled with a detailed nuclear reactor model.

The transient MELCOR-H2 SI chemistry model consists of the three chemical reaction sections:
1. decomposition of sulfuric acid (H2SOg),
2. decomposition of hydrogen iodide (HI) (hydriodic acid when dissolved in water), and

3. the Bunsen reaction, which is the low-temperature reconstitution of the two acids. This is
shown in Figure ES-3.

Sulfur
Circulation

Loop

O
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Loop Y
Iz H: —

Figure ES-3. Schematic of the transient SI chemistry model.

In order to test the adequacy of our models, we simulated two sets of experiments: the Sandia
National Laboratories (SNL) Sulfuric Acid Decomposition Experiments and the Japan Atomic
Energy Research Institute (JAERI) SI Experiment. Our results showed that MELCOR-H2
output was mostly within 5% or less of measured data. These results are shown in Figures ES-4
and ES-5, respectively.
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Our point kinetics model uses Padé polynomials in order to approximate the exponents of
matrices. The model was interfaced to MELCOR-H2 for the calculation of reactivity changes in
the reactor core. We benchmarked the model against the exact Inhour solution, with the
comparison showing that the point kinetics model output and the analytical solution differed by
much less than 1%, as shown in Figure ES-6.

[ X Pade 5thorder, dt=4s
Analytical Sal

Sk [ Pade 7th order, dt=4 s
| A Runge-Kutta, 4th order, dt=05s

o
L
Saf 1
o

3 &

2_

1 &

¥
Ot & A& Y -
] 5 10 15 20 25 30 35 40

Time (s)

Figure ES-6. Comparison of MELCOR-H2 Padé point kinetics model
with the exact Inhour solution for the case of $1.0 step
reactivity insertion (A = 10?s).

In addition, we tested the point kinetics model against the prompt jump approximation (PJA).
We ran various calculations with A ranging from 10° to 107 s. As expected, the smaller A was,
the closer the calculation compared against the PJA. By the time A=10", the PJA and computed
solution were nearly identical, as shown by Figure ES-7.
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Figure ES-7. Comparison of MELCOR-H2 point kinetics model with the
prompt jump approximation for the case of $0.50 step reactivity
insertion.

The advanced turbine and compressor models were benchmarked against the Japanese Atomic
Energy Agency (JAEA) models. Table ES-1 shows a comparison between their models and
ours. Note that the results typically differed by much less than 5%.

Table ES-1. MELCOR-H2 Turbine and Compressor
Simulations vs. JAEA Calculations

Parameter JAEA MELCOR-H2
Compressor Exit Temperature (K) 410.00 409.40
Compressor Exit Pressure (MPa) 7.1 7.16
Compressor Work (MW) 251.00 253.60
Turbine Exit Temperature (K) 891.00 893.20
Turbine Exit Pressure (MPa) 3.68 3.62
Turbine Work (MW) 530.00 527.60

We also developed an input model of a pebble bed core, and used MELCOR-H2
to run the model to steady state. We compared the output against values found in the
literature. Table ES-2 shows that most MELCOR-H2 output compared well within 5% of
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the literature values for the helium mass flow rate, core pressure drop, core coolant temperature
rise, and maximum fuel temperature.

Table ES-2. MELCOR-H2 Output vs. Literature for a Pebble Bed Core at Steady State

Parameter MELCOR-H2 Literature
Helium Mass Flow Rate (kg/s) 130 129
Core AP (MPa) 0.17 0.175
Core Coolant AT (K) 394 400
Maximum Fuel Temperature, Ring 2 (K) 1,330 1,373

In addition, we ran several steady state and transient calculations using the VHTR-SI model. For
example, we ran a startup transient where the reactor and secondary system were allowed to
reach steady state. At this point, the system parameters such as pressure, temperature, mass flow
rate, etc., were nearly constant. Then, as the SI chemistry was activated, there was a significant
secondary system pressure drop. This drop was caused by the heat demand imposed by the
decomposition of the sulfuric and hydriodic acid in the thermochemistry loop. As the heat was
removed, the secondary system temperature decreased, and hence the pressure dropped; see the
left side of Figure ES-8. The right side shows the cumulative hydrogen production. The SI
cycle was activated at 1000 s, after the system parameters had reached near constant values.

Notice that the secondary system pressure drop can be sufficiently large to cause a reactor scram,
so the thermochemical loop activation must be done carefully. This, as well as other
calculations, shows the importance of modeling the VHTR-SI in transient mode. Only such
analysis will allow analysts to investigate potential system feedbacks in this promising, yet
complex, nuclear-H, plant.

g
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HZ Products
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Notice the rapid pressure drop in the secondary system pressure. It was caused by the activation of the SI
chemistry loop. (The SI requires heat to produce H,, thereby extracting energy from the secondary system, and
thus lowering its temperature, which caused the pressure drop.) This pressure drop. if not carefully controlled,
can lead to an unwanted reactor scram. This shows the importance of modeling the VHTR-SI in transient mode.

Figure ES-8. Impact on secondary system pressure as Sl chemistry is activated.
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As a final test of the entire VHTR-SI plant, we conducted a simulation whereby we allowed the
system to proceed to a pseudo steady state, and we thereafter activated the SI chemistry at 300 s.
Then, we inserted 10 cents worth of positive reactivity into the reactor at 400 s. Note that this is
a hypothetical VHTR-SI plant model, so this simulation is therefore intended primarily as a
demonstration of capabilities.

Key primary system parameters such as total core energy, fuel temperature, reactor inlet and
outlet temperature, pressure, and mass flow rate are presented in FiguresES-9 through ES-13,
respectively. Figures ES-14 and ES-15 show the secondary system pressure and mass flow rate,
while the cumulative hydrogen generation is shown in Figure ES-16.

Notice that the reactor underwent an exponential rise in total energy as the reactivity was
inserted (Figure ES-9). As the core energy increased, the temperatures increased (e.g., fuel, core
inlet and outlet; see Figures ES-10 and ES-11, respectively). Because of the reactor’s negative
temperature reactivity coefficient, there was a subsequent energy reduction and therefore a
temperature drop. The calculation was stopped at this point.
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Figure ES-9. Total core energy.
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Figure ES-16. Cumulative hydrogen production.

For ease of system design and analysis, a GUI was interfaced to MELCOR-H2. The GUI can be
used to display parameters such as system pressure, temperature, hydrogen production, plant
efficiency, chemical inventory, and so on. Additionally, because the GUI is dynamic, it allows
the analyst/designer to observe the hydrogen plant behavior as a function of time as key
parameters are being calculated. The user may modify an input parameter while running a
calculation, and immediately observe how that parameter change affects the system’s behavior.
Figure ES-17 shows a set of six parameters. Notice that at approximately 125 s into the
transient, an input parameter (a convective heat transfer coefficient) was changed, thereby
causing a change in the system response, as shown by the green arrows.

Through our three-year research effort, we published 15 papers at national and international
conferences through the American Nuclear Society (ANS), the American Society of Mechanical
Engineers (ASME), the American Institute of Chemical Engineers (AIChE), the World
Hydrogen Energy Conference (WHEC), etc. Additionally, papers were also presented and/or
published to DOE and NRC personnel, the MELCOR Code Assessment Program, Tri-
Laboratory Engineering conferences, and the Sandia Technical Magazine. Figure ES-18
summarizes the impact of this research towards the United States and SNL. Because of
MELCOR-H2’s unique ability to dynamically model the entire, fully coupled VHTR-SI plant,
the United States, through SNL, is now the world leader in the VHTR-SI modeling effort.
MELCOR-H2 brings the United States one step closer to achieving the goal of energy
independence. In addition, as a result of the pebble bed model simulations, the Nuclear
Regulatory Commission awarded SNL close to $650,000 in FY07 for VHTR model
development.
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Figure ES-18. Impact to the US and SNL.
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Figure ES-19 shows a summary of the interested parties for MELCOR-H2. The list includes
U.S. government organizations, national laboratories, universities, and foreign countries, as well

as domestic companies.

Figure ES-19. MELCOR-H2 parties of interest.

The following is a summary of transients/analysis that can now be performed with
MELCOR-H2:

e Loss of flow accidents
— primary system
— secondary system
e Chemical leaks from the chemistry loop
— Hy, SO,, H,SO,, etc.
— H; deflagration
e Air ingress, graphite oxidation
System feedback, core reactivity effects, system perturbations
Maximization of
— H; production
— Electrical output
e Modeling of system startup, turbine, and compressor transients, plant design changes, etc.
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In summary, recent MELCOR-H2 advances have resulted in a versatile tool that is suitable for
maximizing the generation of hydrogen and electricity from VHTRSs, as well as enhancing their

safety.

It is now possible to model the entire, fully coupled nuclear/hydrogen plant in dynamic
mode.
MELCOR-H2 includes

Transient SI chemistry models that have been benchmarked,

Generalized, modular secondary system components (turbines, compressors, heat
exchangers, and generators); the turbines and compressors have been benchmarked,
Reasonable ability to model prismatic and pebble bed reactors; some validation and
verification has been done,

Reactor point kinetics, with model validation, and

Interactive GUI.

Scores of safety/design analysis scenarios can be considered with a single code.
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1. INTRODUCTION

Analysis of a very high temperature reactor-sulfur iodine (VHTR-SI) system shows that each
plant can produce about 420,000,000 kg of hydrogen per year (at an in situ cost of $1.38/kg) and
generate close to 600 MW of electricity in the process. One kilogram of hydrogen has the
energy equivalence of one gallon of gasoline. Thus, VHTR-SI plants can be considered as
domestic oil plants, which need not have to entirely replace petroleum—in particular, it would be
economically advantageous if VHTR-SI plants produced sufficient hydrogen such that the oil
supply/demand curve is favorably impacted. That is, a significant supply of hydrogen means less
petroleum would be needed, with a subsequent reduction in energy prices due to supply and
demand.

During FYQ7, we continued the development of MELCOR-H2, a tool suitable for the analysis of
large-scale nuclear-H, plants. The work scope included the design and analysis of the nuclear
and chemical components, as well as the development of generalized and modular computational
models for the nuclear reactor, the secondary system, and the chemical loop. Our work scope
focused upon developing a fully transient, fully coupled, modular tool for the design and analysis
of nuclear/hydrogen plants.

1.1 Research Strategy

The overall flow of the MELCOR-H2 research strategy is found in Figure 1-1. It consisted
principally of a continuous process that began with literature search, followed by the
enhancement of the nuclear reactor analysis code, MELCOR. Rather than “reinvent the wheel,”
we began with MELCOR, which is a safety analysis code being developed by Sandia National
Laboratories (SNL) for the Nuclear Regulatory Commission (NRC). We added basic model
components, tested them, and then proceeded by adding more advanced models. MELCOR-H2
also adhered to the MELCOR philosophy of developing modular, generalized components that
can be used as required by the analyst. We subsequently performed validation and verification
of the majority of the models in order to gain confidence in MELCOR-H2.

As noted in Figure 1-1, this three-year effort included three SNL departments, three universities,
and one contractor. Because of the extensive amount of research that was conducted by all the
involved parties, we divided this report into five self-contained chapters. The Introduction, with
a discussion about research strategy and a brief conclusion, is found in this chapter. Chapter 2
discusses the VHTR models, while the SI and HyS chemistry are found in Chapter 3. The
secondary system components are documented in Chapter 4. Finally, the point kinetics and
interactive graphical user interface (GUI) were combined into Chapter 5.
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Technical Approach
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Figure 1-1. MELCOR-H2 technical approach.

1.2 Conclusion

Energy security is an important issue for US national security and economic well-being. New
concepts, ideas, and technologies are needed to improve the security and reliability of energy
infrastructure and to reduce dependence on imported energy. MELCOR-H2 supports the
Department of Energy’s (DOE’s) National Security Mission through the development of
technology and application of this technology towards the safe and economic production of
hydrogen as a carrier of energy. Because MELCOR-H2 was designed to simulate the fully
coupled nuclear/hydrogen plant in both transient and steady state mode, it is now at the forefront
for the design and analysis of such plants.

Recent MELCOR-H2 advances have resulted in a versatile tool that is suitable for maximizing
the generation of hydrogen and electricity from VHTRS, as well as enhancing their safety.

e Itis now possible to model the entire, fully coupled nuclear/hydrogen plant in dynamic
mode.
e MELCOR-H2 includes
— Transient SI chemistry models that have been benchmarked,
— Modular secondary system components (turbines, compressors, heat exchangers, and
generators); the turbines and compressors have been benchmarked,
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Reasonable ability to model prismatic and pebble bed reactors; some validation and
verification has been done,

Reactor point kinetics, with model validation,

Modular, generalized model components, and

Interactive GUI.

e Scores of safety/design analysis scenarios can now be considered with a single code.

Fifteen papers were published as a result of our MELCOR-H2 research. Consequently, U.S.
government organizations, national laboratories, universities, and foreign countries, as well as
domestic companies, are interested in MELCOR-H2. We expect to copyright the SI chemistry
models and to eventually incorporate all the models into a public release of the code. This will
result in the availability of the MELCOR-H2 models in no fewer than 100 user communities
throughout the world.

Certainly, the VHTR community would benefit tremendously from the development of
additional MELCOR-H2 models and research.
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2. VHTR MODELING
2.1 Chapter 2 Highlights

Two tasks are documented herein regarding the simulation of VHTRs with the MELCOR-H2
code.

Task 1: Improvement of PBMR Modeling

The MELCOR-H2 input model developed in the previous year for the Pebble Bed Modular
Reactor (PBMR) was modified to allow for improved simulations of its behavior.

The focus of PBMR modeling was placed on the prediction of the pebble radial temperature
distribution. A detailed evaluation was performed of the applicability of the lumped capacitance
modeling approach for the pebbles. This investigation revealed that the lumped capacitance
approach is not valid in several parts of the core region under many conditions. This conclusion
is significant because safety issues are involved. First, the pebble center temperature must be
known to determine the peak fuel temperature and second, the pebble surface temperature must
be accurately estimated to enable accurate heat transfer calculations from the pebbles to the
coolant.

Theoretical models for conduction through a sphere were implemented into the PBMR model via
Control Functions. The first model predicts pebble temperatures at steady state and includes
internal heat generation. The second model predicts the transient pebble temperatures when the
pebble is exposed to a sudden change in boundary conditions. Results showed the importance of
modeling the radial temperature distribution through the fuel pebbles. The pebble surface
temperatures obtained from the new modeling were generally shown to be lower than the sphere
isothermal temperatures predicted using the lumped capacitance model.

Implementation of the models into the MELCOR-H2 source is recommended. The Control
Function input was excessively lengthy because the calculation methods had to be programmed
for each control volume containing pebbles. The current limitations of each model are discussed
and future work tasks are identified. Addition of a heat generation term to the second method
and incorporation of radiative heat transfer analysis to both methods are of high priority.

Other issues were investigated as continuation of the PBMR deck submitted in September 2006.
PBMR calculations in FY06 had been showing an overprediction of fueled pebble temperatures.
This problem was partially eliminated with the use of a MELCOR 1.8.5 executable with double-
precision (64-bit) accuracy. Predicted steady-state temperatures remain above the fuel failure
temperature of 1600°C. Possible causes are uncertainties in fuel properties, missed flow, and
heat transfer details due to the large control volume sizes and the lack of a proper radiation heat
transfer model. Suggestions for further research into these aspects are provided.

The PBMR input deck was intended to be converted to a double-precision version of MELCOR
1.8.6 that includes the MCH and IHX software. The PBMR input deck supplied by the
contractor to SNL in September 2006 was updated by SNL. For the experience, attempts were
made by the contractor to update the deck from 1.8.5 to 1.8.6 for use in other parts of this task.
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The deck after it had been run through the Input Deck Converter and the diagnostic errors are
included in this report.

The radially inward flow issue was not resolved. The same conclusion was reached as in the
previous year, namely that the small radial flow patterns observed with and without a heated core
have a nodalization dependency. This is not an issue for the prismatic gas-cooled reactor
modeling because the coolant flow within the core is restricted to one-dimensional flow through
vertical coolant channels.

Methods for modeling the radiation heat transfer that potentially require changes to the
MELCOR-H2 source were considered. Discussions concluded that the view factors for radiative
heat transfer are dependent on the control volume and core cell sizes and the local pebble
packing fraction. Data for comparison against estimated view factors were not obtained in a
literature search.

Task 2: High-Temperature Prismatic Reactor Input Deck Development

A new MELCOR-H2 input deck was developed for a high-temperature, gas-cooled prismatic
reactor based on design data from a literature survey. The literature survey is included in this
report.

The Next Generation Nuclear Reactor (NGNP) design published by Idaho National Laboratory
(INL) was selected as the reference design for this input deck development. The point design
report provides some data on the reactor design, which is based on Gas-Turbine, Modular
Helium Reactor (GT-MHR) designs by General Atomics. Data from General Atomics reports
supplement those in the INL report. Data not available from any public reports were estimated
and the justifications of these estimations are documented herein.

An initial MELCOR-H2 deck was built as a simplified model of the coolant through an annular
core region and the inner and outer graphite reflectors. Control volumes were set up for the gas
coolant flow and the reflectors were modeled by heat structures. The purpose of this deck was to
demonstrate MELCOR-H2’s ability to model passive cooling by thermal conduction through
these graphite reflectors. Demonstration calculations showed that heat flowed from the hotter
core region into the inner graphite reflector and towards the reactor boundary through the outer
reflector.

In discussion with the developers, the subcontractor found that this deck could not be used to
faithfully model the core and various components in and around the core region. The strategy
was modified to model the graphite fuel elements and reflectors with core cells. The hexagonal
graphite blocks are modeled as “clad.” The reactor type was declared a pressurized water reactor
(PWR). The upper and lower reflectors also presented difficulties for the original model.

A second input deck was developed for the new modeling strategy. The control volume and heat
structure input was debugged; however, difficulties were encountered with debugging of the
lower head. The subcontractor’s current experience of MELCOR 1.8.6 lower head modeling is
insufficient, particularly with regard to modeling the bypass flows and null cells in the lower
head. The debugging effort is ongoing with the focus on devising techniques to properly
associate radial rings in the lower plenum of the prismatic reactor with components above the
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bottom of active fuel. No MELCOR-H2 deficiencies have been encountered with respect to
prismatic gas-cooled reactor modeling.

A description of a RELAPS input model for the passive heat removal system, the Reactor Cavity
Cooling System, was found in the literature survey. Design data for the passive cooling system
is scarce, with a particular deficiency of data needed for the radiative heat transfer modeling. As
a future work task, a simplified model will be developed as a place holder.

The simplified input deck and experimental results are included in this report. The detailed input
deck and results of the debugging procedure for the core cells are included. As soon as a
working input deck of the prismatic reactor is available, it will be transmitted.

2.2 Introduction
2.2.1 Task Descriptions
Task 1: Improvement of PBMR modeling

The MELCOR-H2 input model was modified to allow for improved simulations of the PBMR
behavior. Focus was on the radial temperature distributions within the pebbles, the
overprediction of the fuel pebble temperatures, and the unexplained radial flows that appear in
the core region.

e A model for predicting the radial temperature distribution within a pebble was
implemented via Control Functions.

e The fuel temperature overpredictions of FY06 were investigated by running with a
higher-precision version of MELCOR 1.8.5.

e The FY06 PBRM input model was run on a double-precision version of MELCOR 1.8.5
to investigate any contribution of numerical accuracy on energy balances. Attempts were
made to convert the input deck to a version of MELCOR 1.8.6.

e Methods for modeling the radiation heat transfer that potentially require changes to the
MELCOR-H2 source were discussed.

e The radially-inward flow of coolant within the core region that had been observed in the
FY06 model was investigated.

Deliverables:

e A MELCOR-H2 PBMR input deck converted to 1.8.6

e MELCOR-H2 code modifications (None were made. All changes were implemented via
input.)

e MELCOR-H2 input deck modifications

Completion Date: September 1, 2007
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Task 2: High-temperature prismatic reactor input deck development

A MELCOR-H2 input deck will be developed for a high-temperature prismatic reactor based on
design data from a literature survey to be performed. Key output will be compared with any
available data.

e A literature survey was performed to acquire the most recently available design data on
the VHTR and other prismatic high-temperature gas-cooled reactors.

e An appropriate design was selected and a strategy for estimating data that is not available
determined.

e A MELCOR-H2 input deck for a prismatic, gas-cooled reactor was developed.

Deliverables:

e Literature survey to obtain high-temperature prismatic reactor design data
e MELCOR-H2 input deck for a high-temperature prismatic reactor

Completion Date: September 1, 2007
2.2.2 Suitability of MELCOR-H2 for Modeling GEN IV Gas-Cooled Reactors

MELCOR-H2 possesses a number of features that render the code uniquely qualified for analysis
of modern gas-cooled reactor designs. Originally a fast-running, simplified code for plant risk
assessment, MELCOR-H2 is the successor to the Source Term Code Package (Gieseke, 1986).
MELCOR-HZ2 retains some features of the earlier code versions that render it especially
appropriate for the proposed work. In particular, “sensitivity coefficients,” which are user-
controlled input parameters, allow the user to vary physics model parameters for sensitivity
studies. The ability to implement these changes without necessitating reprogramming of the
code itself makes MELCOR-H2 an ideal testing code.

The Control Volume-Flow Path concept and the Control Function features render MELCOR-H2
a flexible code with which to model Generation 1V reactors. There are no restrictions to pre-
defined components such as “Pipe” and “Vessel” components. The code can be extended to
various systems without creating a new version of the code executable for each design. The
Control Volume-Flow Path approach allows for simulation of reactor volumes of any geometry.
Therefore the helium flow channels and unique core geometries of high-temperature reactors
may be represented by control volumes and flow path connections without code modifications.

The Control Functions permit programming within input files to simulate reactor controls and
test new physics models. These Control Functions also allow for a code user to test new physics
models via changes to the input only. Control Functions have access to a large number of code
parameters as arguments, providing a creative user with many opportunities. In this report, a
model is described that determines the pebble radial temperature distribution and was able to
draw upon code-calculated parameters via Control Functions.

For pebble bed reactors, the fuel pebbles may be modeled as the “Particulate Debris” fuel
component, with newly-assigned thermal properties in the input.
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Code assessment performed during FYO06 revealed that the current helium property formulation
is appropriate under gas-reactor conditions. The code had been written in such a manner that
replacing the light water coolant with a gas coolant also did not require any code modifications.
Finally, the user is given the ability to redefine core materials, thereby enabling graphite to be a
core material.

Other reactor systems codes were considered for the reference code. SCDAP/RELAP5S may not
be as suitable because it is not able to model events outside of the reactor pressure vessel. The
MAAP4 code has fixed components and a new code version is required when geometry changes
are made to standard reactor designs.

2.3 Task 1. Improvement of PBMR Modeling
2.3.1 Pebble Temperature Radial Distribution Model
2.3.1.1 Applicability of Lumped Capacitance Modeling for Pebble Bed Reactors

MELCOR-H2 was originally developed for light water reactor severe accident analysis. Light
water reactors mainly use fuel rod bundles with cylindrical UO, pellets instead of the TRISO
fuel. TRISO fuel is not modeled in the core package of the code. In the current MELCOR-H2
PBMR deck, the TRISO fuel is modeled by the particulate debris phase (Hogan, 2006).

MELCOR-H2 employs the lumped capacitance method to solve for particulate debris
temperatures, an assumption which is likely valid for dispersed-phase rubble formed during core
degradation. The basic premise behind the lumped capacitance method is that thermal
conduction through the heat transfer medium under consideration is large with respect to the
thermal conduction away from the medium. In this case, the thermal gradients are small and the
medium may be considered isothermal.

In the case of pebbles for a PBMR, the heat transfer medium has a relatively large diameter

(6 cm) and some of the constituents of the pebbles do not have a high thermal conductivity.
Experimentally measured temperatures of pebbles exposed to high burnup and high temperatures
show that the temperature difference between a pebble center and a pebble surface can be over
150 °C (Futterer et al., 2004).

The initial motivation for careful scrutiny of the applicability of the lumped capacitance method
arose during analysis with the MELCOR-H2 PBMR model by Hogan (2006). The PBMR model
using the particulate debris model overpredicted the fuel temperature by a significant amount in
some core cells. In fact, steady-state temperatures predicted by the lumped capacitance method
were higher than the expected values following a depressurized loss of forced convection.

The high temperatures were later found to be due in large part to an error in the solution of the
energy equation (see Section 2.3.2). In conjunction with the energy balance study, consideration
was given to appropriate temperatures to pass to the CVH for heat removal analysis. The large
discrepancy in fuel temperatures is a significant drawback when using the model for severe
accident analysis. Further study was therefore required to better estimate fuel center and surface
temperatures during steady state and transient conditions. This formulation described below
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focuses on predicting a temperature distribution profile in the fuel pebbles during steady state
and transient conditions.

Fuel integrity is the basis of severe accident analysis. Fuel temperature is the leading factor in
determining the failure of fuel pebbles in most analysis. Air ingress during depressurized loss of
forced coolant accident is another important event that requires a better estimate of fuel surface
temperature to calculate graphite oxidation rates. The rate of air entering the reactor and
interacting with hot graphite in the fuel and structures is a function of the surface temperature
among other parameters. To better predict the oxidation rate and the energy generation from
oxidation reactions, correct fuel surface temperature estimation is a priority. Fuel pebble center
point temperature is needed for severe accident analysis since it is the basis for determining fuel
failure by overheating.

The current PBMR model results for steady-state showed that the energy transfer between the
core to the coolant is accurate. The formulation that is used in this chapter is based on using the
coolant properties to solve for the fuel pebble temperature and compare it with MELCOR-H2
lumped capacitance fuel temperature.

The Biot number, which is a ratio of thermal conduction resistance to thermal convection
resistance, must be 0.1 or less for the lumped capacitance method to be valid (Incropera and
DeWitt, 2002). The validity of this method is in question for the conditions of the flow in high-
temperature gas-cooled reactors. For this purpose, evaluating the Biot number across the reactor
core is important. The Biot number is calculated using Equation (2-1).

*

h L
kfuel

Bi= (2-1)

L* is the characteristic length. It is defined as the volume of the body divided by the surface area

of the body. For a sphere, it equals % of the diameter.

The nodalization of the PBMR model submitted at the end of FY06 is shown in Figure 2-1 for
reference. This model has been used in the following calculations.

Figures 2-2 and 2-3 show the Biot number results for different control volumes (CVs) in the
reactor during steady state operation. Results show that some of the control volumes have flows
of Biot numbers less than 0.1 while others do not meet the Biot number criteria. These results
confirm that most of the reactor conditions during steady state do not meet the lumped
capacitance validity limit to calculate fuel temperatures. The reason behind the differences in
flow properties at different locations in the reactor can be attributed to the complex geometry of
the flow around fuel pebbles and the location of fueled pebbles. Many phenomena are involved,
including complex mixing behavior accompanied with large temperature gradient. This results in
significant differences in thermal and dynamic properties of the flow at different locations of the
reactor core.

38



enterline
IJ[ oI Core inlet plenum

~0

FLat0 - CV160
" Helium
source

T
y comzo | o
| e 1M
§ comim |

Level 4

Level 3

g:

Level 2

| e d—

1 cmn_n_i e
E[ _______________ \RPV heat
/tructures

Level 1

g
s

p:l‘,‘l TUTTT

§

Cavity region
Ring 1 Ring 2 Ring 3 Ring 4 Ring 5

Figure 2-1. PBMR nodalization for MELCOR-H2 model (Hogan, 2006).

I:IE T T I T I T I T T
018 -
016 -

0.14 | Fourth ring near top of core region —

Biot Mumbser
(]
= —
—t (=)
|
] |

=

[

(4]
I
|

m—— Biot Mumber in V143

o

=

oh
I

2
|
|

002 -

L I L I L I L I L I L
':IC' 00 1000 1500 2000 2300 3000

Time [z]

Figure 2-2. Biot number in CV 143.

39



018 —

- Central ring near bottom .

0.16 - —
0.14 —
[ =

5 0.12F —
Z o1} —
& o0g - —
a06 - === Biot Number in CV111
004 —
0.02 ]

] 1 1 I 1 I 1 I 1 I 1 |

]
300 1000 1500 2000 2500 3000
Time [3]

(="

Figure 2-3. Biot number in CV 111.

Two methods are discussed in this section for estimating the center and surface temperatures of
fuel pebbles. The first uses correlations for conduction and convection heat transfer around the
sphere and solves for the steady state pebble temperatures. The second method is based on an
approximate numerical solution for the heat equation in spherical coordinates under transient
conditions. The methods acquire information from MELCOR-H2 about the fluid conditions in
each control volume around the pebbles. This limits the calculation to one radial temperature
distribution per control volume. As a result, all pebbles in each control volume will be assumed
to have identical temperature distributions.

2.3.1.2 Analysis Method for Steady State Radial Temperature Profile

Heat transfer in packed bed involves three main heat transfer methods. Each fuel pebble
experiences conduction heat transfer inside the pebble and from the fuel pebble to adjacent
pebbles and convection heat transfer by coolant flow, as well as radiation heat transfer from the
fuel pebble to the surrounding vicinity of fuel and structure.

In this approximate analysis, the fuel pebble is assumed to be isolated from other fuel pebbles.
This assumption eliminates other heat transfer methods and only accounts for convective heat
transfer to the primary coolant. In reality, conduction heat transfer in a packed bed core is an
important method of heat transfer in high-temperature gas-cooled reactors. However, advanced
methods would require three-dimensional capabilities with a three-dimensional thermal network
for the full reactor simulation that is beyond this research scope. A three-step formulation is
presented here:

e Approximation of maximum fuel temperature difference between the pebble center and
the surface temperatures, AT, by a conduction calculation within the pebble.
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e Solving for the convection heat transfer coefficient, 4, using coolant properties around the
fuel pebble.

¢ Solving for the fuel pebble surface temperature using the obtained heat transfer
coefficient and then estimation of the center temperature using AT from the first step.

The difference between the surface temperature and the center temperature of the fuel pebble can
be obtained by solving the one-dimensional heat equation for a spherical geometry with uniform
heat generation and symmetrical surface conditions (Incropera and DeWitt, 2002). Equation
(2-2) describes the heat rate as function of radial location in the pebble. This equation assumes
that the heat generation occurs uniformly throughout the pebble. It also assumes that the fuel
pebble has constant thermal conductivity.

- 2 2
k| (1 o)
_ q47Z'r _ . Suel r

3 1 1
h h (2-2)

q(r)

The equation calculates ¢, the heat rate, at a specific radial location, », given the total heat
generation rate per pebble, ¢ . For this analysis, 7 is the temperature at a point very close to the
pebble center (1 = 0.000001) and 75, is the fuel pebble surface temperature. Rearranging the
terms in Equation (2-2), one can approximate the temperature difference, AT, as shown in
Equation (2-3).

U 1 3qrz-qul-4&71:7/24-1-64751331”1
sl s 12 nr r.k
1 2 fuel (2_3)

The reference model that is used in this research is based on the 268 MWth power PBMR
(Reitsma, 2004). The number of fuel pebbles in the core is estimated to be 330,000 pebbles
(Nichols, 2001). For the approximate fuel temperature calculation, it is assumed that the full
generated power in the reactor is distributed evenly among the fuel pebbles. In reality, the power
profile in the reactor varies axially and radially. The power distribution is important in
determining the hot spots in the reactor. The maximum temperatures are more likely to occur
where the power profile is the highest in the core and the coolant has the highest temperature or
lowest flow rate. Heat rate generated per pebble can be approximated by dividing the total
generated power by the number of fuel pebbles (Equation (2-4)).

. Normal Operation Power _ 268MW
1 Number of Fuel SpheresxVolume 330 OOOXiﬂ'R3

(2-4)

where R is the fuel pebble radius (0.06 m).

The thermal conductivity for the fuel in a PBMR can be calculated as a function fuel temperature
using the correlation by No (2001) in Equation (2-5). This is an empirical correlation for an
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average fuel thermal conductivity for fuel pebbles in a packed bed as a function of fuel
temperature.

k,,=1.1536-4 (T-T) (2:5)

where T, is the reference temperature of 273.16 K and K is in units of W/(m K). A plot of
pebble bed thermal conductivity is shown in Figure 2-4 over a range of temperatures.

Fuel thermal condactivity |Wim k)

il L e L PRl Lead ] El ]

Temperature K]

Figure 2-4. Thermal conductivity in pebble bed versus fuel temperature.

In past calculations, the PBMR fuel bed thermal conductivity has been averaged to 20 W/(m K)
(Reitsma, 2004). The average value seems reasonable given the reactor operation temperatures.

Taking r; as the radius at the surface of the sphere and r; as very close to the center, The only
unknowns left in equation are Ts; and Ts2, or AT. Solution of Equation (2-3) results in a range
of AT from 107.71 K to 53.81 K using ks, equals 10 W/(m K) and 20 W/(m K) respectively.
The power profile along the core varies compared to average normalized power from 0.0 to 1.39
(Reitsma, 2004). This variation in the axial power leads to a maximum fuel temperature
difference AT =149.718K using ke equals 20 W/(m K) at the location of greatest power. The
temperature difference between the surface and the center of the pebble seems reasonable
compared to the irradiation experiment data of Futterer et al., 2004. Irradiation experiments on
fuel pebbles showed a temperature difference as large as about 150 K between the pebble center
and the pebble surface.

For a steady state condition, one can solve for an isolated fuel pebble surface temperature by
using the formulation for steady state forced convection around a sphere in Equation (2-6).

Q=hA(Ts-Ty) (2-6)

where q represents power in watts (average pebble power), h is the local heat transfer coefficient,
and A is the surface area of the fuel pebble. H can be calculated using the definition of Nu
number given the thermal conductivity of the coolant and the diameter of the sphere (Equation

(2-7)).
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hD
Nu=7— (2-7)
kHe

To calculate the heat transfer coefficient, Nu number is calculated as a function of Re and Pr. A
correlation for forced convection around a spherical element can be used for this purpose, as
shown in Equation (2-8) (Gauntt et al., 2005).

Nu=2.0+0.6Re1/2pr1/3 (2-8)

To calculate the Reynolds number, viscosity of helium as a function of temperature is estimated
as below (Bird et al., 1960).

AMT
1=2.6693-6 0, (2-9)

and the kinematic viscosity is given by Equation (2-10).

y=—= (2-10)

where g is in kg/(ms), T is the temperature in K, o and €, are slowly varying functions of the
dimensionless temperature KT/e as explained in Bird et al. (1960). For the approximate
calculations presented here, ¢ and €, are assumed constants. The available data for Q, are
limited to a maximum temperature of 1020 K. The value of Q, has been interpolated beyond the
table for a temperature of 1173 K (reactor outlet temperature). This resulted in Q, = 0.5745 for
helium using = 2.576 A.

The thermal conductivity kye for helium can be calculated using Equation (2-11) from Bird et al.
(1960).

VT

il (2-11)

E=1.09801-10

. ca
WhereklssmK,

cin A°and Qx = Q.
The Reynolds number can be then calculated using Equation (2-12).

Re= ? (2-12)
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where D is the diameter of the fuel pebble, 0.06 m. The specific heat of helium can be taken as a
constant for this calculation. The thermal diffusivity of the helium gas can be calculated as
follows:

(2-13)

Pr number is then calculated as follows:
A%
Pr=" (2-14)

Equations (2-7) and (2-8) can now be solved for the local heat transfer coefficient, h. Equation
(2-6) leads to the pebble surface temperature, Ts. The fuel center temperature is then calculated
using the surface temperature of the pebble and AT, which was calculated by Equation (2-3).

This methodology for calculating the fuel pebble surface temperature has been implemented into
the MELCOR-H2 PBMR input deck as Control Functions. The Control Functions avoid the
need for source code changes and enable testing by other than the code developers. Several
variables that MELCOR-H2 outputs by default have been used as model input. These variables
are coolant velocity, density, and temperature (T.,) of each control volume.

This method contains a few limitations and approximations. The homogeneous pebble
assumption for the TRISO fuel is valid because the fuel pebble is constructed of thousands of
very small fuel elements distributed in the fueled region of the pebble. However, the heat
generation in the fuel pebble is not generated uniformly throughout the sphere. The fuel
microspheres are distributed evenly in all but the outer coatings of the fuel pebble, as shown in
Figure 2-5. The spatial heat generation assumption may affect the accuracy of the temperature
profile inside the fuel pebble. The above method has also assumed no conduction heat transfer
from the fuel pebble to other pebbles. It assumes that heat is being removed by the coolant only.

The methods above of using the control volume properties to estimate fuel temperature limits the
estimated fuel temperature to one value per control volume. Regardless of how many core cells
are attached to each control volume, the estimated temperature using this method will be the
same for all core cells attached to any given control volume.
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Figure 2-5. TRISO fuel microspheres (Nichols, 2001).

The results are shown in Figures 2-6 through 2-17 for the Ring 1 (containing only unfueled
graphite pebbles), Ring 3 (containing 50% unfueled and 50% fueled graphite pebbles), and

Ring 5 (containing 100% fueled graphite pebbles), control volumes and their associated core
cells. The pebble surface temperatures calculated using this method are in good overall
agreement with MELCOR’s calculated particulate debris (isothermal sphere) temperatures in the
corresponding core cells. The calculated surface temperatures are generally less than
MELCOR’s highest fuel temperature in the control volume. Exceptions to this are some control
volumes in the central Ring 1 containing unfueled graphite pebbles. The bottom region of the
core also displays calculated surface temperatures close to MELCOR’s fuel temperatures. The
maximum calculated surface temperature during steady state was in CV 132. However,
MELCOR’s highest fuel temperature was still higher in this control volume. The overprediction
of fuel temperatures in some control volumes is discussed in the next section of this report.
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isothermal pebble temperature in CV 133.
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Figure 2-15. Pebble surface temperature vs.
isothermal pebble temperature in CV 113.
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Figure 2-17. Pebble surface temperature vs.
isothermal pebble temperature in CV 111.
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2.3.1.3 Analysis Method for Transient Radial Temperature Profile

The first method estimates the radial temperature distribution in a sphere at steady state. To
estimate the surface temperature of the fuel pebble under transient conditions, a numerical
solution for a sphere in convective environment may be used (Incropera and DeWitt, 2002). This
time-dependent solution provides the temperature distribution in a sphere that is initially at a
uniform temperature and is allowed to cool by convection. The numerical solution gives a better
approximation for the fuel pebble temperature as a function of the fluid properties around the
sphere.

The MELCOR-calculated energy deposition from the fuel to the coolant and the fluid properties
within control volumes are used as input for this methodology. This formulation uses primarily
the coolant properties to calculate the temperature distribution of the fuel pebble.

During an initial steady state calculation, arbitrary initial temperatures for the sphere are
imposed. Once the coolant properties became steady, the calculated temperature of the sphere
will reach a steady state value. The time-dependent response of the fuel temperature to the
change in the surrounding environment becomes smaller in time. However, this formulation
problem can be overcome by resetting the time once the calculation has reached steady state in
terms of coolant temperature properties.

A first term approximation for a series exact solution is presented in Incropera and DeWitt
(2002). This solution is valid for Fo > 0.2.

* * 1 - *
0 =0, Clr*st;lr (2-15)

where 0" is the dimensionless temperature at distance r’, and r" is the dimensionless radial
distance outward (r/R).

s (2-16)

where Ts is the surface temperature of the sphere. The dimensionless temperature at the sphere
center, 0., is defined below.

* 2
0.=C exp-;Fo (2-17)

€1 and C, are tabulated for sphere as a function of the number in standard heat transfer textbooks
such as Incropera and DeWitt (2002). T., is the temperature of the coolant around the fuel pebble
and Ts; is an initial surface temperature. The Fourier number introduces the time dependency
into the dimensionless temperature:

Fo="3 (2-18)
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Fluid properties are calculated in the same manner as outlined in the previous section. The
numerical solution procedure models and correlations have been implemented in MELCOR-H2
using control functions. Look up tables for the constants £ and C; as a function of the Biot
number have also been implemented via Control Functions and Tabular Functions. The models
were implemented to calculate coolant properties for each control volume every time step as
summarized below.

e Calculate helium viscosity as a function of temperature of the control volume.

e Calculate thermal conductivity for helium as a function of temperature of the control
volume.

e Calculate viscosity as a function of density obtained from MELCOR-H2 in the control
volume.

e Obtain velocity from MELCOR-H2 calculations and calculate Re using viscosity in the

previous step.

Calculate thermal diffusivity, o, and use that to calculate Pr.

Calculate Nu using Re and Pr.

Calculate heat transfer coefficient using Nu and Kye.

Calculate Fo.

Calculate Biot number as function of Nu and Kel.

Obtain values of C; and &; as a function of the Biot number from tabular functions.

e Calculate dimensionless temperatures 0. and 0",
e Calculate surface temperature of the fuel.

In other accident scenarios, where there is a potential for air entering the reactor vessel, some
modifications are required to the method. The possibility of air, consisting mostly of nitrogen
and oxygen, existing in the reactor requires changes in calculating the properties of the fluid
around each sphere.

The changes are to replace the properties of pure helium with those appropriate for the gas
mixture. The first step is to calculate viscosity for each gas component in the control volume.
The equation to calculate the helium viscosity as a function of temperature, Equation (2-19), can
be applied to air as well. However, for air, 5, M and €, will be different values than the ones
used for helium. The next step is to calculate the mole fractions Xye and Xair in each control
volume. This has been done by taking the density of each gas from MELCOR-H2 and dividing
by the total density in the control volume. The gas mixture viscosity can be calculated using
Chapman-Enskog theory (Bird et al., 1960) using the viscosity of each gas at certain
temperature.

n  xu
Mmix:

(2-19)
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in which ¢;; is defined as:

¢.=—=(1+ —) z[1+(—) 2(4>12
X \/_ (2-20)

where n is the number of chemical species in the mixture, x; and xj are mole fractions of species i
and j, and p; and p; are the viscosities of species i and j at the control volume temperature. M;
and Mj are the corresponding molecular weights of the gases. For the purpose of calculating the
Biot number for the gas mixture, thermal conductivity for the gas mixture needs to be calculated.
This is accomplished by calculating the thermal conductivity of each gas as a function of
temperature using Equation (2-20) from Chapman-Enskog theory (Bird et al., 1960).

TIM
k=1.9891-2 70, (2-21)

where k is cinAandx=Q

s m K

The thermal conductivity for gas mixtures can be approximated in a similar fashion to as for the
viscosity of mixtures (Bird et al., 1960).

n xiki
kaX: Z n
=1 Z Xiq)ij
=1 (2-22)

where ¢;; is obtained from Equation (2-20).

The kinematic viscosity for the mixture can then be calculated using pmix.

Mmix

v= 2-23
o (2-23)

Unlike viscosity and thermal conductivity, specific heat of a gas mixture can be weighted

proportionally to the mole fraction of each gas component according to Equation (2-24).
n
= Z Cpx,

I=1 (2-24)
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Thermal diffusivity of the gas mixture can be calculated using the mixture thermal conductivity
and the mixture specific heat:

_ __mix
o= pC
P (2-25)

The Pr, Nu, and Re numbers are calculated in the same manner explained in the previous section
with the new gas mixture properties that are calculated in this section.

Another change that is required for transient calculation is the implementation of a free
convection formulation to calculate Nu. This change is currently not implemented in the control
function routines made for this calculation. The difference in the above calculation would be use
of Gr instead of Re to calculate the Nu (Gauntt, 2005). For free convection, Nu will be calculated
as in Equation (2-26).

Nu=2.0+0.6Re*?Gr'? (2-26)

The Grashof Number, Gr, for a sphere is defined below.

Gr= 95 (1, ;TW)D (2-27)

B is the thermal expansion coefficient and can be obtained for ideal gases using Equation (2-28)
from Incropera and DeWitt (2002).

_Ltop 1P 1
b= eD= pRTE T (2:28)

Flow conditions around fuel pebbles changes dramatically at the beginning of an accident event.
One of the important accident scenarios is a depressurized loss of forced cooling (DLOFC). In
this event, primary coolant is lost due to a break. This is coupled with a quick depressurization of
the system. The Biot number for this transient is less than the 0.1 limit (Figure 2-18).
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Figure 2-18. Biot number during DLOFC.

Particulate debris temperatures during the transient from MELCOR’s calculation are in very
good agreement overall with the fuel temperatures obtained from this numerical method. For
temperatures that MELCOR-HZ2 is believed to have overpredicted during the normal operation,
MELCOR’s temperatures decreased rapidly at the transient onset and matched later on with the
calculated temperatures. Figure 2-19 shows the fuel temperature comparison during DLOFC.
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Figure 2-19. Core cell temperatures in CV 153 during DLOFC accident.
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2.3.1.4 Recommendations for Radial Fuel Temperature Calculations

The necessity of extending MELCOR-H2 capabilities to include the radial pebble temperature
distribution was demonstrated. Two methods for predicting the fuel pebble temperature
distribution were developed and implemented via Control Functions. While both methods were
largely successful in achieving their goals, implementation of a radial temperature distribution
model into the MELCOR-H2 source code is recommended.

Since there are 20 control volumes in the core region, the Control Function methods had to be
input 20 times, resulting in an excessive amount of input. Direct code implementation will also
allow the related heat transfer subroutines to call upon the pebble center point and surface
temperatures for more accurate simulations.

The first solution method, which evaluates pebble temperatures under steady state conditions,
shows appropriate behavior with some overprediction of the fuel temperatures in a few control
volumes. Limitations particular to this model are:

e Radiative heat transfer is not evaluated.

e Contact between the pebbles is not considered. Heat removal is by convection and not by
conduction among pebbles.

e The thermal conductivity is assumed to be constant throughout a sphere.

e The model is not valid at the exact center point location. A radial location very close to
the center point must be chosen.

e Heat generation in a fueled pebble is assumed to be generated uniformly throughout the
pebble. However, there are no fuel microspheres in the outer coatings of the pebbles.

The second method is based on an approximate numerical solution for the heat equation in
spherical coordinates under transient conditions. The model is able to accommodate any mixture
of coolant gases. The numerical solution procedure showed better temperature prediction and
overall behavior with no temperatures reported beyond the failure limit during steady state
operation.

e A heat generation term has not been added to this model.

e Radiative heat transfer is not evaluated.

e Testing is needed on the model to confirm whether it can accommodate scenarios in
which the pebbles are submitted to sudden changes in conditions in short time periods.

The methods acquire information from MELCOR-H2 about the fluid conditions in each control

volume around the pebbles. This limits the calculation to one radial temperature distribution per
control volume. As a result, all pebbles in each control volume will be assumed to have identical
temperature distributions.

Limitations imposed by MELCOR-H2 include:

e All pebbles are assumed to generate the same amount of power (Equation (2-4)).
e The power distribution imposed on the core region cannot change with time.
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2.3.2 Investigation of Fuel Temperature Overprediction

Other issues were investigated as continuation of the PBMR deck submitted in September 2006.
PBMR calculations in FY06 had been showing an overprediction of fueled pebble temperatures.

The first cause for the overprediction was a lack of conservation of energy. The calculations

with a large roundoff error had been run with a single-precision (32-bit) version of MELCOR
1.8.5. This problem was eliminated by the use of a MELCOR 1.8.5 executable with double-

precision (64-bit) accuracy.

A sampling of the FY06 particulate debris temperature distributions from a steady state
calculation with the double-precision executable are shown in Figures 2-20 through 2-24.
Temperatures in the rings occupied by fuel spheres consistently have higher particulate debris
temperatures than those full or partially full of graphite spheres. The temperature distribution in
fueled rings varies far more broadly than the distributions in partially fuel-filled or graphite-filled
rings. The maximum temperatures predicted appear in the second axial level and third radial
ring, with the highest maximum temperature of the sample group located in cell COR311.

2100
2000
1900
1800
1700
1600

I J I !

—— COR Cell 105
----- COR. Cell 108
+=+= COR Cell 111
—— CORCell 115
+ ==  COR Cell 119

Temperature (K)
i B oy
= = =
o =

1200 ¥
1100 -
1000 L
900 -
800 :_’,,_g-":'T _________ et B bl e o eaiibg o Bl =y
700 e o . B W

1000 1500 2000 2500 3000
Time (s)

=
Ln
=
1

Figure 2-20. Particulate Debris Temperatures in Ring 1.
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Figure 2-22. Particulate debris temperatures in Ring 3.
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Figure 2-24. Particulate debris temperatures in Ring 5.
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The maximum temperatures of the particulate debris predicted by MELCOR-H2 are higher than
those predicted by Reitsma (2004), sometimes exceeding the predicted temperature values for a
depressurized loss of forced convection without SCRAM by over 50 K. Reitsma’s analysis
showed that the maximum fuel temperature is about 1900 K. The MELCOR-H2 temperatures
should be lower because the MELCOR-H2 analysis was for steady state conditions at full power.
Further, the maximum allowable peak fuel temperature must be below 1600 °C to prevent
TRISO fuel damage.

The second cause for overprediction of fuel pebble temperatures may be due to the current heat
transfer modeling from the pebbles. The conclusion from FY06 was that the discrepancy is most
likely caused by uncertainty in the properties of the particulate debris, particularly the enthalpy,
and by a less-than-expected heat removal rate from the COR package to the CVH or HS
packages. The local heat generation, as well as the temperature difference between the
particulate debris and the coolant in the attached CVH cell, dictates the temperature of the fuel
pebbles. Hogan (2006) discusses the actual coolant flow paths as helium passes through a
packed bed and the potential for non-uniform heat removal rates within control volumes. With
the addition to MELCOR-H2 of the FYO07 radial temperature distribution models, the predicted
pebble surface temperatures in Rings 3, 4, and 5 will be lower and this discrepancy is expected to
increase. Computational fluid dynamics (CFD) analysis may prove useful in examining the local
flow paths and heat transfer rates.

Another source of possible error to be further pursued is the radiative heat transfer modeling.
The reactor has been designed to lose heat passively in the outward direction from the core. A
radiative heat transfer model has not yet been developed for MELCOR. Further attempts to
develop such a model may focus on a more detailed nodalization of rings surrounding the core
and a radiative heat transfer model that would preferentially transfer heat from the outer pebbles
of Ring 5 which are “in view of” the surrounding structures. Finer division of the rings with
fueled pebbles is not desired because the control volume shapes would become very tall and thin
and computational time would increase.

No studies of the radiation heat transfer have been found in the literature survey to support model
development or provide validation data.

2.3.3 Conversion of PBMR Deck to 1.8.6 Format

This task included conversion of the PBMR input deck to a double-precision version of
MELCOR 1.8.6 that includes the MCH and IHX software. The PBMR input deck supplied by
the contractor to SNL in September 2006 was updated by SNL. For the experience, attempts
were made by the contractor to update the deck from 1.8.5 to 1.8.6 for use in other parts of this
task.

The input deck was converted with MELCOR-H2 Input Deck Converter.xIs version 1.01.02.
During the conversion process, the lower head was assumed to be hemispherical and no
downcomer was assumed. The molten pool model was turned off. The silver release model was
left off, as is the default. The control volumes were recalculated by the program. An R*I*F
statement for the new input file was added to the MELGEN file. The CORTSTO1 card was
added to the MELCOR-H2 file. Execution was attempted with MELCOR-YP-186.exe.
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The deck after it had been run through the Input Deck Converter and the diagnostic errors are
included in this report.

2.3.4 Investigation of Radially Inward Flows in 1.8.5 Model

The radial coolant velocities for an FY06 steady state calculation without core power are shown
for core Levels 1 and 4 in Figures 2-25 and 2-26. Levels 2 and 3 show zero velocities for the
cross flows and are not plotted. The figures show nonzero cross flows present radially outward
for Level 1 and radially inward for Level 4. Cases with the nominal 268 MWth power reveal
larger cross flows inward due to coolant heating and expansion in the outer rings.

This flow is caused by the differing boundary conditions and geometries imposed at the top and
bottom of the core. The circulation pattern that develops in the calculation with the powered core
causes increases in radial flow due to the nonuniform power profile present in the core input
model.

The radially inward flow issue was not resolved. The same conclusion was reached as in the
previous year, namely that the small radial flow patterns observed with and without a heated core
have a nodalization dependency. Such flow patterns are not an issue for the prismatic gas-cooled
reactor modeling because the coolant flow within the core is restricted to one-dimensional flow
through vertical coolant channels.
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Figure 2-25. Radial coolant velocities of Level 1, no core power.
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Figure 2-26. Radial coolant velocities of Level 4, no core power.

2.3.5 Radiative Heat Transfer Modeling for the Pebble Bed Reactor

Methods for modeling the radiation heat transfer were considered. Discussions concluded that
the view factors for radiative heat transfer are dependent on the control volume and core cell
sizes and the local pebble packing fraction. A finer radial division of the heated rings and
additional rings outside of the core may be necessary to obtain the correct radiative heat transfer
rates. Data for comparison against estimated view factors were not obtained in a literature
search.

2.4 Task 2. High-temperature Prismatic Reactor Input Deck
Development

2.4.1 Literature Review on Prismatic Reactors

A literature survey was performed to obtain data for development of a MELCOR-H2 input deck
for a prismatic reactor. Because the NGNP based on the General Atomics GT-MHR design was
chosen as the reference design for the MELCOR-HZ2 input deck (see next subsection), the most
useful references for the GT-MHR and NGNP designs are highlighted below.

A document with general information on the INL “point reactor design” was obtained from a
web search. The INL point design document states that the NGNP VHTR design is based on the
General Atomics GT-MHR design. The point design report gives credit to General Atomics for
providing design information and lists the original General Atomics reports, several of which are
not available to the subcontractor. Therefore, much of the data in the MELCOR-H2 input deck
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is General Atomics data that has been reported by INL in the Point Design Report (INEEL,
2003).

Most data for the GT-MHR are from designs with a lower outlet gas temperature than the
VHTR, about 850 °C, implying that some design modifications may be necessary. Per the
technical monitor’s suggestion, a VHTR is being modeled with a coolant outlet temperature of
850 °C and 600 MWith.

For data that are missing from the Point Design Report, values from the 450 MWth GT-MHR
design are being used or values are estimated with engineering judgment. The literature survey
has provided data on the 450 MWth design in sufficient detail to develop much of a MELCOR-
H2 input deck (ABB/Combustion Engineering et al., 1994). The current power rating of
modular prismatic reactors appears to be around 600 MWth; however, minimal geometric data
are available. The only data from the two designs available for comparison are the reactor vessel
dimensions, which are fairly similar. The core design was apparently modified to provide for
higher power densities. Another key issue to investigate is the ability to provide passive cooling
with the higher power rating.

The 450 MWth design is noted to have a lower coolant outlet temperature (850 °C) than is
desirable for a high-efficiency VHTR. Two methods for raising the coolant outlet temperature
are reduction of the bypass coolant flow from 20% to 10% and inlet orificing for better control of
the inlet coolant flow distribution (page 25 of the INEEL Point Design Report). The MELCOR-
H2 input deck considers the reduction of bypass flow to achieve higher temperatures.
Information on the inlet orificing was not found in public documents.

A reference from SNL provides a brief description of a Very High Temperature Gas Cooled
Reactor that represents an “advanced, next generation GT-MHR” (Parma et al., 2003). The exit
temperature is 1100 °C. This design may serve as a starting point for the modeling, although
detailed data are not provided.

Additional data searches have led to General Atomics documents, such as NERI reports, which
describe more of the overall plant concept for electricity generation and lack sufficient data for
MELCOR-H2 input deck development. International Atomic Energy Agency (IAEA)
documents provide more details on gas-cooled reactor designs, but the designs are generally of
lower temperature reactors (coolant outlet temperature is less than 900 °C).

Data on the design of prismatic fuel blocks were referenced from Del Cul et al. (2002).

Regarding modeling techniques, a RELAP5-3D/ATHENA input model description for the
VHTR was presented by Bayless (2003). This model employs a much simpler nodalization has
been used by MELCOR-H2 for the PBMR (Figure 2-27). The code calculations were
benchmarked against calculations of the GT-MHR by General Atomics for high- and low-
pressure conduction cooldown and loss of flow scenarios. The comparisons were said to be
reasonable. If details of these calculations can be obtained, they may serve as benchmarking
data for the current MELCOR-H2 development.
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Figure 2-27. RELAP5-3D/ATHENA nodalization of the VHTR vessel.

Modeling techniques for conduction cool-down accident analyses with RELAP5-3D/ATHENA
are documented in Section 4.2 of the INEEL Point Design Report. These techniques are
providing a frame of reference for the current modeling effort, although the MELCOR-H2 model
will be more detailed. Further, data are provided for model benchmarking and will be used when
MELCOR-H2 analysis of the VHTR commences. GT-MHR reported data used to benchmark
the RELAP5-3D/ATHENA model consisted of:

e RCCS power,

e RCCS flow rate,

e RCCS air outlet temperature,

e Reactor vessel outside temperature,

e Peak RCCS structure temperature, and
e Peak containment concrete temperature.

Additional references that were not used in input deck development but provided general
information are listed below.

Cocheme, 2004
Davis et al., 2005
Davis et al., 2004
Davis et al., 2003
Gelbard, 2002.
Haque et al., 2004.
INEEL, 2004b
INEEL, 2004a
Kunitomi et al., 2004.
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LaBar et al., 2003.
Lee, et al., 2007.
Morris et al., 2004.
Oh, 2004.

Oh, 2005.

Wu and Yu, 2007.

2.4.2 Selection of Reference Gen IV Reactor Design

The NGNP to be designed and constructed by INL will most likely be for hydrogen generation
and will be of a VHTR design. These reactors are intended to supply gas at an outlet
temperature as high as 1000 °C (DOE, 2004). Both prismatic core designs and pebble bed
designs are candidates for the NGNP, although recent momentum appears to be in favor of the
prismatic design.

The NGNP prismatic design published by INL (INL, 2003) was chosen as the reference design
for this input deck development, to complement the pebble bed input deck modeled in FY05 and
FY06. The gas-cooled reactor is planned to be constructed on the INL site.

2.4.3 Description of the Prismatic Reactor Design

As a candidate design for the U.S. NGNP, a variation of the General Atomics GT-MHR s the
referenced high-temperature gas-cooled reactor (HTGR) for the current work. The
distinguishing feature between the GT-MHR and other HTGR designs is the use of a prismatic
block core instead of a pebble bed core. The same TRISO fuel as for the pebble bed reactors will
be made into pellets and stacked vertically in fuel channels.

The main differences between the GT-MHR and the NGNP prismatic reactor will be in the
materials needed for higher temperatures and in the details of the thermal hydraulics and core
neutronics. Figure 2-28 from the INL Point Design Report illustrates the reactor system (INL,
2003) and Table 2-1 lists the primary operating parameters.

The prismatic NGNP core will be an annular design with an inner and an outer neutron reflector.
Approximately one third of the hexagonal blocks will be arranged in an annular core and the
other two thirds will comprise the inner and outer reflectors. The target outlet temperature for
the coolant is 1000 °C. To increase the power level from the General Atomics GT-MHR design
without increasing peak fuel temperatures, the bypass flow fraction is reduced from 20% to 10%
and the inlet flow distribution is controlled.

Passive safety is accomplished by conducting heat radially outward through the core and
pressure vessel and removing heat by radiative heat transfer to air-cooled panels in the reactor
cavity cooling system.

The core description in Figure 2-29 and Table 2-2 is identical to that of the General Atomics GT-
MHR. Axial and column-averaged power profiles assumed for the point design analysis and
herein are shown in Figures 2-30 and 2-31, respectively. The column-averaged power factures
were used to approximate the ring-average radial power distribution for MELCOR-H2 analysis.
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Table 2-1. Primary Operating Parameters (INL, 2003)

Condition or Feature Fort St. Vrain HTGR GT-MHR NGNP
Power Output [MW(t)] 841 600 600 to 800
(depends on core height)
Average power density 6.3 6.3 6.5
{w/em’™ )
Coolant (@ Pressure Helium Helium Helium
(MPa / psia) @ 4.83 /700 @ 7.12/1032 @ 7.12 /1032
Moderator Graphite Graphite Graphite
Core Geometry Cylindrical Annular Annular
Safety Design Philosophv Active Safety Svys Passive Passive
Plant Design Life (Years) 30 60 60
Core outlet temperature (°C) 785 850 1000
Core inlet temperature (°C) 406 488 400

Fuel — Coated Particle

"HEU-PyC/SIC
Th/ U {93% enriched)

LEU-PyC/SIiC

a) LEU-PyC/SiC
b) LEU-PvC/Z1C

Fuel Max Temp — Normal 1260 1250 a) ~1250 (51C coated)
Operation (°C) b) ~ 1400 (ZrC coated)
Fuel Max femp - Active safety system cools 1600 a) 1600
Emergency Conditions (*C) funel. 1) TBD

Fuel Element Design

Particles disbursed in carbon
rods 0.5 in. dia x 1.95 in.
long placed inside large
graphite blocks.

Particles disbursed in carbon
rods 0.5 in. diax 1.95 in. long
placed inside large graphite
blocks.

Modified GT-MHR design to
reduce fuel rod linear heat rate.

Control Rods

Inconel structure containing
B.C compacts.

Carbon-carbon/ Graphite
Structure containing B4C
Compacts.

Carbon-carbon/ Graphite
Structure contaming B4C
Compacts.

Backup Reactivity Control
System

B.C pellets dropped in core

SiC coated B4C balls dropped
in core

SiC coated B.C balls dropped in
COTE.

Core Inlet Gas Plenum

-Metallic upper core support.
-Metallic control rod guide
tubes.

-Ceramic fiber/metallic plate
insulation.

-Boronated graphite
shielding.

-Carbon-carbon composite
upper core support.
-High-temp metallic control
rod guide tubes.

-Ceramic fiber'high-temp
metallic plate insulation.
-Boronated graphite shielding.

Moedified GT-MHR design:
-Carbon-carbon composite upper
core support.

-Carbon-carbon composite
control rod guide tubes.
-Ceramic fiber/hi-temp metallic
plate insulation.

-Boronated graphite shielding.

Core Outlet Gas Collector
Plenum

Graphite structures with
metal covered ceramic fiber
and ceramic block insulation.
Water-cooled pressure vessel
liner.

Graphite structures with
graphite and C/C composite
insulation.

Requires some modification of
the GT-MHR system with
possibly mere insulation.

Hot Gas Duct

Inconel plates over ceramic
fiber insulation mats.

High-temp steel structure with
nickel-base alloy sheets
confaining ceramic fiber mats.

Requires some modification of
the GT-MHR system.
Specifically, the cover plates
may need to be a C/C composite
material.

Reactor Internals structures

Medinm-temp steel plate
rolled into cylinder

High-temp steel sheets & plates
fabricated into cylinders and
plate.

The upper plenum and some of
the other internals insulation
material may need to be
changed.

SCS heat exchanger entrance
structures and tubes

Inconel plates over ceramic
fiber insulation mats.

Mickel base alloy sheets
containing ceramic fiber mats.
High-temp steel tubes.

Requires high temperature
insulation.

68




Table 2-1. Primary Operating Parameters (INL, 2003) (Continued)

Condition or Feature Fort St. Vrain HTGR GT-MHR _ NGNP
Primary Coolant Gas Axal flow-Steam turbine Single shaft Axal flow Gas Extend GT-MHRE turbo-machine
Circulator drive: Turbine with 2 stage axial flow [ to 1000 °C turbine inlet
-9550 BPM inter-cooled compressor: temperature or, for hydrogen
-Press Rise = 0.007 Mpa/ 14 | -Press Rise = 4.69 MPa/ 680 production, a motor driven axial
psi psi flow circulator at core inlet
-Inlet temp = 395 °C/ 742 °F | -Inlet temp = 26 °C/ 79 °F conditions (in the vessel with the
-Outlet temp = 110 *C/ 230 °F IHX)
Reactor Vessel Pre-stressed Concrete 2 % CrMo, ASME Code 9Cr MoVND or 2 % CrtMo,
Reactor Vessel Designed to Section III, Div 1 ASME Code Section IIL Div 1,
ASME Code Div 2 for gas -Normal op Temp: 440 °C -Normal op Temp: 420 °C
Teactors. -Accident max temp: 500 °C -Accident max temp: 560 °C for
for 400 hr, 540 °C for 50 hr 400 hr (initial approximations).
Cross Vessel NA 2 % CrMo, ASME Code OCMoVND or 2 % CrMo,
Section IIL, Div 1, (alternate ASME Code Section IIL Div 1
material: 9CrMoVND), -Normal op temp: 490 °C
-Normal op temp: 440 °C -Accident max temp: 500 °C
-Accident max temp: 440 °C (Initial approximations)
Power Conversion System NA 2 % CrMo, ASME Code 9CMoVNb or 2 Y% CrMo,
Vessel Section ITIL, Div 1, ASME Code Section ITL Div 1.
-Normal op temp: 150 °C -Normal op Temp: 150 °C
-Accident max temp: 250 °C -Accident max temp: 300 °C
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Figure 2-29. NGNP and GT-MHR cores.
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Table 2-2. NGNP and GT-MHR Core Characteristics

GT-MHR NGNP
Power (MW(x) 550-600 600-800
Average Power Density (Wi/cc) 6.5 5.5
Inlet Temp (°C) 488 490
Outlet Temp (°C) 850 1,000
Temp Differential (*C) 362 510
Coolant Flow Direction Downward Downward
Core Geometry Annular Annular
Inner Reflector Efi. Radius (m) 1.48 1.48
Aclive Core Efi. Radius (m) 2.4 2.41
Outer Reflector Eff. Radius (m) 3.33 3.33
Number of Fuel Columns 102 102
Number of Fuel Blocks per column 10 10 (600 MW1 version)
Active Core Volume (m’) 90.767 90.767 (600 MW version)
Active Core Height {m) 7.93 7.93 (600 MWt version)
Fuel Element Geometry Fort St. Vrain Fort St. Vrain

Fuel Particle(s)

Fissile and Fertile

Fissile only

Enrichment

19.9 wt% U-235
0.711 wi% U-235
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Figure 2-30. Axial power factors.
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2.4.4 Modeling Challenges for Current Analysis Tools

Tools for modeling of HTGRs have been undergoing development for over 25 years. The
GRSAC code (Ball, 2002) boasts the longest history among gas-cooled reactor codes in the
United States, having been developed at Oak Ridge National Laboratories for evaluation of the
earlier generation HTGRs. While the GRSAC experience is extensive, the numerical
architecture of the code has not been modernized. It is currently not capable of evaluating rapid
reactor transients and does not model the balance of plant. Due to these and other code
limitations, discussions at the NRC meetings in 2002 on PBMR analysis led to the suggestion of
using GRSAC in combination with a light water reactor (LWR) code such as MELCOR-H2 that
would be modified for HTGR analysis. Because Exelon withdrew its interest in submitting the
PBMR design to the NRC for design certification, the NRC effort to prepare for a design
certification review was discontinued.

Interest in developing more sophisticated tools for PBMR analysis has been kindled recently by
the possibility that the NGNP will be a VHTR for hydrogen production. As described in the
FY06 annual progress report, several efforts worldwide are ongoing to develop new codes or to
extend the capabilities of LWR codes for HTGR analysis. A review revealed that the codes are
all in the developmental stage and have not been validated.

Code development effort could be reduced by taking advantage of the basic modeling features
and numerical architectures in the current fleet of light water reactor safety codes. Several
efforts are at the beginning stages to modify LWR codes for HTGR analysis. Particular
challenges that are raised for LWR codes include the following:

a. Redefinition of the core materials or adding to the available core materials (graphite, etc.)
b. Geometry of graphite blocks (hexagonal)
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Material properties and thermodynamic properties at higher operating temperatures
Radiative heat transfer within the core and to the passive reactor cavity cooling system
e. Capturing local fluid dynamics and heat transfer such as thermal “hot streaks” in the
lower plenum and hot duct exit
f. Temporally varying power distribution
Severe accident models for phenomena peculiar to HTGRs (graphite oxidation,
containment gas diffusion in pressure vessel)
h. Events relevant to HTGRs (loss of forced circulation for helium, air ingression)

o o

2.4.5 Input Description for Simplified Model

The initial MELCOR-H2 deck was built as a simplified model of the coolant through an annular
core region and the inner and outer graphite reflectors. The purpose of this deck was to
demonstrate MELCOR’s ability to model passive cooling by thermal conduction through the
graphite reflectors.

Control volumes were set up for the gas coolant flow and the reflectors were modeled by heat
structures, as seen in Figure 2-32. “CV” and “HS” designate control volumes and heat structures,
respectively. Helium enters the system via a mass and enthalpy source at CV 160. The flow is
upward to an upper plenum volume, and then downward across an upper plenum plate, where it
is distributed to three axial fuel rings divided into seven axial levels. Among these seven axial
levels, the top most is an upper reflector, and the bottom most is a lower reflector. The five in
between are active fuel zones. Flow exiting the core flows into a core exit plenum (CV 054), and
out of the system through a mass and enthalpy sink at CV 200.

The core region is composed of three radial regions: an inner reflector region, an active core, and
an outer reflector region. These correspond to heat structure HS32, Rings 1-3 and HS33,
respectively. This deck does not contain COR package input.

The upper reflector is located above the active core and the outer reflector, and the lower
reflector is below them. Since the MELCOR-H2 code does not allow the modeling of an HS
adjacent to another HS, the upper reflector region that is located above the active core and the
lower reflector region that is located beneath the active core are modeled as control volumes. The
upper reflector region that is located above the side reflector and the lower reflector region that is
located beneath the side reflector are modeled as heat structures.
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Figure 2-32. Nodalization of simplified MELCOR-H2 prismatic NGNP model.

2.4.6 Heat Removal through Graphite Reflector Heat Structures

Demonstration calculations showed that heat flowed from the hotter core region into the inner
graphite reflector and towards the reactor boundary through the outer reflector. The heat from
the core region is calculated to transfer through the heat structures by conduction heat transfer, as
evidenced by the temperature transients throughout the inner and outer reflectors. The pressure
drop in the active core and mass flow rate correspond well with the NGNP design data provided
by the Point Reactor Design Report.
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The initial temperature in the reflector region is 764 K while the initial temperature of the
coolant is 1200 K (Figure 2-33). The square data points represent the temperature profile of the
innermost temperature node of the reflector region, which is located next to the active core,
while the dashes show the temperature profile of the outermost temperature node of the reflector
adjacent to the core barrel. There are altogether four temperature nodes evenly located along the
radius of the outer reflector region. This figure shows the passive heat removal feature of the
outer reflectors.
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Figure 2-33. Conduction heat transfer in the outer reflector.

2.4.7 Input Description for Detailed Model

In discussion with the developers, the subcontractor found that the simplified deck could not be
used to faithfully model the core and various components in and around the core region. The
modeling strategy was modified to represent the graphite fuel elements and reflectors with core
cells. The hexagonal graphite blocks are modeled as “clad.” The reactor type was declared a
PWR. The upper and lower reflectors also presented difficulties for the original model and had
to be rewritten.

A second input deck was developed for the new modeling strategy. The control volume and heat

structure input was debugged; however, difficulties were encountered with debugging of the
lower head. The subcontractor’s current knowledge of the 1.8.6 lower head is insufficient,
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particularly with regard to modeling the bypass flows and null cells in the lower head. The
debugging effort is ongoing with the focus on devising techniques to properly associate radial
rings in the lower plenum of the prismatic reactor with components above the bottom of active
fuel.

The nodalization for the detailed model is discussed in Table 2-3. The number of rings has been
expanded to five, and additional rings may be required to accommodate the 1.8.6 lower head
modeling.

Table 2-3. MELCOR-H2 Nodalization Summary

Input Component Region Modeled

Ring 1 Inner reflector

Ring 2, 3, 4 Active core

Ring 5 Outer reflector

Ring 6 Bypass

Ring 7 Helium inlet

Core levels 1-5 Lower head hemisphere for
MELCOR

Core levels 6-10 Core exit plenum

Core levels 11-12 Core plate for MELCOR

Core levels 12-15 Inner reflector in Ring 1,

Lower reflector in Rings 2, 3, 4
Outer reflector in Ring 5

Core levels 16-35 Inner reflector in Ring 1,
Active core in Rings 2, 3, 4
Outer reflector in Ring 5

Core levels 36-38 Inner reflector in ring 1,

Upper reflector in Rings 2, 3, 4
Outer reflector in Ring 5

The core contains columns of graphite blocks stacked ten-high. Each control volume in the core
is associated with two layers of graphite blocks. The control volumes are 0.793 m x 2 =1.586 m
in height. Each core cell represents one-half of a graphite block layer. The core cells are
0.793/2 — 0.392 m in height.

In order to include graphite properties as a core material, the Zircaloy material properties have
been replaced with graphite properties. The graphite is modeled as “clad.”

Four types of control rods are present at different steady state insertions. The mass of each type
of control rod is input proportional to its insertion. Reserve shutdown control rods are fully out;
therefore, their mass is not included. The startup control rods and operating control rods are all
half inserted; therefore, half of their total masses is specified. The Burnable control rods are
fully inserted; therefore, their total mass is specified.

The current model is set up to simulate the reactor at full power and steady state.
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Many dimensions are not available for the 600 MWe GT-MHR or the NGNP, particularly for the
inlet and outlet plenum geometries. In these instances, data were taken from the 450 MWe
GT-MHR design or estimated from drawings.

The current main issues with respect to the detailed input model are as follows.

e The lower head has not been successfully accommodated to the entire model. More
experience with the 1.8.6 lower head is needed.

e There are questions as to when null core cells can be defined. They have not yet been
successfully defined on card CORIjjO01.

e There is uncertainty as to the best approach for modeling the core barrel. Should it be
modeled with Heat Structures or Control VVolumes?

e Difficulties with the bypass control volumes are being encountered. These control
volumes are required for MELCOR-H2 to run. Since there is no identical bypass flow in
the prismatic reactor, fixes such as very low flow rates are being tried to include the PWR
bypass flow and enable a successful run.

A description of a RELAPS input model for the passive heat removal system, the reactor cavity
cooling system, was found in the literature survey. Design data for the passive cooling system is
scarce, with a particular deficiency of data needed for the radiative heat transfer modeling. For a
future work task, a simplified model will be developed as a place holder.

2.5 Conclusions and Recommendations
251 Task 1: Improvement of PBMR Modeling

The necessity of extending MELCOR-H2 capabilities to include the radial pebble temperature
distribution in the PBMR model was demonstrated. Two methods for predicting the fuel pebble
temperature distribution were developed and implemented via Control Functions. While both
methods were largely successful in achieving their goals, implementation of a radial temperature
distribution model into the MELCOR-H2 source code would provide a more accurate and
efficient scheme for estimating fuel temperatures.

Two solution methods were tested. The first evaluates pebble temperatures under steady state
conditions with internal heat generation. The second is based on an approximate numerical
solution for the heat equation in spherical coordinates under transient conditions and is able to
accommodate any mixture of coolant gases. Recommendations for extending the models are
detailed in the main text.

Regarding the overprediction of fuel pebble temperatures, possible causes are uncertainty in the
properties of the particulate debris, particularly the enthalpy, and a less-than-expected heat
removal rate from the COR package to the CVH or HS packages. For the latter cause, CFD
analysis may prove useful in examining the local flow paths and heat transfer rates. Another
source of possible error to be further pursued is the radiative heat transfer modeling. A more
detailed study on radiation heat transfer models applicable for MELCOR-H2 implementation is
suggested.
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2.5.2 Task 2: High-temperature Prismatic Reactor Input Deck Development

A literature survey was conducted for design data of the prismatic NGNP reactor. The most
valuable sources are an NGNP point design report by INL and two design reports on the General
Atomics GT-MHR with 450 MWth and 600 MWth ratings. Many engineering assumptions were
required to fill in gaps of missing information and some scaling up from the 450 MWth reactor
data to higher output data was also necessary.

A simplified prismatic deck was developed to verify MELCOR’s ability to perform a passive
heat removal analysis of decay heat cooling through the outer reflector. This deck consisted of
control volumes and heat structures, with no core model. The heat source was hot coolant and
heat was shown to conduct at an acceptable rate through the outer graphite reflector.

This simplified model was not able to provide a detailed representation of the core due to
conflicts with heat structure locations and insufficient radial nodalization. A new model has
been developed. The control volume and heat structure input was debugged, but the core input is
currently presenting difficulties. Points of difficulty are listed in the report. The debugging
process is continuing and a running deck will be provided as soon as possible. No MELCOR-H2
deficiencies have been encountered with respect to prismatic reactor modeling.
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3. SULFUR IODINE AND HYBRID
SULFUR DYNAMIC MODELING

3.1 Chapter 3 Highlights

A sustainable hydrogen economy requires a variety of hydrogen generation methods. The most
common current method of hydrogen production is steam reforming using methane gas. This
process inherently retains a reliance on fossil fuels, specifically natural gas. The emission of CO,
and other greenhouse gases leads one to question the efficacy of steam reformation as a long-
term hydrogen production solution.

Various thermo-chemical water-splitting cycles, electrolysis, and hybrid processes have been
proposed to address hydrogen production on a large scale. Most of these cycles utilize a high-
temperature heat source to provide energy. The sulfur iodine (SI) water splitting cycle and the
hybrid sulfur (HyS) cycle are two examples. In the Sl cycle, the decomposition of water is
attained via three main chemical reactions. In the HyS cycle, one thermo-chemical reaction step
and one electrolysis step are combined to produce hydrogen.

As a high-temperature heat source, nuclear energy is a leading candidate for clean and economic
large-scale hydrogen production. In the nuclear-chemical coupled plant, system performance
and safety analyses are required for any operating conditions including normal operation, plant
startup, plant shutdown, and anticipated transients.

For the coupled system analysis, a comprehensive reaction chamber model is developed.
Governing equations applicable for a control volume (reaction chamber) are derived. A
simplified SI model where all chemical processes are connected with an appropriate
simplification was developed and is shown in Sections 3.2 and 3.3. For the simplified HyS
model, a mathematical model for the electrolysis process was developed in Section 3.4. To
conduct system-level analysis on the coupled nuclear-chemical plant, the coupling between the
developed simplified model and the MELCOR-H2 was performed.

In addition, this chapter discusses the model upgrades for the ongoing experiments conducted at
SNL in relation to the decomposition of the sulfuric acid component of the Sl cycle chemistry.
The MELCOR-H2 Version 1 code is used to provide the model for the experiments, primarily
the Y%-scale experiment, which is analyzed only in the ambient pressure condition. In this
experiment, the bayonet section’s volume and the expected material flow and thermal conditions
are modeled.

Section 3.5 provides the gross energy balance for the bayonet section of the SNL sulfuric acid
decomposition experiments. Section 3.6 presents the dimensional calculations for the bayonet
section. Section 3.7 discusses the implementation of the models into MELCOR-H2 that are
associated with this experiment. To retain upward compatibility, different options were
considered for modeling this experiment.

Appendix A is a report on MELCOR-H2 Benchmarking of the SNL transient sulfuric acid
decomposition experiments.
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3.2 Sulfur lodine Chemistry Cycle

The Sl cycle consists of three sets of chemical reactions expressed by the following equations:

1,+S0O,+2H,0 - 2HI+H,SO, (Bunsen reaction) (3-1)
H,SO4 2 H,0+S0,+1/20, (sulfuric acid decomposition) (3-2)
2HI - Hy+1, (hydrogen iodide decomposition) (3-3)

Figure 3-1 presents the concept of the Sl cycle. Equation (3-1) is called Bunsen reaction and
proceeds in liquid phase. This reaction produces two kinds of acid, sulfuric acid (H,SO,) and
hydriodic acid (hydrogen iodide (HI) in water) from sulfur dioxide (SO), iodine (I,), and water
(H20). The mixed acid separates into two types of acid of its own accord (liquid-liquid
separation). The acid, which is rich in HI, is HIy phase (HI solution), while the acid, which is
rich in sulfuric acid phase. After separation of the acids, they are purified, concentrated and
decomposed in the other two reactions. Equation (3-2) is the sulfuric acid decomposition reaction
that produces oxygen, sulfur dioxide, and water. Equation (3-3) is the HI decomposition reaction
that produces hydrogen and iodine. With the exception of hydrogen and oxygen, the other
products in Equations (3-2) and (3-3) can be reused in the Bunsen reaction step as the reactant
material. The endothermic H,SO, decomposition reaction can be operated at about 800-1000 °C.
The decomposition of hydriodic acid involves an endothermic reaction around 400-500 °C. The
Bunsen reaction occurs exothermically at temperatures of about 100 °C. Heat source of two
endothermic acid decomposition reactions in the Sl cycle can be provided by the nuclear heat.
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Figure 3-1. Schematic diagram of sulfur-iodine cycle.

The net reaction of the Sl cycle is the water splitting into hydrogen and oxygen expressed as the
following equations.

H.O - H, + %0, (net reaction) (3-4)
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In the SI cycle, all process fluids are recycled and no greenhouse gases are emitted. Also, the Si
cycle has been fully flow sheeted and operated at the bench scale in the United States and Japan.
This cycle has the highest efficiency (~52%) of any process that has been fully flow sheeted.
Since the hydrogen is produced at high pressure, it eliminates the necessity of compressing the
hydrogen for pipeline transmission or other downstream processing. One of the most challenging
issues regarding the Sl cycle is the material issue, which comes from the high process
temperature (800—1000 °C), and the corrosive reactants such as the sulfuric acid and hydrogen
iodide.

3.3 Simplified SI Model Development

Regardless of any specific process, such as Sl cycle or HyS cycle, the chemical reaction process
plants for the hydrogen generation is quite a complicated system in terms of system analysis.
Worldwide strong efforts on the development of the efficient process flowsheet have been
conducted.

If the chemical process is connected to the nuclear power plant, the problem is much more
complex. Reliable and safe operations for any nuclear plant conditions such as normal operation,
plant startup, plant shutdown, and any anticipated operational transients must be demonstrated.
For this purpose a comprehensive system model is necessary for the coupled nuclear-chemical
plant. The model can be used to optimize hydrogen production as a function of key parameters
such as reactor outlet temperature, core geometry, heat exchanger efficiency, and mass flow
rates.

3.3.1 Reaction Chamber Model

In this chapter, a comprehensive reaction chamber model is developed. Governing equations
applicable for a control volume of reaction chamber with inlet and outlet flow will be suitably
derived. This reaction chamber model is so general that it could be used for any kind of reactor.
The model is used to analyze the reaction chamber of H,SO,4 and HI decomposition reactor in the
Sl cycle. Transients initiated from the high-temperature helium side such as helium inlet
temperature or helium inlet flow rate changes are simulated.

3.3.1.1 Extent of Reaction
The general chemical reaction can be written as
|V1|A1 +|V2|A2 +-'-:|V3|A3 +|V4|A4 + - (3'5)

where the |vi| are stoichiometric coefficients and the A; stand for chemical species. The left side
and right side of the equation are reactants and products, respectively. The v; are called
stoichiometric numbers, which are positive for products and negative for reactants. For example,
the hydrogen iodide decomposition reaction can be written as 2 = H, + I then vy = -2, vy, = 1,

vi, = 1. Equation (3-6) can be rearranged as

D viA =0 (3-6)
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For the reaction represented by Equation (3-6), the changes in the numbers of moles of the
species are directly proportional to the stoichiometric numbers.

dM; dMp  dM;
V1 V2 Vi

where the M; are the numbers of moles of the species. Each term is related to an amount of
reaction. Since all terms are equal, they can be represented by a single quantity dX.

_dM; _dMp __dM; (3-7)

V1 V2 Vi

dX

The variable, X, called the reaction coordinate or the molar extent of reaction, characterizes the
extent or degree to which a reaction has taken place. The general relation between a differential
change dM; rxn in the number of moles of a reacting species and dX is

dM; rxn = vidX (3-8)

The sum of the changes in the number of moles for all species is then
AM gy = D AM gy = [Zvi jdx = (Av)dX (3-9)

3.3.1.2 Balance Equation in a Reaction Chamber

A schematic diagram of a reaction chamber is shown in Figure 3-2.

Reaction Chamber

P, T Miin My P, Vg, Mg, Tg P, T Mo Dout

ey y(t). h e

i

Figure 3-2. Schematic diagram of a reaction chamber.
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The Molar Balance

The molar balance for each species in the reaction chamber can be written as

dMi,R dIvli,RXN

gr e T gy (340
where
Mir = the number of moles of species i in the reaction chamber,
mii» = the molar flow rate of species i into the reaction chamber,
Miout = the molar flow rate of species i out of the reaction chamber.

The total number of moles in reaction chamber and the total molar flow rate into and out of the
chamber can be written as

My :ZMi,R (3-11)
m;, = Z m; i (3-12)
Moy = Zmi,out (3_13)

The molar fraction of each species in the reaction chamber is defined as

R (3-14)

The mole fraction of the outlet stream can be assumed to be same as one of the reaction chamber,
i.e.,

Yi = mi,out /mout . (3'15)
Combining Equations (3-8), (3-10), (3-13) and (3-15),
WMy _ Mijn = Miou TVi x (3-16)
dt ‘ ' dt
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where %—T is the molar extent of reaction rate of change in the reaction chamber. This is the

molar continuity equation for a species, i. For the HI decomposition reaction, the molar balance
equation for each species can be written as

dM dX

d:LR =My in = My ot _ZE
dM , . dX
— 2 =m. .. —mM +—
dt H,,in H,,out dt
aM, . dX

21

=m, . —m +—
dt I,,in I, ,0out dt

By summing the molar balance equation for species i in Equation (3-16), global molar balance
equation can be obtained as

M, _ m,, — My, + Avd—x (3-17)
dt dt

The left side of Equation (3-16) can be expanded as

MR%"'Yi M, :miin_miout+vid_x
dt dt ' ' dt

Using Equation (3-17), the above equation can be written as

MR%'F yi(min +AVd_X):miin+Vid_x (3-18)

The above equation is a final form of molar balance equation for species i. Equations (3-17) and
(3-18) form an expression of the global and species molar balance equation.

The Energy Balance

From the first law of the thermodynamics for the open system with negligible kinetic and
potential energy, the energy balance equation for the entire reaction chamber can be expressed as

dd_LtJ = Z(mi,inhi,in)_Z(mi,outhi,out)+QHX (3-19)

86



where

U = total internal energy in the reaction chamber,
h,;, = the enthalpy of each reactant species entering the reaction chamber,
h. .« = the enthalpy of each reactant species exiting the reaction chamber,
Qux = the energy input from the heat exchanger.
Using the definition of enthalpy, Equation (3-19) can be written as
C:j_:' = i (mi,in hiin )_ iZ(mi,outhi,out )+ Qux +Vr ?TI: (3-20)

where H = U + PV = total enthalpy in the reaction chamber,

P

pressure in the reaction chamber,

Ve

the reaction chamber volume remaining constant during transient.

For simplicity, the ideal gas mixture assumption is used in this model. If M moles of an ideal-gas
mixture occupy a total volume Vr at temperature Tg, the pressure is

PV, =M, R-T, (3-21)

If M; g moles of species i in this mixture occupy the same total volume alone at the same
temperature, the pressure is

p; Vg = Mi,R ‘R-Tg (3-22)
Dividing the latter equation by the former gives

P Mig
P M, yi or p; =Y,

where y; is the mole fraction of species i in the gas mixture, and p; is known as the partial
pressure of species i. The sum of the partial pressures equals to the total pressure.

An ideal gas is a model gas comprised of imaginary molecules of zero volume that do not
interact. Each chemical species in an ideal gas mixture therefore has its own private properties,
uninfluenced by the presence of other species. This is the basis of Gibbs’s theorem:

A total thermodynamic property (U, H, Cp, S, A, or G) of an ideal-gas mixture is the sum of the
total properties of the individual species, each evaluated at the mixture temperature but at its own
partial pressure.
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This is expressed mathematically for the enthalpy H by the equation
H=M-h®(T,P)=3 Mh®(T,p) or h*(T,P)=3 y,h*(T,p,)

where the superscript ig denotes an ideal gas property. Since the molar enthalpy of an ideal gas is
independent of pressure,

heT) =S yh () (3-23)

The superscript ig will be dropped for simplicity hereafter.

The total enthalpy of the system can be related to the molar enthalpy using the ideal gas mixture
relations.

H:MR'H:ZMi,R'hi:MRZyi'hi (3-24)
where
h = the mixture molar enthalpy in the reaction chamber,
h, = the molar enthalpy of each species i in the reaction chamber.

The expression for the change in the total enthalpy can be expanded as

dH = (y;h JaM + Mg > (hidy, )+ M. > (y,dh;) (3-25)

By substituting Equation (3-25) into Equation (3-20), we can reduce the energy balance equation
to dependence on more computationally relevant quantities.

dy, dh

dM , . dP
Z(yihi dtR +M Rhi E"‘ M rYi d_tIJ = Zi:(mi,inhi,in)_Zi:(mi,outhi,out)+ QHX +VR E

This expression may be further reduced via the substitution of Equation (3-17) and (3-18):

yh[m -m +vd—xj+
it in out Idt

Z':h(— m. — vd—x+m +V—J+M ah,
i yi in yi i dt i,in i dt Ryi dt

Z(mi,in hi,in )_Z (mi,out hi,out )+ QHX +VR (Zj_itj
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The change in molar enthalpy of each species in the reaction chamber is then

dh, =c,;dT, (3-26)
where
cp; = the molar specific heat at constant pressure,
dTr = the temperature change in the reaction chamber.

The molar enthalpy of the outlet stream is assumed as one in the reaction chamber, h; ot = h.
Then, the energy equation is further simplified as

dT dXx . dpP
Mg Z YiCp,i d_tR = Zmi,in (hi,in -h )_EZW h; +Qux +Vg e

The heat of reaction and mixture specific heat are defined as

Ahgyy = ZVi h, (3-27)

Co = D ViCe, (3-28)

Finally, the energy balance equation can be written as

dT dX dP
tR = Z Miin (M = ;) = Ahgyy at +Qux +Ve—- (3-29)

M.c, —=%
RPd dt

To summarize, the continuity equation for the reaction chamber is

Me e ar X (3-17)
dt dt
MR%'i'yi(min +AVd_X]:miin+Vid_X i1=12,..n (3-18)

As an equation of state, ideal gas law is used.

PV, =M. RT, or P=C,RT, (3-21)
where Cr = Mgr/VR the molar concentration in the reaction chamber.
The energy equation for the reaction chamber is

dT aX dpP
tR = Z M in (hi,in - hi) - AhRXN E + QHX +Ve—— (3-29)

M.c, —%
R7Pd dt

89



The extent of reaction, X, can be related to the reaction temperature, Tg, as well as the species
concentration, C; = y;iCg. Thus,

X = X(T,C,) (3-30)

The energy balance through heat exchanger is

Qux =U - A-AT =My (hyein = Do) (3-31)
where
U = overall heat transfer coefficient of heat exchanger,
A = heat transfer surface area,
AT = mean temperature difference in heat exchanger,
mye = molar flow rate of helium stream,
hhein = molar enthalpy of helium stream at inlet with Ty,

hheout = Molar enthalpy of helium stream at outlet with Ty,

The unknowns in Equations (3-17), (3-18), (3-21), (3-29), (3-30) and (3-31) are Mg, X, Vi
(i=1,2,...,n), Moy, P, Tr and T2 We have (n+6) unknowns but only have (n+5) equations. We
need one more equation to close the problem. One missing equation is a momentum balance
equation through the reaction chamber. We can construct the momentum balance for the reaction
chamber with an appropriate consideration of pressure forces, viscous forces, and gravitational
forces. A realistic set up of the momentum balance is related with specific process system design
and control logics (piping configuration, pump performance and control logic, valve
characteristics and control logic, etc.). Such information is not available now and it is not
appropriate for the purpose of this a simplified model. Instead of solving the momentum balance,
a few possible model assumptions could be used for the present simplified model:

1. The pressure in the reaction chamber is constant (i.e., %—T =0),

dM

2. The total mole number in the chamber is constant (i.e., =0),o0r

: . dmgy
3. The outlet molar flow rate is constant (i.e., T =0).

A reasonable assumption seems to be that, during a transient, the pressure in the reaction
chamber does not change. We can expect that the actual process system would have such a
pressure control logic in each reaction chamber. Therefore, the constant pressure in the reaction
chamber is assumed in the present analysis.
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dP
e = 0 or P = constant (3-32)

3.3.1.3 Chemical Reactions in the Sl Cycle

To close the governing equations derived in the previous section, the extent of reaction in
Equation (3-30) should be specified for each reaction. The main chemical reaction in the SI
cycle is modeled with an appropriate simplification and the other chemical processes for the
separation, concentration, and recycling are neglected or simplified. For Section 1, the depletion
rate of sulfur dioxide can be expressed as (Brown et al., 2003),

_d[SO,]
dt

=k, -[1,]-[H,0]-[SO, ] (3-33)

Thus, the depletion rate of sulfur dioxide is dependent on the reaction rate, as well as the
concentration of each of the constituents.

For Section 2, the analysis of the sulfuric acid decomposition is carried out in two steps. First,
sulfuric acid is assumed to be decomposed into water and sulfur trioxide. Second, oxygen and
sulfur dioxide are produced by the decomposition of sulfur trioxide (Huang and T-Raissi, 2005).
These steps are

1. H,50,—>H,0+S0,

2. SO,—>S0, +%o2

From the chemical equilibrium calculation, the sulfuric acid decomposition (first reaction) is
close to 100% at above 700 °C (Huang and T-Raissi, 2005). Therefore, 100% conversion is
assumed in this model. Then, the chemical kinetics for Section 2 is expressed as

_ d[H2S04] _  d[SO4]
dt dt

=k, -[SO,] (3-34)

Because the reverse reaction rate of Section 3 is substantial, the definition of the hydrogen iodide

k3
depletion rate is significantly more complex. The reaction 2HI < H2+ 12 can be quantified via

three coupled differential equations for the production of hydrogen and iodine and the depletion
of hydrogen iodide. These expressions are

d[H:] ‘ 2 . ‘
i =k; - [HIT =k, -[H,][l,]
d[Hz]:d[lz]
dt dt (3-35)
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1d[H|]__ ‘ 2 ) .
S qr = e HIT +ka T[]

These coupled equations for Section 3 are solved using the Runge-Kutta method. Assuming each
reaction is elementary; these reaction rate constants can be calculated using the following
relationships:

E
k, = A, exp[——zJ (3-36)

E E
k.=Aexp| ——| k,=A_.exp| —
:=A p( RTJ’ 3 \ 3 p( Rng

Table 3-1 summarizes each parameter in Equation (3-36). Thus, a simple chemical model of the
steady state and transient behavior of each reaction chamber has been described. This chemical
reaction chamber model, when coupled to a relevant thermal model, constitutes a fully coupled
simplified model of the SI cycle.

Table 3-1. Reaction Rate Parameters

Section 1: Bunsen reaction (Liquid Phase, 120 °C)

Pre-Exponential Factor (A1) 3e-6 L%/(mol® s)
Activation Energy (E1) 4,187 kJ/mol
Section 2: H,SO, decomposition (Gas Phase, 850 °C)
Pre-Exponential Factor (A2) 6.8e4 s
Activation Energy (E2) 73.1 kd/mol

Section 3: HI decomposition (Gas Phase, 450 °C)
Reverse Reaction

Pre-Exponential Factor (A-3) 1.596e7 L/(mol s)
Activation Energy (E-3) 108 kJ/mol
Forward Reaction

Pre-Exponential Factor (A3) lell L/(mol s)
Activation Energy (E3) 184 kJ/mol
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3.3.1.4 Model Implementation

To implement the transient model, a comprehensive steady state calculation must first be
performed. The steady state analysis involves calculating a steady state hydrogen production rate
based on reactor coolant and reactant flow rates and temperatures. After the initial steady state
calculation, one of the relevant quantities, such as reactor coolant temperature, can be perturbed,
and the resultant transient can be observed.

The initial steady state condition can be obtained by fixing all but one of the relevant quantities.
For example, a desired hydrogen production rate should be fixed, and the required coolant flow
rate should be calculated. Alternatively the coolant flow rate would be fixed and the heat
exchanger transfer area required could be calculated. Thus, there are a variety of potential steady
state solutions that could be reached.

Once a steady state solution has been attained, a quantity, such as the reactor coolant flow rate or
the reactor coolant temperature, should be perturbed. Then, using the time-dependent energy
balance, continuity balance, reaction rates, and momentum assumption, the transient response of
the Sl-cycle system should be observed.

Some of the most important transients are those such as a partial loss-of-coolant accident, where
some percentage of the reactor coolant is removed from the coolant stream. This is a potentially
severe reactor accident. Understanding the transient behavior of the chemical plant in such an
event is an important nuclear safety question. Thus, a sudden change in flow rate is an important
perturbation in transient analysis. Occasionally, to prevent an out-of-control nuclear reaction, an
emergency insertion of negative reactivity is necessitated. As a result of the reactivity removal,
the outlet temperature of the reactor coolant will quickly drop. The change in chemical plant
reaction rates and hydrogen production rate would be important to understand in such an event.
In the following section, perturbations for helium inlet temperature and helium inlet flow rate are
simulated as transient analyses.

3.4 Hydrogen Sulfur Model

The Westinghouse HyS cycle has two reactions. From the two reactions electrolysis produces
sulfuric acid and hydrogen from water and sulfur dioxide at low temperature. The
thermodynamic properties of the chemical species are well known. The HyS cycle was the
highest-ranked cycle from the preliminary screening process in previous Nuclear Energy
Research Initiative (NERI) project. The two reactions can be written as

() H2S04(aq) = H,0+S0,(g)+¥202(g) - thermochemical (800 °C min.)
(1) 2H,0(aq)+S0; (g) = H2SO4(aq) + Hy - electrolysis (80 °C).

The first reaction, sulfuric acid decomposition reaction, is the same reaction in the Sl cycle.
Therefore, the model developed for the Sl cycle can be used directly for this reaction with
appropriate modification of recycling flows. Figure 3-3 presents a schematic diagram for the
simplified HyS model.
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Figure 3-3. Schematic diagram for the simplified HyS model.

The challenge in modeling the HyS cycle is the modeling of the water and sulfur-dioxide
electrolyzer. Electrolysis is a process where a current is applied to two electrodes in an ionic
solution, causing charge to concentrate on both electrodes. A thermodynamic analysis of
electrolysis provides some insight into modeling electrolyzer behavior.

Using thermodynamics, the electrical work that a spontaneous chemical reaction is capable of
producing is directly related to the change in Gibbs free energy, AG, of the reaction (11). The
change in Gibbs free energy for an electrochemical cell is expressed as

AG = AE + PAV —TAS (3-37)

Where AE is the sum of the thermal and electrical work done to the system, PAV is the pressure
volume work done to the system and TAS is the increase in entropy of the system. For a
reversible process, the Gibbs free energy expression is simplified as

AG = Wgjge + 0 —TAS = Wgjge + TAS —TAS (3-38)

Thus, the Gibbs free energy is be written as

AG = Welec (3-39)
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Simplifying, the electrical work required for a given electrolysis process is given by
£ AG
0=~

it (3-40)

where n is the number of charges exchanged in the electrolysis reaction and F is the Faraday
constant, i.e., the charge of 1 mol of electrons (Oxtoby and Nachtrieb, 1986).
For the HyS cycle, the relevant electrolysis reaction is

SO, (aq) + 2H,0 (l) <> H,SO4 (aq) + Hz (g) (80-120) °C (3-41)

This is not an elementary reaction; rather it is composed of at least two component reactions.
These reactions are (Jeong et al., 2005),

2H" (ag) + 26" > H, (g) Cathode (3-42)
2H,0 (1) + SO, (g) — H,SO4 (ag) + 2H" (aq) + 2e” Anode (3-43)

The concentration dependent cell energy required is given by the Nernst equation,
E=E,~<LInQ (3-44)
nF

Here, Q is the reaction quotient. Jeong et al. (2005) gives the expressions for the potential at the
cathode, anode, and the entire cell as

RT | [H,]

E =———In 3-45
cathode nF [H +]2 ( )
+712
E e = Eo L In [HZSO“Z][H ] (3-46)
nF [H,0]°[SO,]
E = Ecathode + Eanode = EO - RT In [HZSO4][H2] (3'47)

" nF " [H,0]’[SO,]

In these equations, the concentrations of each of the constituents are in brackets. Several values
are presented in literature for the open circuit potential of the anode. Jeong et al. (2005) gives -
0.17 Volts and Forsberg et al. (2004) gives -0.29 Volts. This open circuit voltage may be
calculated from thermodynamic tables of Gibbs free energy. Thus, the value of this potential
may vary slightly depending on the thermodynamic data used. In reality, the electrode potential
is higher than the theoretical value. The actual voltage of the electrolyzer is composed of a
theoretical open circuit voltage and three losses: activation losses, ohmic losses, and
concentration losses. Activation losses occur because of the slowness of the chemical reaction
taking place. The loss becomes quite large at low current densities, but levels out quickly. Ohmic
losses are caused by internal resistance to current flow. This resistance is very difficult to model
analytically, as it is dependent on many factors. Generally, an empirical formula is used.
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In the cathode hydrogen is generated. The molar rate of hydrogen generation is directly related to
the amount of current supplied by Faraday’s law of electrolysis (Larminie 2003), which states

N

I;’|H2,rxn - nE (3'48)

where N is the number of electrolyzer and I is the total current applied.

If we could control the total current in the electrolyzer as a constant, a constant hydrogen
generation can be achievable theoretically as long as the water is supplied to the process and the
sulfuric acid is recycled continuously. Water flowing across membrane of the electrolyzer is
usually not a concern since the electrolyzer operates with a flooded membrane.

The mass balance in the anode and cathode can be established by the same way in the Equation
(3-10).

dM. . .
dt‘ =Miin = Mioue + M xn (3-49)
where
Mir = the number of moles of species i in the anode or cathode,
mii» = the molar flow rate of species i into the anode or cathode,
miowt = the molar flow rate of species i out of the anode or cathode,
n .. = the molar generation rate of species i in the anode or cathode.

For a detailed energy balance, we need a specific design data of the electrolyzer such as the
volume, surface area, solid heat capacity, etc. For the present, we can assume an isothermal
condition in the electrolyzer.

Total energy supplied through the electrolyzer can be calculated by
P=NEI (3-50)
3.5 Gross Energy Balance for the Bayonet Section

Let Tinet (30 °C) be the acid solution inlet temperature and Tyeact (850 °C, maximum) be the acid
reaction temperature. The boiling temperature of the solution is well below Teac; therefore, we
need to account for the sensible heat of the vapor phase.

M is the solution flow rate at mol/s with f;, the mole fraction of acid.

inlet
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1. From Tinjet tO Treact, it is assumed to include the decomposition of SO; to SO, +%O2 i
is the corresponding time (S) from Tinjet tO Treact.
a. Hy0 (l+g):
(1) * Tboil Treact
AEHZO,sensible(t) = (1_f1)' Minlet 'tl ’ _[T_ HCszou) (T) dT + Hfg,HZO "'J‘ CpHZO(g) (T) dT

Tboil

b. HsSO, (I+g):
° Tboil Treact
AEfsllc)id,sensible (t) = fl ’ |\/linlet 1 l;[r Hcpacid(l) (T) dT + Hfg,acid + .[Tboil Cpacid(g) (T) dT:|

2. At Treaet, H,S0, —— SO, +H,0, SO, —2— SO, +%02:

Let AHgx in J/mole be the reaction energy taken to convert H,SO,4 to SO,, O,, and H,0.
K = K; + Ky, which accounts for concentration, catalyst bed dimension, and reaction
temperature K (C, L, Treact)-

Let M =number of mole of H,SO, actually decomposed .

acid, r
a. Mg =M, -1
b. My, =M, 0.5
C. Myo=Myq, -1

Thus, for each mole of H,SO,4 decomposed, 2% moles of products are created.

Ivlalcid,r

d. Conversion efficiency. M,y =—"7—"—
fl ’ I\/Iinlet ) tl

3. From Treact t0 Toutetr, @assume that unreacted SOz will combine with H,O and form H,SO,.
N.iq taKes into account t = time from Tieact 10 Touter. Fred indicates that Toyget is 180 °C,

which means that the solution may be still in the vapor form.

Review the inlet condition again:
a. MHZO =M inlet(l_ fl)

b. I\)Iacid = Minlet : fl
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Outlet condition:
C. Macid,unreacted = Macid '(1_77acid)

d. I\)ISOZ = Macid “Macia

. . 1
€. I\/IOZ = Macid “Macid E

f. MI(-|22)0 = I\./linlet (1_fl)+ Macid "Macia

. Y . . " (2)
I\/Ioutlet_'vI d+MSOZ+MOZ+MHZO

acid ,unreacte

. . 1
= Ivlinlet(l_ fl)+ Ivlacid (1_77acid + Macia +E77acid +nacidj(1+1'577acid)

inlet (1_ f1)+ M inlet ” f1 ’ (1+1'577acid )
inlet(l—i_:l"5 fl nacid)

h. Mso =Min|et’ M
: 1+1.5 f, 7,4

=M
=M

I I\)IO = I\/.linlet 1 fl Mecid
: 2 \ 1415 f 5,

i N ~ f, (-1
J: M(Z)acid = Minlet . w
1+1.5F, Ny

k. MPuo=M,,- 11+ Nacia
1+1.5f M.y

H,0 (9):
. 1_f +f n ; Tou:let
(2) _ 1 1 "lacid |, . T)
L A0 senivie (1) = Mi”'“[1+1.5f1 nacidj f2 UT CPuo ( dT}

SO, (9):

y f 77 H Tcutlel
(2) — 1 acid ot
m. AESOZ,Sensible (t) - I\/Iinlet[l_}_l.5 fl naCidJ t2 ‘[rrsact Cpsoz (T) dT
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02:

y 1 f 77 i Toutlet
n. AE® t)=M. .=|_ 1ecid | . Co. (T)dT
Oz,sen5|b|e( ) inlet 211+15 fl T 2° ) po2 ( )

react

H,SO4:

react

y f l - aci TUUI|EI
0. AEa(lsi)d,sensible (t) =M inlet {ﬁ} 't2 |:L Cpacid (T) dT —-H fg, H2504:|

Using the definition of 7, :

acid, r

f,M

a. nacid = t
inlet " *1

b. M., =f, Mt Nue BOth 7., and f, M, are experimental values.

acid, r inlet inlet

The unknown is t;.

Since M, and f, are given, t; can be solved based on the length of the Bayonet and
the cross-section flow area of the outer annulus.

The liquid density of the acid solution is given as from Howard Stone’s dissertation. Itis

assumed to be valid up to its boiling temperature (Tson(f), f=mole fraction of the acid).
Table 3-2 shows the tabular value of boiling temperature as a function of % acid.

C. Pouton (f,)=1+3.528- f, —6.83- f,* +6.402- f>-2.26- f,* (g/cc)

Table 3-2. Boiling Temperature of Sulfuric Acid Solution at Percent of Acid

% Acid Boiling Temp (°C) % Acid Boiling Temp (°C)

0 100 70 170
10 100 80 220
20 102 90 275
30 106 93.3 338
40 115 100 290
50 124

60 140
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Using the data provided in Table 3-2, the following correlation of the boiling temperature
(T (F) in °C), where f is the mole fraction of the acid, of the acid solution is given by:

For 0 < £<0.933,
d. Ty (f) =2193.3xf° - 4106.8xf* +2923.8xf* —749.12xf? +73.102x f +99.369

For 0.933<f< 1.0,

1-f
1-0.933

e. T,(f)="290—(290-338)x

Mass rate of H,O:

f. mHZO =M (1_ fl)' MWHZO

inlet *

Mass rate of acid:

g. n.’]acid = Minlet ’ fl ' |leacid
Thus,
minlet = rﬁHZO + macid

= |\/.linlet{(l_ fl) MWHZO + fl M\Nacid }

Volumetric flow rate (cc/s) is:

vinlet = minlet
psolution ( fl)
_ M inlet {(1_ fl) |leHZO + fl MWacid}

- psolution ( fl)

Let Vipriow be the upflow volume inside the Bayonet, which includes the outer flow
annulus and the catalyst bed flow. Note that the computation of time may be
overestimated if we assume that the fluid in the upflow direction is 100% liquid, as
opposed to two phase flow (liquid and gas). This is not known a priori, so we calculate t,
as:

j o= Vupﬂow
Lo ==
Vinlet
Similarly, t, can be solved by assuming that Vgownsiow IS the down flow volume inside the
Bayonet, which includes the inner flow annulus and the flow volume between the catalyst

bed.
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The outlet flow consists of all gases, according to the Touyet given to be 180 °C.

k' I\./Ioutlet = Minlet(1+l'5f1 nacid)

Assume V_.. = mole/cc at outlet temperature (22.4 liters/mole of gas per standard test and

gas

pressure (STP) condition, and ideal gas).

I _ Minlet(1+1'5f1 T.lacid)
' outlet — N7
o Vgas (Toutlet)
Thus,
m. t2 — Vd?wnflow
Vv

outlet

5. Once t; and t, are determined, all the energy terms can be solved for a given

M fl’ and nacid '

acid !

It is assumed that the reacted acid rate constant is given in 1/s, so it is not dependent on
concentration.

a ~..m = f1 Minlet 'tl'(l_ e_ktl)

acid, r
t is given above, and k is the reaction constant.

Note that the current SI model applies the above-defined k term, which can be changed,
and

b. mg., =1 Minlet b Nacia
Thus,
C. Mg = 1-e™

k can be correlated with 7,

6. To benchmark the Bayonet, we could simulate the experiment by:
a. Matching the data points on the attached graph from the experiment.
b. Modifying the existing H2C module-SI coding to allow flow rate input for reactions.

c. Using the existing reaction constant for the decomposition of the sulfuric acid, and
predicting the gas product rate for a given mole fraction of acid, and acid inlet flow
rate.
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d. Adjusting the reaction constant to permit the match of the gas production rate, and
efficiency. Then simulate other data points in the graph.

e. Assumptionisthat T, =30°C, T, =850°C,and T, =180°C.

3.6 Computation of Bayonet Dimensions

The dimension of the Bayonet Section of Fred Gelbard’s ¥2-scale experiment is computed based
on the dimensions shown in Figure 3-4. The schematic of this section is shown in Figure 3-5.

1. Outer Flow Annulus

%(D 2 D32):%(25.4mm2 —20mm?)

=192.5482mm? =1.9255¢cm?

2. Inner Flow Annulus

2 (D7 - D)= 2 (17mm* 15875 mm?)

=29mm? = 0.2905¢cm?

3. Length of Bayonet is 27 inches (68.58 cm) = x

Height before bed = %x = %(68.580m) =45.72cm

Inner flow volume = 0.2905cm” - 45.72cm =13.2817cm®

Outer flow volume =1.9255¢m?-45.72¢cm = 88.0339cm®

Bed volume is based on ¥ of length x. [68.58cm x%) =22.86cm

Assume the same thickness of the baffle (3 mm)

2
Inner bed flow volume = dl:‘BLZ“)-zz.Bacm = 30.3426cm’
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Catalyst

<}----- Quartz baffle

l l <---- Quter SiC tube
Top plate

.
.
A’

Teflon
Inlet — blOCk

b = Qutlet

v
. "~ Bottom
Inner SiC tube plate

¥

Figure 3-5. Schematic of the bayonet section.
3.7 Implementation in MELCOR-H2
A. OPTION—“IFLOW”

This option is used to simulate Fred Gelbard’s ’2-scale experiment on the decomposition of the
sulfuric acid. Much of the existing mass (mole) and energy balance model in the H2C package
will remain the same. Only the programming associated with IFLOW will be implemented
according to the following description. See Figure 3-6.

1. Following is the optional input when Option “IFLOW” =1 is input:
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H2C Model — SI Chemistry

—OFLOW: H2S04, H20 - — - — -~ — -- - RC1 [ Source: H2504, S02, 02, H20
i - H2504 1
. Decomposition i
|
i ]
| SRATE(RC2) |  OFLOW: OFLOW: | SRATE(RCT) |
i K H2504 502, H20
— T — L — - — i
i 1
i External source: H20 I
i 1
| ) '
Source: H2S04, H2O0- - — — - — - — . = ] —OFLOW: H2304, 502, H20
RC2
—OFLOW: 2 Hl — - — . — - — . — -] Bunsen e Source: Hl— -
i Chamber 1
3 1
| -
3 = 1
|
] 1
:

r— = - | r S |
| SRATERRCI) | | SRATE(RC2) |
OFLOW: OFLOW:

L _+_ | 12 HI L - — d

1
|
1
i
]
I
I RC 3 - .
HI |
| Decomposition
1

Source: H2, 12 Hl - = - = == -

Current Model

Use When OPTION:
IFLOW=1

Figure 3-6. Flow diagram for the current and the proposed flow models in H2C package.

2. Species tracked when IFLOW=1:

RC1: H,SO,— SO, +0.5 0, + H,0O

Hzo — Hzo

VRe1 = Vupflow + Vdownflown (as inpUt)

Add: H,0 inlet stream to the existing model
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H2SO, outlet stream to the existing model
No material will remain in the RC 1 chamber
3. ALL in and out-flow species:
RC1: (inflow)

H2SO., H,O which depend on f, mole fraction of the acid solution as input.
(temperature of the inflow is taken as Trc2, source)

(outflow)

S0,, 02, H,0, H,SO, (unreacted) will be sourced out of chamber, calculated
source rate with no material remained in the chamber

Only SO,, H,0, H,SO4 are permitted to outflow to RC 2 (Bunsen chamber)
TRe1, react (@S INput, 850 °C maximum)
Tre1, source (@S input, 180 °C)
RC 2: (inflow)
H,O (sourced in as fresh water)
SO, H,0, H,SO4 (unreacted) [from RC 1]
12, HI (unreacted) [from RC 3]
(outflow)
H,SO., H,O to RC 1, as sourced out of the chamber
HI to RC 3, as sourced out of the chamber
Tre, react = Tre2, source (@S input, 30 °C)
RC 3: (inflow)
HI [from RC 2]
(outflow)

H2, 12, HI (unreacted) as sourced out of the chamber, calculated source rate with no
material remained in the chamber

TRes3, react = TRe3, source (S input, 450 °C)
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Heat transfer is assumed the following, and no heat involved in RC2:

N N
RC2 SrateH2S04,H20 Source2 Oflow:H2504,H20 »RC1
N N
TRCZ SrateH2S04,H20 TRcz,Source Oflow:H2504,H20 ’TR61
& &
RC2< Oflow:H2504,502,H20 Sourcel< SrateH2504,502,02,H20 RC1

TRCZ N

TRCl

Oflow:H2504,502,H20 TRCl,SOUFCG‘ Y SrateH2S04,502,02,H20

RC2 —————Source2————RC3

Srate:HI Oflow:HI
— —_—>
TRCZ Srate:HI TRCZ,SOUFCB Oflow:HI TRC3

RC2 ¢————Source3 «———————RC3

Oflow:12,HI Srate:H2,12,HI

e T
TRCZ TRC3,Source TRC3

Oflow:12,HI Srate:H2,12,HI

Note: Oflow will take place if sufficient Srate for that species is available according to the
direction of flow. Thus Srate; > Oflow;, where i= species ID.

4. Simulate Fred’s ¥2-scale experiment on the decomposition of sulfuric acid:

a.

b.

Invoke IFLOW =1

[1] Trez, react = Tiniet O Fred Experiment (30 °C)

[2] Tre2, source = Tintet Of Fred Experiment (30 °C)

[3] Tret, react = Tmaximum OF Fred Experiment (850 °C)
[4] Tret, source = Touttet O Fred Experiment (180 °C)
[5] Tres, react = Tiniet O Fred Experiment (30 °C)

[6] Tres, source = Tiniet OF Fred Experiment (30 °C)
Source and Outflow data

[1] SRATE & OFLOW (H2SO4, H,0) for RC 2—match data from Fred Experiment
(acid solution inlet flow rate with f).

[2] SRATE (H,SO4, SO,, Oy, H,0) for RC 1—rate computed as what in the chamber,
so that no material remained in the chamber.

[3] OFLOW (H2S0O4, SO,, H,0) for RC 1—set to zero in order to simulate the
experiment, because the temperatures in A.[1] and A.[4] above are very
different—to properly account for the energy balance in Fred’s experiment.

[4] SRATE & OFLOW (HI) for RC 2—set to zero
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[5] SRATE & OFLOW (12, H2) for RC 3—set to zero

c. Chamber volume data:
[1] Volume for RC 1 = Vipfiow + Veownfiow Of Fred Experiment (1.6659 x 10 m®)
[2] Volumes for RC2and RC3=1m®

d. Tgg (in°C) for H2SO4 with f, mole fraction of the acid, using equations in 4.d and 4.e
in Section I.

B. INPUT DESCRIPTION

H2C00000 (activate H2 chemistry model flag) Contain (optional) keywords to activate the
specific chemistry model

OPTION - Hydrogen generation chemistry model flag (CHARACTER)

=’SULFUR_IODINE’ Sulfur lodine (default)
="WESTING_SULFUR’ Westinghouse Sulfur

(not implemented)
=’CALCIUM_BR’ Ca Br (not implemented)
=’USER_DEFINED’ User Defined (not implement)

TSTART - Time starts for turning on the chemistry model, after the reactor side goes
through some iterations or establishes some steady flow. For SI, the decomposition of
H,SO, and HI are affected by this input. The formation of H,SO,4 progresses at time
zero.

ICHX — Number of heat exchanger(s) connected to the chemistry node. It is only used by
the User Defined option above. All other models have this value hardwired (integer).
(Not implemented)

IFLOW - Optional keyword to turn on and off the FLOW feature of the model. This is
used to simulate Fred Gelbard’s decomposition of the sulfuric acid experiment. On -1,
and Off — 0. (Default: 0)

H2Cnn001 (Specific chemistry model information for each reaction chamber). For example, Sl
contains three chambers. RC-1 models the formation of sulfuric acid and HI, RC-2 models the
decomposition of sulfuric acid, and RC-3 models the decomposition of Hl.nn is the chamber
number for which the REQUIRED input is designated.

NAME=  Characters (size=24)

IREACT= 1 for Decomposition of Sulfuric acid
2 for Formation of Sulfuric acid and HI
3 for Decomposition of HI
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Note MELCOR will check if all three values have been assigned to an H2CnnRC1 card.
It is a required input.

RCVOL=  Corresponding volume for RCnn (m®). This volume should be sufficient for
the production of hydrogen for an 8-hour operation. Default=MELCOR
will calculate the appropriate volume for an 8-hour operation based on the
stoichiometric composition of the constituent in each chamber.

For IREACT=2, minimum volume = 1m3
For IREACT=1, RCVOL=1

RTEMP=  Design reaction temperature for RCxx (K). Although MELCOR would
calculate this temperature based on the heat transfer between the reactor side
and chemistry side of the heat exchange (CHX), this value is used to set the
maximum temperature of the chamber. Ideally, the following reaction
temperature is recommended:

RTEMP (IREACT=1) = 1123.15 °K,
RTEMP (IREACT=2) = 393.15 °K, and
RTEMP (IREACT=3) = 723.15 °K.

H2Cnn002 (Specific chemistry model information for each reaction chamber), nn is the chamber
number for which the optional input is designated. Fresh water flow is needed for generating
continually hydrogen. In addition, the plant should also need to know how fast oxygen and
hydrogen removed from the plant. One mole of fresh water in, there should be half mole of
oxygen and 1 mole of hydrogen produced. Although the input is optional, it suggests that the
user should select an appropriate flow rate based on the volume(s) of the chamber(s) selected.
REQUIRED input, enter all zero, if want to use default. Note that if IFLOW = 1 is invoked,
additional SRATE entries are expected. All SRATE entries must be entered, following by a
single STEMP input for each chamber.

SRATE - Source or sink rate (mol/s). Positive is the constant rate. Negative is the
control function number for which rate versus time is expected.

When IFLOW = 0, the following entries are expected:

For SI model, If IREACT=2, it is the water flow in rate (default= 1 mol/s). If
IREACT=1, it is the oxygen flow out rate (default = 0.0 mol/s). This permits
MELCOR to calculate the flow out rate based on the amount reacted. If
IREACT=3, it is the hydrogen flow out rate (default = 0.0 mol/s). This permits
MELCOR to calculate the flow out rate based on the amount reacted.

When IFLOW = 1, the following entries are expected for each source in the chamber:

For SI model, If IREACT=2, in addition to the water flow in rate

(default = 1 mol/s), MELCOR requires additional sourced out flow rates of the
sulfuric acid solution to RC1, and HI to RC3. Thus the order of entries is: H,0,
H,SO4, and HI (default: all at 0.0 mole/s) [4 entries are expected]. If IREACT=1,
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in addition to the oxygen flow out rate, MECLOR requires additional sourced out
flow rates of the un-reacted sulfuric acid solution, and sulfuric dioxide to RC2.
Thus, the order of entries is H,SO4, SO,, and H,O (default: all at 0.0 mole/s)

[4 entries are expected]. If IREACT=3, in addition to the hydrogen flow out rate,
MELCOR requires additional sourced out flow rates for both iodine and un-
reacted HI. The order of entries is I, and HI (default: all at 0.0 mole/s). [3 entries
are expected] Note that the sourced out rate is a designed value, MELCOR will
calculate the sourced out rate based on the amount reacted, and un-reacted. Of
course, the MELCOR rate will not exceed the designed rate entered here.

STEMP - Corresponding temperature for SRATE above (K). (Default = 393.15 K).
Only one entry per chamber, it is the last value to be entered for this card.

H2Cnn0O03 is the designated species inventory card for RCnn. Species y concentration input
entry is according to each IREACT value. For those species that are not entered, MELCOR
would calculate the corresponding species concentration according to stoichiometric composition
of the reaction in the chamber. y for CONC entry below for RCnn (integer). For IREACT=1,
value should be 1 to 5 and up to 5 entries are expected for input. The order is based on the

table entry in Table RC-1.1. For IREACT=2, use Table RC-2.1, and For IREACT=3, use Table
RC-3.1. MELCOR will check against IREACT value, and valid species y index. It is suggested
to only enter the initial amount of H,O, SO, and I, in RC-2 as a start and let MELCOR to
compute the concentration of the other species in RC-1 and RC-3.

CONC = Corresponding Initial species concentration for y above (mol/m?).

H2CnnCF1 is designated as the design flow between reaction chambers. Outflow entries are
expected. For IREACT=1, 2 values are expected for the sulfuric acid solution (H20, SO) to
RCL1. For IREACT=2, 2 values are expected for the sulfuric acid to RC1, and HI to RC3. For
IREACT=3, 1 value is expected for the I, to RC2. For IFLOW=1, additional entries are
required. See below.

When IFLOW = 0, required entries are explained above:

OFLOW = Corresponding molar flow rate out of RCnn (mol/s). For IREACT=2, the
corresponding OFLOW of H,SO4 (currently no H,O is assumed).

When IFLOW = 1 required entries are followed:
OFLOW = Corresponding molar flow rate out of RCnn (mol/s).

For IREACT = 1, 3 entries are required in the order for (H,SO4, SO,, H,0) to RC2
(default: None).

For IREACT = 2, 3 entries are required in the order for (H,O, H,SO,) to RC1 (default:
None), and HI to RC3 (default: None).

For IREACT = 3, 2 entries are required in the order for (HI, I,) to RC1 (default: None).

110



Heat exchanger information card entries (Required). CHX module is a modification of the IHX
module developed by Randy C., and is only permitted flow through the reactor side and no flow
is modeled in the chemistry node. Each reaction chamber (RC) requires a CHX. Note: the
model assumes no heat from the chemistry side to dump back into the reactor side. It is assumed
that heat is required from the reactor side of CHX to carry out hydrogen production, for which
one is for the decomposition of H,SO, and the other is for decomposition of HI. Note that RC-2
does not require any heat from the heat exchanger. All its sensible heat for the inflow and
outflow from and to other chambers are accounted for in the other chambers. The following is
recommended:

H2CnnHXO0 Name Type IFL
Name — character string for name of the heat exchanger
IFL1 — Flow path associated with this heat exchanger
H2CnnHX1 Area Data
Area — Heat transfer area (m?)

Data — Heat transfer coefficient data. If REAL is entered it is the value of heat
transfer coefficient, and if INTEGER is entered it is the CONTROL FUNCTION
NUMBER, and it will require CF card entries. J/m*-K

Chemistry dependence information card entries (Required). This card is intended for the user to
supply the chemistry dependence information, such as the reaction rate constant, k, in the

Arrhenius form (k = A- enr , Where A is a pre-exponential or frequency factor, which has unit
dependent on the reaction type (i.e., s for the decomposition of H,SO,, E is the activation
energy (J/mole), R is the gas constant (8.314 J/mole-K), and T is the reaction temperature (K)).
In addition, because the reaction such as when the flow feature is turned on (IFLOW=1), then a
residence time may be entered to match the time taken for the reaction. Note currently Kk is
ONLY applied to the FORWARD reaction. Future card for the REVERSE reaction will be
developed.

H2CnnCH1 ACOEF EACT RTIME

ACOEF - Pre-exponential or frequency factor, if zero is entered, default value
will be used (default is for that IREACT)

EACT - Activation Energy (J/mole), if zero is entered, default value will be used
(default is for that IREACT)

RTIME - Residence time (s), if zero is entered, MELCOR timestep will be used
(default is for that IREACT). Note that RTIME is applied only for IFLOW=1. If
IFLOW=0, this input is not used. Also, for the HI decomposition, this time is not
used.
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Default Parameters
IREACT=1, ACOEF= 6.8e4 s*, EACT=73.1e3 J/mol
IREACT=2, ACOEF= 3.0e-12 m%/mol?-s, EACT=4.187e3 J/mol
IREACT=3, ACOEF= 1.0e8 m/mol-s, EACT=108e3 J/mol

Available Plot Variables and Control Function Variables

FL-H2C-TOUT -Primary side outlet temperature (Heat Exchanger) for RC (K)
FL-H2C-TRIN —Secondary side inlet temperature (Heat Exchanger) for RC (K)
FL-H2C-TROUT —Secondary side outlet (reaction) temperature for RC (K)
FL-H2C-HCOEFF —Heat transfer coefficient for heat exchanger in RC (J/m?-K)
FL-H2C-Qhx —Power for heat exchanger in RC (W)

FL-H2C-SP-1 —chamber inventory for species 1 (mole/m3)

FL-H2C-SP-2 —chamber inventory for species 2(mole/m3)

FL-H2C-SP-3 —chamber inventory for species 3(mole/m3)

FL-H2C-SP-4 —chamber inventory for species 4(mole/m3)

FL-H2C-SP-5 —chamber inventory for species 5(mole/m3)

FL-H2C-OF-1 -outflow rate for species 1 (mol/s)

FL-H2C-OF-2 -outflow rate for species 2 (mol/s)

FL-H2C-OF-3 -outflow rate for species 3(mol/s)

FL-H2C-OF-4 -outflow rate for species 4(mol/s)

FL-H2C-OF-5 -outflow rate for species 5(mol/s)

FL-H2C-OF-6 -outflow rate for species 6(mol/s)

FL-H2C-OF-7 -outflow rate for species 7(mol/s)

FL-H2C-OF-8 -outflow rate for species 8(mol/s)

FL-H2C-SR-1 -source rate for species 1 (mol/s)

FL-H2C-SR-2 -source rate for species 2 (mol/s)

FL-H2C-SR-3 -source rate for species 3 (mol/s)

FL-H2C-SR-4 -source rate for species 4 (mol/s)

FL-H2C-OINV-1 -outflow inventory for species 1 (moles) for IFLOW=1
FL-H2C-OINV-2 -outflow inventory for species 2 (moles) for IFLOW=1
FL-H2C-OINV-3 -outflow inventory for species 3 (moles) for IFLOW=1
FL-H2C-OINV-4 -outflow inventory for species 4 (moles) for IFLOW=1
FL-H2C-OINV-5- outflow inventory for species 5 (moles) for IFLOW=1
FL-H2C-OINV-6- outflow inventory for species 6 (moles) for IFLOW=1
FL-H2C-OINV-7- outflow inventory for species 7 (moles) for IFLOW=1
FL-H2C-OINV-8- outflow inventory for species 8 (moles) for IFLOW=1
FL-H2C-SINV-1- source out inventory for species 1 (moles) for IFLOW=1
FL-H2C-SINV-2- source out inventory for species 2 (moles) for IFLOW=1
FL-H2C-SINV-3- source out inventory for species 3 (moles) for IFLOW=1
FL-H2C-SINV-4- source out inventory for species 4 (moles) for IFLOW=1
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4. SECONDARY COMPONENT MODELING
4.1 Chapter 4 Highlights

We are currently extending the capabilities of the MELCOR-H2 code (Gauntt et al., 2000) to
analyze large-scale hydrogen production plants with a VHTR and cogeneration of electricity.
Sophisticated but fast-running mean-line analysis flow models of axial-flow, multistage turbine
and compressor units, and a transient, multi-node model of a generic heat exchanger were
developed for a VHTR-Closed Brayton Cycle (CBC) nuclear power plant. Also, FORTRAN
source codes were developed for incorporation into MELCOR-H2. The developed models,
written in FORTRAN 95 standard language, were compiled and tested using Compaq Visual
FORTRAN Professional Edition 6.5.0 (2000), which provides a superset of the FORTRAN 95
standard with other extensions for compatibility with previous FORTRAN languages and
platforms. Nonetheless, the present models do not use any of the advanced capabilities of the
FORTRAN 95 language, and are therefore backward compatible with FORTRAN 77.

The constituent equations for the present models of the turbine and compressor units and generic
heat exchanger have been previously documented in Report No. UNM-ISNPS-2-20086, entitled
Models of turbine and Compressor Units for MELCOR Secondary System Modules (Tournier
and El-Genk, 2006). These equations are included in Appendices B and C; however, the reader
is encouraged to acquire a copy of this earlier document for more details. This document also
highlights the changes made to the models. These changes are necessary in order to predict the
operation of the turbine and compressor units at off-design (and extremely off-design)
conditions, which are encountered during startup and shut-down of the CBC. Furthermore, an
effective numerical solution of the flow conservation equations was developed, which is more
stable and significantly reduces the number of internal iterations and the amount of CPU time,
compared to the numerical technique suggested in Tournier and EI-Genk (2006).

Due to the complexity of the geometry and the large number of parameters necessary to define
the blade cascades of the axial-flow, multistage turbine and compressor units, input files are
provided which emulate the design of the Japanese GTHTR300 turbo-machinery (Takizuka et
al., 2004). Model results were compared successfully with the performance of the Japanese
GTHTR300 6-stage turbine rated 530 MW, and that of the GTHTR300 20-stage compressor
rated 251 MW. The present performance results using helium gas properties (which behave
essentially like a perfect gas) predict compressor exit temperature and pressure of 408.8 K and
7.10 MPa, compared to the reported values of 410 K and 7.11 MPa by Takizuka et al. (2004).
The calculated shaft work to the compressor is 251.3 MW, compared to 251 MW (Takizuka et
al., 2004). For the turbine unit, the calculated shaft work is 531.5 MW, compared to 530 MW.
The present calculations also predict turbine exit temperature and pressure of 891.5 K and
3.64 MPa, compared to 891 K and 3.68 MPa reported by Takizuka et al. (2004). Furthermore,
operation maps of these two rotating units are developed, which exhibit expected trends. These
maps are included in this Manual for benchmarking purposes.

The new changes made to the turbine and compressor models over those described in Tournier
and El-Genk (2006) and the present numerical solution technique are presented in Sections 4.3
and 4.4, respectively. The turbine and compressor input files and the model subroutines are
described in detail in Sections 4.5 and 4.6, and guidelines for implementing them into
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MELCOR-H2 are presented. The operation maps of the Japanese GTHTR300 turbine and
compressor were developed using the present models, and presented in Sections 4.7 and 4.8.
The constituent equations of the turbine and compressor loss models are summarized in
Appendices B and C with complete nomenclature of the symbols used in the equations. The
FORTRAN code of the subroutines is collected in the subsequent Appendices D through R.

A transient model of a multi-node, generic heat exchanger was also developed (Chapter 4-7).
The model assumes that the primary and secondary coolants are single phase (gas or liquid), and
can handle either parallel-flow or counter-current flow arrangement. An extremely efficient,
iterative segregated solution technique based on the SIMPLE-Consistent algorithm was
developed for solving the coupled transient and compressible energy, momentum, and mass
balance equations of the heat exchanger. The subroutines of the models and the input and output
files parameters are described in Section 4.10, and guidelines are given to properly implement
the model in MELCOR-H2 and to extend the thermophysical property subroutines to other
working fluids and heat exchanger structural materials. Finally, transient and performance
results of a helium/water pre-cooler and a helium/helium recuperator operating at the inlet flow
conditions encountered in the Japanese GTHTR300 CBC plant are presented in Sections 4.11
and 4.12. These results are provided for benchmark purposes and to verify the proper
implementation of the heat exchanger model into MELCOR-H2.

4.2 Chapter 4 Nomenclature

A Cross-sectional flow area (m?2)

c Gas sonic velocity (m/s), ¢ = ./¥RT

C Actual chord length of blade (m)

CL Blades lift coefficient based on mean vector velocity
Cp Specific heat at constant pressure (J / kg.K)

CR Convergence ratio, CR = cos ¢, / cos ¢,

Cy Heat capacity at constant volume (J/kg.K), Cy = C, -R
Cx Axial chord length of blade (m), C, = C xcos®

D Diameter (m)

Deq Equivalent diffusion ratio (suction surface peak velocity / outlet velocity)
Deq Equivalent hydraulic diameter (m)

Dhub Hub diameter of rotor wheel (m)

e Internal energy per unit mass (J/kg)

f Darcy friction factor

F Tangential loading parameter

h Enthalpy per unit mass, h =e + P/p (J / kg)

h

Stagnation (or total) enthalpy per unit mass, h=h+ 0.553V2 (J/kg)

H Height of blades (m)

1ad Convective heat transfer coefficient (W / m*.K), h® = Nu A/ De
Hre Boundary-layer shape factor, Hyg = &7 /6r¢

i Blade incidence angle at leading edge (°)

ic Negative stall incidence angle of blades cascade (°)
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Blade incidence angle for zero camber (°)

Positive stall incidence angle of blades cascade (°)

Reference stalling incidence angle for turbine cascade with S/ C = 0.75 (°)
Optimum design incidence angle at leading edge of compressor blades (°)
Off-design incidence correction factor

Boltzmann constant, k = 1.3804 x 10-23 J/K

Length of flow channel (m)

Length of heat transfer fins (m)

Mass flow rate of working fluid (kg / s)

Molecular weight (kg/mole)

Gas Mach number, Ma =V /c

Shaft angular speed in rotations per minute (rpm)

Avogadro number, N,= 6.0225 x 1023 molecules/mole

Number of rotor blades

Number of stator blades

Coolant Nusselt number

Throat width between blades in cascade (m)

Pressure (Pa)

Stagnation (or total) pressure, P=P+ 0.5a5 ,oV2 (Pa)

Peclet number, Pe = Re x Pr

Coolant Prandtl number, Pr= 1 C,/ A

Average radius of blade (m), r =0.5x (I + Fip)

Gas constant, R=Rg/M (J/kg.K)

Radius (m)

Flow Reynolds number, Re = pVD®1 / 1

Pitch or distance between blades in cascade (m)
Finned heat transfer surface area (m?)

Unfinned heat transfer surface area (m?)

Universal gas constant, Ry = kNa = 8.3143 J/mole.K
Time (s)

Maximum blade thickness (m)

Thickness of blades trailing edge (m)

Temperature (K)

Rotor tangential velocity (m/s), U = Rw

Gas absolute velocity vector (m/ s)
Gas radial velocity component (m/ s)

Gas meridional velocity component (m/ s)

Gas tangential velocity component (m/s)

Average flow velocity in channel (m/s)

Gas relative velocity vector with respect to rotor wheel (m/s), W=V -U
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W Rate of mechanical work done by working fluid on surrounding (W)

Y Pressure loss coefficient of a blades cascade

z Gas compressibility factor

ZIC Relative position of maximum camber, measured from leading edge

Z1e Spanwise penetration depth between primary and secondary loss regions (m)
Greek

a Angle between gas absolute velocity vector and meridional plane (degrees)
Op Coefficient which accounts for the non-uniformity of velocity profile

ay Velocity profile correction factor, &, = 1.020 for turbulent flow

a3 Velocity profile correction factor, a3 = 1.056 for turbulent flow

g Blade angle relative to meridional plane (degrees)

Y Ratio of specific heat capacities,y = C, / C,

I'* Blade circulation parameter (dimensionless)

) Boundary layer thickness (m)

O Boundary layer displacement thickness (m)

Sin Thickness of heat transfer fins (m)

dm Mach number correction to incidence angle (°)

Aig Stalling incidence angle correction for other S/ C values (degrees)

AP Total pressure loss (Pa)

AD Kinetic energy loss coefficient

e Camber angle of compressor blades (°), ¢ = |8, - 55|

n Efficiency, dimensionless

0 Boundary layer momentum thickness (m)

A Thermal conductivity (W / m.K)

y7, Coolant dynamic viscosity (kg / m.s)

D Density (kg / m®)

o Blade cascade solidity, c=C /S

T Blades clearance gap (m)

) Angle between gas relative velocity vector and meridional plane (degrees)
d Blades stagger angle measured from axial direction (degrees)

® Shaft angular speed (radians / s)

Subscript/Superscript

0 Tangential or “whirl” component

AM Loss model of Ainley and Mathieson (1951)

b Coolant bulk

C Compressor

cas Casing of turbo-machinery

disk Disk friction losses degraded to gas enthalpy increase
fin Heat transfer fins

hub Hub of impeller

LE Leading edge of blades
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n Iteration number

0 Value for constant properties case

p Profile losses

r Radial component

S Secondary losses

T Turbine

TC Tip clearance losses

TE Trailing edge of blades

tip Tip of impeller

w Wall surface

wind Windage mechanical losses

X, Z Axial component

0 Inlet of contraction/expansion zone (previous blade trailing edge)
1 Inlet of blades cascade (leading edge)
2 Outlet of blades cascade (trailing edge)
(n) Best estimate at present iteration

(n+1) New value at completion of iteration

4.3 Off-Design Performance Model of Turbine Unit

This section describes the changes made to the turbine performance model described previously
by Tournier and EI-Genk (2006). These changes were necessary in order to predict the operation
of the turbine unit at off-design (and extremely off-design) conditions, which are encountered
during startup and shutdown of the CBC. Furthermore, a new numerical solution of the flow
conservation equations is developed, which exhibits much stronger stability and significantly
reduces the number of internal iterations and the amount of CPU time, compared to the
numerical technique suggested previously (Tournier and EI-Genk, 2006). What follows is a
quick description of the design and operation principle of a multi-stage, axial-flow turbine.

4.3.1 Turbine Design and Operation Principle

Figure 4-1 illustrates the basic configuration of an axial-flow turbine with three stages. Each
stage consists of a cascade of stationary blades (Inlet Guide Vanes, IGV, or Stator, S), which
increases the swirl (tangential) velocity of the gas in the direction of rotation, followed by a
cascade of rotating blades (Rotor, R), which absorbs the gas swirl velocity and converts it to
rotor mechanical (or kinetic) energy. Both processes in the turbine operate at the expense of gas
static pressure, so that the gas pressure decreases as the gas flows through each blades cascade.
It is a common practice in axial-flow turbomachines to design a multistage turbine for nearly
constant axial flow velocity throughout. As a result, the annular flow area must increase from
inlet to outlet since the gas pressure and density decrease as the gas flows through the turbine.
Typically, an exit guide vanes cascade (EGV) follows the last turbine stage to remove any
residual swirl velocity and convert that kinetic energy to an increase in static pressure (Figure
4-1). Although not shown on the figure, a diffuser will follow the exit guide vanes to recover as
much Kinetic energy as possible, as well as to direct the flow to its intended destination.
Similarly, an inlet flow passage will precede the inlet guide vanes. This can range from a
smooth axial bell-mouth inlet to a complex side inlet, depending on the application.
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The construction of velocity diagrams (or triangles) is a fundamental tool for all turbomachinery
aerodynamic design and analysis. Since successive blade cascades alternate between stator and
rotor, it is necessary to be able to view the velocity vectors in both stationary and rotating
coordinate systems at any location. Typical velocity triangles at the leading and trailing edges of
a turbine rotor cascade are shown in Figure 4-2. An orthogonal coordinate system (x , 0) is used
where the meridional coordinate, x, is identical to the axial coordinate (axis of the
turbomachinery), and 6 is the polar angle of a cylindrical coordinate system. Subscript 1 refers
to the cascade inlet station, and subscript 2 refers to the cascade exit station. The velocity in the
stationary coordinate system (absolute velocity) is designated by V, and the velocity in the
rotating coordinate system (relative velocity) is designated as W (Figure 4-2). Finally, U is the
tangential velocity of the rotating blades (U = Uy), and e and ¢ designate the absolute and
relative velocity angles, respectively (Figure 4-2).

First stage Second stage Third stage Exit stage

Inlet gas ' Exit gas
flow _"> IGV R1 \i R2 S3 R3 EGV ; flow
\J |
Rotor T
[

i
L

Turbine shroud / casing
(stationary)

Figure 4-1. Schematic of a multistage axial-flow turbine.
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(@) Leading edge (b) Trailing edge

Figure 4-2. Velocity triangles of turbine rotor blades.

4.3.2 Incidence Losses for Off-Design Conditions

According to the loss scheme of Benner et al. (2006a and 2006b), the total pressure loss
coefficient of a turbine blades cascade at optimum design conditions is the sum of the
coefficients for profile losses, secondary losses, trailing edge losses and tip clearance (leakage)
losses (see Appendix B):

Y = (L Zgg /H) XY} +Y{ + Y + Yrc - (4-1)

In this equation, Zte is the spanwise penetration depth of the passage vortex separation line (Zrg
< H/2) at the trailing edge.

Ainley and Mathieson (1951) have introduced an off-design incidence correction factor, Kiyc,
such that Equation (4-1) is rewritten more generally:

Y:KIan(l_ZTE/H)XYF’) +YS’+YTE +YTC (4'2)

Figure 4-3 shows K¢ as a function of the ratio of the incidence angle, i = ¢, — £, to the stalling

incidence angle, is, based on a correlation proposed by Aungier (2006) from fitting the
experimental data of Ainley and Mathieson (1951):

When <0, Kjp =1+0.52x]i/ig["" ; (4-3a)

When i>0, K. :1+| i/is|2.3+0.5><i/iS . (4-3b)
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An upper limit of Kj,c = 20 is required in the model. The stalling incidence angle, is, is a
function of ¢,, & = B, /¢, and S/ C, the ratio of blades pitch to chord length. It is calculated as
the sum of a reference value igg (¢,,&) corresponding to a blades cascade with S/ C = 0.75, and

a correction term, Aig (¢,,S/C) to adjust for other values of pitch-to-chord ratio:

is(¢2,6,S/C) =isr (¢, ) + A5 (¢,S/C) . (4-4)

Figure 4-4 shows the stalling incidence angle for S/ C = 0.75, as a function of £ and ¢, , based

on a correlation proposed by Aungier (2006) from fitting the experimental data of Ainley and
Mathieson (1951):

When ¢, >50°,  isr(dy, &) =isy + A—BE2 +DE3 + EE*, where (4-5a)
iso =20—(&+1)/0.11 (4-5b)
—7r rrrrrrrrr+~rr+>1rr 11T
19 — 77777777777777777777777777777777777777777 -
K =1+052|x["" | ]
e c 1 1 1 1 y
T LT e e 1 .
5 ]
% 13 N ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
- i K
()] 3 Jin
S 10— N NG 1
(o)) i i i
o I
) 7 IS S S S ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, -
i) 1 1 1
'g
s 4 — ————————————————————————————————————————— -
1 [ 1 ; 1 i 1 i 1 i 1 ; 1 i 3

8 -7 6 -5 -4 -3 -2

X=1i/i
s

Figure 4-3. Off-design incidence correction
factor for turbine blades (Aungier, 2006).
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Angle iSR (degrees)

Ratio ¢ = B, / 9,

Figure 4-4. Stalling incidence angle for S/ C =0.75 (Aungier, 2006).

Correction AiS (degrees)

Ratio S/C

Figure 4-5. Stalling incidence correction factor (Aungier, 2006).
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A=61.8-(90° —g,) x JL6— (90° —4,) /165 , (4-5¢)

B=71.9—(90° —4,)x1.69 | (4-5d)
D= 7.8-(90° — ¢,) x [0.28— (90° - 4,)/320] | (4-5¢)
E =142 (90° — #) x [0.16 + (90° — ) /160| . (4-5f)

(65-90+gy)

When ¢, <50°,  igr(4y,&) =i +‘iSR (50°,&) —ig, 15

(4-59)

Note that the last term in parentheses on the right -side must be allowed to change sign, unlike
the Equation 4-52 reported in Aungier (2006).

Finally, Figure 4-5 shows the correction term, Aig (¢,,S/C), using the correlation developed by
Aungier (2006):

When S/C<0.8, Aig=-38X -535X%-29X3 where X =S/C-0.75. (4-6a)
90° — g,
When S/C>0.8, Aig=-2.0374—(S/C—0.8)x|69.58— T:',8¢2 (4-6b)

Note that the first constant (- 2.0374) must be negative, unlike the Equation (4-55) reported in
Aungier (2006). Note that all angles are expressed in degrees in these equations.

4.3.3 Solution of Flow Conservation Equations in Turbine Blades Cascade

The numerical solution of a multistage turbo-machinery component proceeds in the direction of
the flow; that is, when conditions are known at the entrance of a section, the outlet conditions are
calculated as a function of inlet conditions, from section to section and stage to stage, moving
downstream. Each stage consists of a stator half-stage, followed by a rotor half-stage (except the
exit guide vanes, which are followed by a diffuser). A half-stage consists of an isentropic
expansion section {0 — 1} between two cascades, followed by a blades section {1 — 2} that
exhibits pressure losses. For the sake of discussion, we assume that all flow conditions at station
{0} are known, and we proceed to calculating those at stations {1} and {2}. The relative gas
flow angle, ¢, at the trailing edge of the blades is a function of the blades angle and the

deviation angle, o:

Gp=Pr+9. (4-7a)
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The deviation angle at the trailing edge of a turbine blade cascade is calculated using a recent
correlation developed by Zhu and Sjolander (2005), as:

(S1C)°% x (4 + B5) "8 x cOS? (@) x (te / C)°2°

5=173 2
(30 +0.0152%7) x tanh(Re 5 / 200,000.)

(4-7Db)

where all angles are expressed in degrees. The Reynolds number at the trailing edge is based on
the relative gas velocity and the actual blade chord: Re,c = (p,W,C)/ 15 .

Because the deviation angle does not change very quickly, a solution technique that performs
iterations based on the convergence of 6 and/or ¢, converges much more quickly than one

based on finding the absolute gas flow angle of the rotor. The off-design model assumes that the
flow does not turn in the expansion zone (Ainley and Mathieson, 1951), i.e.,

o = 0. (4-8)

This means that the trailing edge of the upstream cascade controls the direction of the flow as it
impinges onto the leading edge of the next cascade. If the angle of attack is correct, that is if the
incidence angle i; = ¢, — 4, is small, the blades cascade operates near optimum design

conditions. A large angle of attack, however, will result in large off-design incidence losses,
which are then calculated using the model described in Section 4.4.2.

To illustrate the new solution technique, we take the example of a turbine stator cascade, {1 — 2}.
We know all flow conditions at station {1}, and the absolute gas flow angle at the trailing edge,

aé”) = ¢§”) is known from Equation (4-7). The technique is extended for any real gas by
linearizing the state equations as follows:

h(MD — p( +CSL~) ><(-I-Z(n+1) —Tz(n))' (4-9)
I:;,2(n+1) _

pénﬁ’l) R Zén)Tz(n‘Fl) , (4_10)

where the subscript (n) refers to values calculated at the previous iteration, and (n+1) refers to
the new iteration values. The conservation of mass, energy, and momentum can then be written:

m = pS" I A, cosar (M, (4-12)
N GRS 53( (n+1))2 -, disk
mhy =myns; +7 V2 +Qloss —WT ) (4'12)
v

P —P™Y = (@+Y)x % Py (\/2(’“1) ) (4-13)
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As before, the five Equations (4-9) — (4-13) are solved explicitly for the five unknowns Vs, o,
P2, T2, and h; at iteration (n+1), using simple substitution. Expressing all quantities in terms of
V,, the momentum conservation Equation (4-13) reduces to a second-order polynomial for the
trailing edge velocity:

a(V,)% +b(V,)+c=0, (4-14)
where

— , RZ (n)

2 | Aycosa(V C|(onz)
b=-R, (4-14c)
c= (L(MJ xRZI x Ty (4-14d)

A, cosa,
R Q _W disk

CodTrer =CpT," +y —hgh — e =T (4-14e)

The solution of this polynomial equation is simply:

V(D) _ —b—\/b2 —4ac
) = )

2a

(4-14f)

In practice, numerical iterations are required, since the end-disk windage losses, V\'/T““Sk , heat

losses, Qioss, pressure loss coefficient, Y, and gas properties are also functions of the flow
conditions at the trailing edge, which are not known a priori.

The same technique applies to the stator and rotor leading edges, where subscripts {1} and {2}
are replaced with subscripts {0} and {1}, and the loss coefficient Y = 0 in the isentropic
expansion zones. For the rotor leading edge {1}, the relative flow velocities and the incidence
angle are easily calculated using the velocity triangle (Figure 4-2a) once the absolute gas flow
velocity V; is obtained, as:

Wy, =Vq, =V, cosay (4-15a)
W2 = W2 + W3, (4-15c)
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tan ¢, = Wip . and (4-15d)
Wlx

i=d-p . (4-15e)

The sign convention for tangential velocity is positive in the direction of the impeller velocity
(Figure 4-2).

The technique for the rotor cascade {1 — 2} is somewhat different, due to the interdependence
between mechanical work, losses, absolute gas flow angle and velocity triangle. Again, we
assume that all flow conditions at station {1} are known, and the relative gas flow angle at the

trailing edge, ¢§”) = o+ 55”) is known from Equation (4-7). The technique is again extended
for any real gas by linearizing the state equations using Equations (4-9) and (4-10). We found
that it was most efficient to write all quantities in terms of the unknown relative velocity WZ(”+1) :

and find its proper value which satisfies the momentum balance equation by a simple dichotomic
research. For a given trial value W, the absolute gas velocity at the trailing edge is obtained
from the velocity triangle (Figure 4-2b) as:

/2
V2 = (VV22 —2U2W2 Sin ¢2 +U22)1 y (4'16)
and the absolute gas flow angle at the trailing edge is calculated as:

_ Sin¢2 —U2/W2
2 = .

tan o (4-17)
CoS ¢,
The gas density is obtained from the conservation of mass, as:
m
=, 4-18
p2 A2V2 Cos (2%} ( )
And the cascade shaft work is given by Euler’s equation:
Wy =mx UV +U,V,sinay) . (4-19)
The gas temperature is obtained from the energy balance equation as:
Ty =Trer — [%vz2 + W—T] 1C(), where (4-20)
2 m
R _ . disk
Tret =TV + [hl —h{" Qoss “Wr'™ _ ety (4-21)
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The gas pressure is calculated using the state Equation (4-10), as:
P, = p,RZ{MT 4-22
2 = P2RZ;7T, (4-22)

Finally, the function F, (4,,W,) is calculated, using the momentum balance equation with the
proper definition of the pressure loss factor for a rotor cascade (Horlock, 1960; Fielding, 2000):

a. a
FzT (4,,W,) =P, +73p2 X (1+Y)W22 -P, _73/71 ><\/\/12 . (4-23)

The function F, is a monotonically decreasing function of W, and is equal to zero when the
momentum balance equation is satisfied. The solution technique then simply consists in finding
the zero of this function by performing a dichotomic research on W,. Once the zero of F,' has

been found, the conservation Equations (4-18), (4-20) through (4-23), Euler Equation (4-19), and
velocity triangle Relations 4-16 and 4-17 are all satisfied. Internal iterations are then performed
to resolve the dependences of pressure loss factor Y, deviation angle &, heat losses Qjoss, and real
gas enthalpy h, and compressibility factor Z,.

4.4 Off-Design Performance Model of Compressor Unit

This section describes the changes made to the compressor performance model described
previously by Tournier and EI-Genk (2006). The philosophy used in the turbine model and
solution technique, described in the previous sections, is also applied to the model of the
compressor unit, but using the proper incidence loss model correlations and velocity triangle
relationships. What follows is a quick description of the design and operation principle of a
multistage axial-flow compressor.

4.4.1 Compressor Design and Operation Principle

Figure 4-6 illustrates the basic configuration of an axial-flow compressor with three stages. Each
stage consists of a cascade of stationary blades (Inlet Guide Vanes, IGV, or Stator, S), which
decreases the swirl (tangential) velocity of the gas in the direction of rotation, followed by a
cascade of rotating blades (Rotor, R), which imparts mechanical (or kinetic) energy to the gas by
increasing the swirl velocity. The next stator row removes the swirl developed by the rotor
cascade to convert kinetic energy into static pressure and to establish the proper swirl velocity
for the flow to enter the next rotor stage. Both processes in the compressor contribute to
increasing the gas static pressure. It is a common practice in axial-flow turbomachines to design
a multistage compressor for nearly constant axial flow velocity throughout. As a result, the
annular flow area must decrease from inlet to outlet since the gas pressure and density increase
as the gas flows through the compressor. Typically, an exit guide vanes cascade (EGV) follows
the last compressor stage to remove any residual swirl velocity and convert that Kinetic energy to
an increase in static pressure (Figure 4-6). Although not shown on the figure, a diffuser will
follow the exit guide vanes to recover as much kinetic energy as possible, as well as to direct the
flow to its intended destination. Similarly, an inlet flow passage will precede the inlet guide
vanes. This can range from a smooth axial bell-mouth inlet to a complex side inlet, depending
on the application.
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First stage Second stage Third stage Exit stage

Inlet gas i : Exit gas
flow IGV R1 l_i| R2 li‘ R3 EGV .._p flow

[

Nl I

Rotor

Compressor shroud / casing
(stationary)

Figure 4-6. Schematic of a multistage axial-flow compressor.

Typical velocity triangles at the leading and trailing edges of a compressor rotor cascade are
shown in Figure 4-7. An orthogonal coordinate system (x, 0) is used where the meridional
coordinate, x, is identical to the axial coordinate (axis of the turbomachinery), and 6 is the polar
angle of a cylindrical coordinate system. Subscript 1 refers to the cascade inlet station, and
subscript 2 refers to the cascade exit station. The velocity in the stationary coordinate system
(absolute velocity) is designated as V, and the velocity in the rotating coordinate system (relative
velocity) is designated as W (Figure 4-7). Finally, U is the tangential velocity of the rotating
blades (U = Uy), and e and ¢ designate the absolute and relative velocity angles, respectively
(Figure 4-7).
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Figure 4-7. Velocity triangles of compressor rotor blades.
4.4.2 Incidence Losses for Off-Design Conditions

According to the loss scheme of Koch and Smith (1976), an improvement of the model of
Lieblein (1959), the total pressure loss coefficient of a compressor blades cascade at optimum
design conditions is the sum of the coefficients for profile losses and tip clearance (leakage)
losses (Appendix C):

Y :Yp +YTC . (4'24)

Aungier (2003) has introduced an off-design incidence correction factor, Ki,c, such that Equation
(4-24) is rewritten more generally:

Y = Kipe % (Yp +Yrc) - (4-25)

Figure 4-8 shows K, as a function of a normalized incidence angle parameter, &, based on a
correlation proposed by Aungier (2003):

When §&<-2, Kine =46 -3; (4-26a)
When -2< £<1, K. =1+&%; (4-26h)
When 1< &, Kine =2 . (4-26¢)

An upper limit of Kiyc = 20 is required in the model. The parameter & is a function of the
incidence angle, i = ¢ — S, optimum angle of attack i*, and positive (is) and negative (ic) stall
incidence angles, as:
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P ix
1—1

When i>1*, & =- — > 0; (4-27a)
ig —i

When i<i*, f=— <o. (4-27b)
i *—ic

As shown in Figure 4-8, the positive and negative stall incidence angles are defined as usual,
such that the cascade losses are twice those at optimum design conditions, i.e., Ki,c = 2.0.

The optimum design angle of attack, i*, is a function of the blades and cascade geometry
(Aungier, 2003):

7 0.25 C 0.65-0.002¢
i*=® - B +|3.6K, +O.3532§><(Ej X(gj (4-28)

where @ is the blades stagger angle (°) and ¢ = |,6’1 — ,6’2| is the absolute camber angle (°). The
maximum blade thickness correction factor is given by:

0.28
C
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1 1 % 3 1 3 1 1 1 A
E inc;__4Ej_3 -
f_ 10 N o e .
.,9 | inczizé -
0
(%2]
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o
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=

4 3 -2 -1 0 1 2 3 4 5 6
Dimensionless factor, ¢

Figure 4-8. Off-design incidence correction factor for compressor blades (Aungier, 2003).
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The incidence angle for positive stall, is, is calculated using a correlation developed by Aungier
(2003), as:

i —i%41034]292- 2 |« & 5, (4-30)
156) 8.2

and the incidence angle for negative stall, ic, is given by (Aungier, 2003):

0.48
ic=i*9.o{1.o[@J } S < ix (4-31)
" 2176

A minimum value of ¢ = 10° is used in Equation (4-31) to avoid the singularity in extremely
off-design conditions. Note that all angles are expressed in degrees in these equations.

4.4.3 Solution of Flow Conservation Equations in Compressor Blades Cascade

As for the turbine model, a compressor half-stage consists of an isentropic contraction section {0
— 1} between two cascades, followed by a blades section {1 — 2} which exhibits pressure losses.
For the sake of discussion, we assume that all flow conditions at station {0} are known, and we
proceed to calculating those at stations {1} and {2}. The relative gas flow angle, ¢, at the
trailing edge of the blades is a function of the blades angle and the deviation angle, &:

$r=P+5 . (4-32a)

The deviation angle at the trailing edge of a compressor blade is calculated using a recent
correlation developed by Zhu and Sjolander (2005), and adapted for a compressor blade as:

(S/C)*® x|gy — B,| "™ x c0® (@) X (tmay / C)**°
(30+0.0132°7) x tanh(Re ¢ / 200,000.)

|O.63
0=173

(4-32b)

All angles in this equation are expressed in degrees, and the Reynolds number at the trailing edge
is based on the relative gas velocity and the actual blade chord: Re,c = (p,WoC)/ 15 .

The off-design model assumes that the flow does not turn in the expansion zone (Ainley and
Mathieson, 1951), i.e.,

o =0 . (4-33)

This means that the trailing edge of the upstream cascade controls the direction of the flow as it
impinges onto the leading edge of the next cascade. If the angle of attack is correct, that is if the
incidence angle iy = ¢ — f; =i*, the blades cascade operates near optimum design conditions.
An off-design angle of attack, however, will result in large incidence losses, which are then
calculated using the model described in Section 4.4.2.
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To illustrate the new solution technique, we take the example of a compressor stator cascade, {1
—2}. We know all flow conditions at station {1}, and the absolute gas flow angle at the trailing

edge, a{") =" is known from Equation (4-32). Again, the technique is extended for any real
gas by linearizing the state equations as follows:

h" —p 4 c ) X(T2(n+1) —Tz(n))' (4-34)
I:,2(n+l) _

PRz M (M), (4-35)

The conservation of mass, energy and momentum can then be written:

m = pd™v MDA cosa ), (4-36)
~ a. 2 -
iy = (hé”*” + 2 {rfr) j+Q.oss W, (4-37)
~ O- 2 ~
B, = Py +%p£n+1) (\/2(n+1)) FAP | (4-38)

where the pressure losses are given by:
- a 2
APgss =Y x 73/01(”) (Vl(”)) . (4-38D)

The five Equations (4-34) through (4-38) are solved explicitly for the five unknowns Vz, 02, P2,
T,, and h; at iteration (n+1), using simple substitution. Expressing all quantities in terms of V5,
the momentum conservation Equation (4-38a) reduces to a second-order polynomial for the
trailing edge velocity:

a(V,)% +b(V,)+c=0, (4-392)
where

_ . RZ (n)
a=23| M |22 | (4-39D)

2 { Aycosal" C |(onz)
b=-P, = AP - P, (4-39¢)
c= (L(MJ xRZS X Tyt (4-39d)

A, cosa,
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The solution of this polynomial equation is simply:

v _ —b—\/b2 —4ac
) = .

2a

(4-399)

In practice, numerical iterations are required, since the heat losses, Qjoss, pressure loss
coefficient, Y, and gas properties are also functions of the flow conditions at the trailing edge,
which are not known a priori.

The same technique applies to the stator and rotor leading edges, where subscripts {1} and {2}
are replaced with subscripts (0) and {1}, and the loss coefficient Y = 0 in the isentropic
contraction zones. For the rotor leading edge {1}, the relative flow velocities and the incidence
angle are easily calculated using the velocity triangle (Figure 4-7a) once the absolute gas flow
velocity V; is obtained, as:

WlX = le = Vl Ccos (4] (4'40a)
ng :V]ﬂ _Ul :Vl Sin o _Ul (4'40b)
W2 =W2 +W,2, (4-40c)
W
tang = - —2, and (4-40d)
Wlx
= (4-40¢)

The sign convention for tangential velocity is positive in the direction of the impeller velocity
(Figure 4-7).

The technique for the rotor cascade {1 — 2} is somewhat different, due to the interdependence
between mechanical work, losses, absolute gas flow angle and velocity triangle. Again, we
assume that all flow conditions at station {1} are known, and the relative gas flow angle at the

trailing edge, ¢{") = 5, + 55", is known. The technique is again extended for any real gas by
linearizing the state equations using Equations (4-34) and (4-35). We found that it was most
efficient to write all quantities in terms of the unknown relative velocity WZ(”+1) , and find its

proper value, which satisfies the momentum balance equation by a simple dichotomic research.
For a given trial value W, the absolute gas velocity at the trailing edge is obtained from the
velocity triangle (Figure 4-7b) as:

/2
V2 = (VV22 - 2U 2W2 Sin ¢2 +U22)1 y (4'41)
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and the absolute gas flow angle at the trailing edge is calculated as:

tan a, = U 2 /W2 —SIn ¢2 . (4_42)
COS ¢y
The gas density is obtained from the conservation of mass, as:
m
=, 4-43
p2 A2V2 COos (2%} ( )
And the cascade shaft work is given by Euler’s equation:
We =mx UV, —U,V,sina,) < 0. (4-44)
The gas temperature is obtained from the energy balance equation as:
@ W
Ty =Tpes — [73v22 + ?CJ /C g‘z) , where (4-45)
_\py disk
Tret =T + [hl —h{" Qoss “We'™ ch J/cg;) . (4-46)
The gas pressure is calculated using the state Equation (4-35), as:
P, = p,RZVT, . (4-47)

Finally, the function F, (¢,,W,) is calculated, using the momentum balance equation with the
proper definition of the pressure loss factor for a rotor cascade (Horlock, 1960; Fielding, 2000):

a. a.
cm (#,,W,) =P, +73,02 ><\Nz2 -P, +73p1 x (Y -1) XW12- (4-48)

The function F,° is a monotonically decreasing function of W5, and is equal to zero when the
momentum balance equation is satisfied. The solution technique then simply consists in finding
the zero of this function by performing a dichotomic research on W,. Once the zero of F,° has

been found, the conservation Equations (4-43), (4-45) — (4-48), Euler Equation (4-34), and
velocity triangle Relations (4-41) and (4-42) are all satisfied. Internal iterations are then
performed to resolve the dependences of pressure loss factor Y, deviation angle &, heat losses
Quoss, real gas enthalpy, h, and compressibility factor, Z,.
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4.5 Operation Maps of 6-Stage GTHTR300 Turbine

Due to the complexity of the geometry and the large number of parameters necessary to define
the blade cascades of the axial-flow, multistage turbine, and compressor units, input files are
provided that emulate, to the best of the authors’ knowledge, the design of the Japanese
GTHTR300 turbo-machinery (Takizuka et al., 2004). Model results were compared successfully
with the performance of the Japanese 6-stage turbine rated 530 MW, and of the 20-stage
compressor rated 251 MW. Furthermore, operation maps of these two rotating units are
developed, which exhibit expected trends. These maps are included in this section and the
following for benchmarking purposes.

The GTHTR300 turbine has casing and hub diameters of 2.156 m and 1.844 m at the inlet, and
casing and hub diameters of 2.25 m and 1.75 m at the exit, corresponding to annular flow areas
of Ain = 0.9802 m? and Aex = 1.5708 m?, respectively (Takizuka et al., 2004). In the present
model, the hub and casing radii are assumed to vary linearly between the entrance and exit. The
clearance at the blades tip is z = 1 mm, and the stator and rotor blade cascades use N = 82 and 80
blades each, respectively (Takizuka et al., 2004). The model then assumes that all the blades
have a chord, C = 7 cm, and a trailing edge thickness, tre =5 mm. Because of the flexibility in
designing a turbine for given operating conditions, due to the choices of different degrees of
reaction and flow coefficient, a commonly made assumption was used: the rotor and stator
blades were assumed to have identical shape and mirror orientation: the blades trailing edge
angle, which controls the mechanical work output, was taken equal to 4 = 70.5° while the
blades’ leading edge angle, which controls the incidence and pressure losses, was chosen equal
to A1 = 3° to minimize the losses. The other blade parameters were calculated by the model
using the empirical relationships available in subroutine TURBINE_INPUT. The nominal
operating conditions of the GTHTR300 turbine are:

(@) an inlet mass flow rate of 441.8 kg/s;

(b) an inlet gas temperature of 1123 K (850 °C);

(c) an inlet gas pressure of 6.88 MPa; and

(d) a rotational speed of 3600 rpm (Takizuka et al., 2004).

The operation map of the Japanese GTHTR300 6-stage axial-flow turbine was developed using
the following input flow conditions reported by Takizuka et al. (2004): an inlet helium gas
temperature of 1123 K, and an inlet helium gas pressure of 6.88 MPa. The map is developed by
selecting a rotational shaft speed @ = 22N /60, then varying the inlet gas mass flow rate between
0 and 500 kg/s. Values of N = 600, 1200, 1800, 2400, 3000, and 3600 rpm were selected.

The maps obtained using the present axial-flow turbine model are shown in Figures 4-9 through
4-14. The present simulation results using helium gas properties (which behaves essentially like
a perfect gas) predict turbine exit temperature and pressure of 891.5 K (Figure 4-12) and

3.64 MPa (Figure 4-13), compared to the reported values of 891 K and 3.68 MPa by Takizuka
et al. (2004). The predicted turbine work to the shaft is 531.5 MW (Figure 4-11), compared to
530 MW. The calculated pressure ratio is 1.89 (Figure 4-9), compared to 1.87. The predicted
polytropic efficiency, 7t = 91.7% (Figure 4-10), is slightly lower than the reported value of
92.8%, since the calculated pressure losses are greater by 0.4 bar. The total pressure losses
calculated by the model amount to 3.8 bars (Figure 4-14).
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Figure 4-9. Predicted pressure ratio of GTHTR300 turbine.
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Figure 4-11. Predicted shaft work output of GTHTR300 turbine.
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Figures 4-9 through 4-11 show that when operating at constant shaft speed, inlet temperature and
pressure, the work output and pressure ratio decrease with decreasing mass flow rate. As the
pressure ratio drops towards 1, the polytropic efficiency starts dropping very quickly (Figure
4-10), eventually reaching zero when the turbine work to the shaft vanishes (Figure 4-11). This
condition, called stalling, occurs because the rear stages of the multistage turbine now consume
mechanical energy and dissipates it into heat, resulting in excessive temperature and entropy rise
(windmilling, see Figures 4-10 and 4-12) (Shobeiri and Abouelkheir, 1992). Turbine stalling
occurs at a pressure ratio slightly greater than 1, due to the pressure losses (Figure 4-11).

Decreasing the mass flow rate below that at the stall line causes the entropy of the gas to increase
further, since the pressure losses are maintained nearly constant (Figure 4-14); the gas exit
pressure increases above its inlet value (Figure 4-13), and the net work output of the turbine
becomes negative (Figure 4-11); that is, mechanical energy must be provided to the turbine shaft
in order to maintain its rotational speed.

Note that the sharp decrease in temperature as the mass flow rate goes to zero (Figure 4-12) is
simply caused by the heat losses to ambient air through the turbine casing. These losses are
taken out of the gas enthalpy, and a low mass flow rate results in a large temperature drop. This
sharp temperature drop would not occur if the turbine casing were perfectly insulated.

The present operation maps of the 6-stage axial-flow turbine show that the model can operate in
a stable manner, and provide results of reasonable trend, even in extremely off-design conditions
that would be encountered during startup and shutdown of the CBC.

4.6 Operation Maps of 20-Stage GTHTR300 Compressor

The GTHTR300 compressor has casing and hub diameters of 1.704 m and 1.5 m at the inlet, and
casing and hub diameters of 1.645 m and 1.5 m at the exit, corresponding to annular flow areas
of Ai, = 0.5133 m? and Ae, = 0.3582 m?, respectively (Takizuka et al., 2004). This compressor
geometry is modeled in the present model using a constant casing radius of R¢as = 0.837 m, and

inlet and exit hub radii RI", =0.7329 m and REY, = 0.7649 m to match the reported annular

flow areas. The hub radius is assumed to vary linearly between the entrance and exit. The
clearance at the blades tip is z = 1 mm, and the stator and rotor blade cascades use N = 94 and 72
blades each, respectively (Takizuka et al., 2004). The stator blades have a chord, C = 6 cm, and
the rotor blades have C = 7.8 cm. The model assumes a location of maximum camber, Z/C =
0.4, and a trailing edge thickness, te = 4 mm, for all blades. The rotor blade cascades were
assumed to be identical in all 20 stages. Similarly, the stator blade cascades were all identical.
The blades’ trailing edge angles £, which control the mechanical work input, were chosen equal
to 48° and 10° for the stator and rotor cascades, respectively. The blades’ leading edge angles £,
which control the incidence and pressure losses, were chosen equal to 58° and 42° for the stator
and rotor cascades, respectively, to minimize these losses. The other blade geometrical
parameters were then calculated using the empirical relationships available in subroutine
COMPRESSOR_INPUT. The nominal operating conditions of the GTHTR300 compressor are:

(@) an inlet mass flow rate of 449.7 kg/s;
(b) an inlet gas temperature of 301 K (28 °C);
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(c) an inlet gas pressure of 3.52 MPa; and
(d) a rotational speed of 3600 rpm (Takizuka et al., 2004).

The operation maps of the Japanese GTHTR300, 20-stage axial-flow compressor were
developed using the following input flow conditions: an inlet helium gas temperature of 301 K,
and an inlet helium gas pressure of 3.52 MPa. The maps are developed by selecting a rotational
shaft speed @ = 27N/60, then varying the inlet gas mass flow rate between 0 and 500 kg/s.
Values of N = 600, 1200, 1800, 2400, 3000, and 3600 rpm were selected.

The maps obtained using the present axial-flow compressor model are shown in Figures 4-15
through 4-20. The present simulation results using helium gas properties predict compressor exit
temperature and pressure of 408.8 K (Figure 4-18) and 7.104 MPa (Figure 4-19), compared to
the reported values of 410 K and 7.11 MPa by Takizuka et al. (2004). The predicted compressor
work from the shaft is 251.3 MW (Figure 4-17), compared to 251 MW. The calculated pressure
ratio is 2.01 (Figure 4-15), compared to 2.02. The predicted polytropic efficiency, 7t = 90.7%
(Figure 4-16), is very close to the reported value of 90.5%. As shown in Figure 4-20, the rotor
and stator blades leading edge angles were chosen properly, such that at the nominal operating
conditions (m =449.7 kg/s and N = 3600 rpm), the incidence losses were nearly minimum, and
the polytropic efficiency of the compressor, near its peak value (Figure 4-16).

Decreasing the gas mass flow rate below its design value causes the pressure losses through the
compressor to increase rapidly (Figure 4-20), due to the strong off-design incidence conditions
developing at the blades’ leading edges. As a result of the viscous dissipation, the gas
temperature at the exit of the compressor increases with decreasing mass flow rate (Figure 4-18),
and the compressor polytropic efficiency decreases steadily from its peak value (Figure 4-16).
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Figure 4-15. Predicted pressure ratio of GTHTR300 compressor.
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Nonetheless, the mechanical power required to maintain the compressor’s shaft speed increases
with decreasing mass flow rate (Figure 4-17), and the gas exit pressure and compressor pressure
ratio increase (Figures 4-15 and 4-19). As the mass flow rate is decreased further, the
compressor exit pressure (or the pressure ratio) eventually reaches its peak value, which defines
the surging limit of the compressor. This hydrodynamic instability is characterized by a pressure
wave bouncing back and forth through the compressor stages. Such operation is extremely
detrimental to the compressor, and may destroy it. Therefore, during startup and shutdown of the
CBC in the power plant, care must be taken never to operate the compressor to the left of the
surge line (Figures 4-15 through 4-20).

The present operation maps of the 20-stage axial-flow compressor show that the model can
operate in a stable manner in the normal operation domain of the compressor, and provide results
of reasonable trend, even in extremely off-design conditions that would be encountered during
startup and shutdown of the CBC. These maps are provided as benchmark test cases to the
MELCOR-H2 team to verify the proper implementation of the FORTRAN subroutines into
MELCOR-H2.

4.7 Input and Output Files of Turbine Model

FORTRAN subroutines of the present turbine and compressor models were developed and tested
using Compaq Visual FORTRAN Professional Edition 6.5.0 (2000), which provides a superset
of the FORTRAN 95 standard with other extensions for compatibility with previous FORTRAN
languages and platforms. Nonetheless, all the coding instructions used in the present model are
compatible with Standard FORTRAN 77.
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The axial-flow multistage turbine model consists of three major components:

an input file TURBINE.INP (Appendix D), which defines all geometrical parameters of
the turbine unit and blades cascade;

a subroutine TURBINE_INPUT (Appendix E), which reads the input file
“TURBINE.INP.” and writes a verification file “TURBINE.VRF” to verify the
formatting of all numerical values; this subroutine then calculates additional cascade
geometrical parameters, and populates the COMMON /GEOMETRY_T/ and COMMON
ICASCADES_T/;

a subroutine AXIAL_TURBINE (Appendix F), which, given input flow conditions,
calculates the flow conditions at all intermediate stations and at the exit of the turbine;
this subroutine accesses the geometrical parameters stored in the COMMON
/GEOMETRY_T/and COMMON /CASCADES_T/; this subroutine also populates a
number of output text files:

“TURBINE.OUT?” collects information pertaining to the convergence of the main
iterations;

— “TURBINE_ITERATIONS.OUT” gives detailed information on the convergence of
all internal iterations for each half-stage;

— “TURBINE_SUMMARY.OUT” summarizes the calculated flow conditions for each
half-stage of the turbine, and the overall performance of the turbine;

— “TURBINE_LOSSES.OUT” collects information on the pressure loss coefficient
parameters calculated by the model; and finally,

— “TURBINE_DICHO.OUT” monitors the dichotomic research iterations for the
solution technique of the rotor blade cascades; this file also collects the dichotomic
research iterations used to calculate the exit enthalpy for an isentropic evolution; this
value is used to calculate the polytropic efficiency of the turbine.

Due to the complexity of the geometry and the large number of parameters necessary to define
the blade cascades of the axial-flow multistage turbine unit, an input file “TURBINE.INP” is
provided in Appendix D that emulates, to the best of the authors’ knowledge, the design of the
Japanese GTHTR300, 6-stage turbine (Takizuka et al., 2004). The FORTRAN codes of the
subroutines TURBINE_INPUT and AXIAL_TURBINE are given in Appendices E and F. The
subroutine that calculates the properties of the He-Xe binary gas mixture, HE_XE, is shown in
Appendix J. The main subroutine AXIAL_TURBINE uses other subroutines and functions, such
as TURBINE_STATOR, TURBINE_ROTOR, COMPRESSOR_STATOR, and DIFFUSER.
The input file and all subroutines and functions are available on the CD-ROM included with this
manual. The next subsections describe the input and output parameters of the subroutines
TURBINE_INPUT and AXIAL_TURBINE.
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4.7.1 Input File “TURBINE.INP”

This section describes in detail the variables of the input file “TURBINE.INP.” For clarity, all
variable names used in the program are typed in BOLD in this manual. The model uses the
International System Units throughout.

The second line of the text file “TURBINE.INP” is a text description of the turbine design and
case run, and is read as the text variable TITLE by the subroutine TURBINE_INPUT. This text
line is used as headers in all output files to identify the case.

The first block of parameters defines the geometry of the axial-flow turbine:

Nstages Number of rotor stages of axial-flow turbine
Rcas_in Inner radius of turbine casing at inlet (m)
Rcas_ex Inner radius of turbine casing at outlet (m)

Rhub_in Hub radius at turbine inlet (m)

Rhub_ex Hub radius at turbine outlet (m)

XLturbine  Axial length of turbine stages (m)
THICKcas Thickness of metallic casing (m)

EMISScas  Radiative emissivity of metallic casing

Tair Ambient air temperature (K)

deltaDisk Clearance between housing and end-disks (m)

The model assumes that the casing and hub diameters vary linearly along the turbomachinery.
The next block of parameters defines the geometry of the stator cascades (Figure 4-21),
including the exit guide vanes. For example, a turbine with 6 stages (Nstages = 6) consists of a
total of 7 stator sections (the first one is the inlet guide vanes, the last one the exit guide vanes),
and 6 rotor sections.

betal(i) Stator blades angle at Leading Edge (degrees)
beta2(i) Stator blades angle at Trailing Edge (degrees)
C(i) True chord length of stator blades (m)

N(i) Number of stator blades in cascade

Stagger Stagger angle of stator blades (degrees)

Z(i) Location of maximum camber (m)

O(i) Throat opening of stator cascade (m)
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Model Parameters

*Blade angle at LE, B, (°)

*Blade angle at TE, B, (°)

*Chord length, C (m)

*Blades spacing / pitch, S (m)

*Blade stagger angle, @ (°)

sLocation of maximum camber, Z (m)
*Throat opening, O (m)

*Blade maximum thickness, t,,,, (M)
*Blade thickness at TE, tyg (m)
Blade tip clearance, t (m)

Figure 4-21. Geometry and nomenclature of turbine blades cascade.

tmax(i) Maximum thickness of stator blades (m)
tTE() Blade thickness at trailing edge (m)
tau(i) Blade tip clearance to shroud (m)

In practice, many of these parameters are not reported in the literature and are not known. To
simplify the work of the designer, the model is capable of calculating the parameters Stagger, Z,
O, and tmax in terms of the other known parameters of the cascade, using empirical relations
developed in Section 6 of the previous report (Tournier and EI-Genk, 2006). In such case, the
user must enter negative values of the parameters in the input file.

The last block of parameters in the input file “TURBINE.INP” defines the geometry of the rotor
cascades, and is identical to that for the stator sections:

betal(i) Stator blades angle at Leading Edge (degrees)
beta2(i) Stator blades angle at Trailing Edge (degrees)
C(i) True chord length of stator blades (m)

N(i) Number of stator blades in cascade

Stagger Stagger angle of stator blades (degrees)

Z(i) Location of maximum camber (m)

O(i) Throat opening of stator cascade (m)

tmax(i) Maximum thickness of stator blades (m)
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tTE() Blade thickness at trailing edge (m)
tau(i) Blade tip clearance to shroud (m)

Again, the model will calculate the parameters Stagger, Z, O, and tmax in terms of the other
known parameters of the cascade, if negative values are entered. A sample of an input file is
given in Appendix D. Note that proper design of the turbine cascade blades requires that for a
turbine cascade, betal + beta2 < 90°.

4.7.2 Subroutine TURBINE_INPUT

The subroutine TURBINE_INPUT (see Appendix E) reads the input file “TURBINE.INP.” and
writes a verification file “TURBINE.VRF” to verify the proper formatting of all input values.
This subroutine then calculates additional cascade geometrical parameters, and populates the
COMMON /GEOMETRY_T/ and COMMON /CASCADES _T/.

The input parameters passed to the subroutine TURBINE_INPUT through the argument list are:

100 Unit number of input file “TURBINE.INP”
101 Unit number of output file “TURBINE.VRF” for verification

These files must be opened by the main program unit before calling the subroutine
TURBINE_INPUT. For example:

100 =20
OPEN(UNIT=100, FILE=TURBINE.inp', STATUS='OLD")
101=21
OPEN(UNIT=101, FILE=TURBINE.vrf', STATUS='NEW")

The output parameters returned by the subroutine TURBINE_INPUT through the argument list
are:

STARLINE Text line of star characters (“*”) for printout
TITLE Text title to identify turbine design in output files (second text line of input
file“TURBINE.INP”)

The subroutine TURBINE_INPUT also populates the COMMON /GEOMETRY _T/ and
COMMON /CASCADES_T/, which collect all necessary geometrical parameters of the
turbomachinery for use by the subroutine AXIAL_TURBINE.

The PARAMETER (NT = 20) defines the maximum number of half-stages of blade cascades,
and may have to be increased for a different design. For example, a turbine with 6 rotor stages
requires a total of 13 half-stages (6 stators, 6 rotors and another stator corresponding to the exit
guide vanes). The parameters of the COMMON /GEOMETRY _T/ are:

Nstages Number of rotor stages of axial-flow turbine
Rcas_in Inner radius of turbine casing at inlet (m)
Rcas_ex Inner radius of turbine casing at outlet (m)

Rhub_in Hub radius at turbine inlet (m)
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Rhub_ex Hub radius at turbine outlet (m)
THICKcas Thickness of metallic casing (m)
EMISScas  Radiative emissivity of metallic casing

Tair Ambient air temperature (K)
XLturbine  Axial length of turbine stages (m)
XLzone Axial length of each zone (quarter stage) (m)

deltaDisk Clearance between housing and end-disks (m)

In addition, the following arrays are populated, where the subscript (i) represents the half-stage
number. Each half-stage of the turbine consists of an isentropic expansion to the blades leading
edge {0 — 1}, followed by a blades cascade {1 — 2}. In the following:

Subscript {0} denotes station {0}: Half-stage entrance;

Subscript {1} denotes station {1}: Leading edge of blades;

Subscript {2} denotes station {2}: Trailing edge of blades.

Subscript {01} denotes: Expansion zone between entrance and blades leading edge;
Subscript {12} denotes: blades cascade zone.

RhubO(i) Hub radius at Station {0} (m)

Rcas0(i) Inner radius of turbine casing at Station {0} (m)
AO0(i) Axial gas flow area at Station {0} (m?)
Rhubl(i) Hub radius at Station {1} (m)

Rcasl(i) Inner radius of turbine casing at Station {1} (m)
A1(i) Axial gas flow area at Station {1} (m?)
Rhub2(i) Hub radius at Station {2} (m)

Rcas2(i) Inner radius of turbine casing at Station {2} (m)
A2(i) Axial gas flow area at Station {2} (m?)

Rhub01(i)  Average hub radius in zone {01} (m)
Rcas01(i) Average inner casing radius in zone {01} (m)
HbO1(i) Average width of flow annulus in zone {01} (m)
Rhub12(i)  Average hub radius in zone {12} (m)
Rcas12(i) Average inner casing radius in zone {12} (m)
Hb12(i) Average width of flow annulus in zone {12} (m)
Dcas01(i) Average outer casing diameter in zone {01} (m)
Acas01(i) Casing outer surface area in zone {01} (m?)
C_Nu01(i), e_Nu01(i)
Coefficients to calculate Nusselt number for Taylor-Couette gas flow
Dcas12(i) Average outer casing diameter in zone {12} (m)
Acasl2(i) Casing outer surface area in zone {12} (m?)
C_Nul2(i), e_Nul2(i)
Coefficients to calculate Nusselt number for Taylor-Couette gas flow

Finally, the subroutine TURBINE_INPUT populates the COMMON/CASCADES_T/, again
arranged by half-stage number:

betal(i) Blades angle at Leading Edge (degrees)
beta2(i) Blades angle at Trailing Edge (degrees)
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C(i)
N(i)
Cx(i)
S(i)
Z(i)
O(i)
tmax(i)
tTE()
tau(i)
theta(i)
sigma(i
chil(i)
chi2(i)

True chord length of blades (m)
Number of blades in cascade
Axial chord length of blades (m)
Blades spacing/pitch in cascade (m)
Location of maximum camber (m)
Throat opening (m)
Maximum thickness of blades (m)
Blade thickness at Trailing Edge (m)
Blade tip clearance to shroud (m)
Blade camber angle (degrees)
) Blade solidity
Leading edge blade angle with respect to the chord line (degrees)
Trailing edge blade angle with respect to the chord line (degrees)

stagger(i) Stagger angle of blades (degrees)

Hb1(i)
Hb2(i)
Hb(i)
rim(i)
r2m(i)
rm(i)
At(i)

4.7.3

Blades height at leading edge (m)
Blades height at trailing edge (m)
Average height of blades (m)

Average blade radius at leading edge (m)
Average blade radius at trailing edge (m)
Average blade radius (m)

Estimate of annular throat area (m?)

Subroutine AXIAL_TURBINE

The subroutine AXIAL_TURBINE (see Appendix F), given input flow conditions, calculates the

flow co
accesse

nditions at all intermediate stations and at the exit of the turbine. This subroutine
s the geometrical parameters stored in the COMMON/GEOMETRY _T/ and COMMON

ICASCADES_T/; this subroutine also populates a number of output text files:

“TURBINE.OUT?” collects information pertaining to the convergence of the main
iterations;

“TURBINE_ITERATIONS.OUT” gives detailed information on the convergence of all
internal iterations for each half-stage;

“TURBINE_SUMMARY.OUT” summarizes the calculated flow conditions for each
half-stage of the turbine, and the overall performance of the turbine;

“TURBINE_LOSSES.OUT” collects information on the pressure loss coefficient
parameters calculated by the model; and finally,

“TURBINE_DICHO.OUT” monitors the dichotomic research iterations for the solution
technique of the rotor blades cascades; this file also collects the dichotomic research
iterations used to calculate the exit enthalpy for an isentropic evolution; this value is used
to calculate the polytropic efficiency of the turbine.
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These files must be opened by the main program unit before calling the subroutine
AXIAL_TURBINE. For example:

102T = 22

OPEN(UNIT=102T, FILE=TURBINE.OUT',STATUS="NEW)
WRITE(102T,'(A)") STARLINE

WRITE(I02T,(A)) TITLE

WRITE(102T,'(A)") STARLINE

WRITE(I02T,(A))"

C +++ OUTPUT FILE TO MONITOR ALL INTERNAL ITERATIONS PER HALF-STAGE:
103T =23

OPEN(UNIT=I03T,FILE="TURBINE_ITERATIONS.OUT',STATUS="NEW')
WRITE(IO3T,'(A)") STARLINE

WRITE(IO3T,(A)) TITLE

WRITE(I0O3T,'(A)") STARLINE

WRITE(IO3T,(A))"

C +++ OUTPUT FILE WHICH SUMMARIZES PERFORMANCE OF TURBINE:
104T = 24
OPEN(UNIT=104T,FILE="TURBINE_SUMMARY.OUT',STATUS="NEW')
WRITE(104T,'(A)") STARLINE

WRITE(104T,'(A)) TITLE

WRITE(104T,'(A)") STARLINE

WRITE(104T,(A)) "

C +++ OUTPUT FILE TO CHECK PRESSURE LOSS COEFFICIENT MODEL:
05T =25
OPEN(UNIT=I05T,FILE="TURBINE_LOSSES.OUT',STATUS='NEW')
WRITE(IO5T,'(A)") STARLINE

WRITE(IO5T,(A)) TITLE

WRITE(IO5T,'(A)") STARLINE

WRITE(IO5T,(A))"

C +++ OUTPUT FILE TO MONITOR SEARCH FOR ZERO OF FUNCTION FDICHO_W2T:
106T =26

OPEN(UNIT=I06T,FILE="TURBINE_DICHO.OUT',STATUS="NEW)

WRITE(IO6T,'(A)") STARLINE

WRITE(IO6T,(A)) TITLE

WRITE(IO6T,'(A)") STARLINE

WRITE(IO6T,(A))"

The input parameters passed to the subroutine AXIAL_TURBINE through the argument list are:

101T Unit number of output file for convergence of main iterations
102T Unit number of output file to monitor all internal iterations per half-stage
103T Unit number of output file which summarizes performance of multistage turbine
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104T Unit number of output file to check pressure loss coefficient model
105T Unit number of output file to monitor search for zero of function FDICHO_W2T

iIINITO Flag for initialization of variables in internal iterations
iIINITO = 1: initialize internal iterations variables with first initial guess
IINITO <>1: use previous converged values of internal iterations variables
ISTEP Iteration or time step number (used for outputs in conjunction with Nprintout)
Nprintout  Store transient values in output files every Nprintout time steps

X_He Molar fraction of helium in He-Xe gas mixture
TinT Gas temperature at inlet of turbine (K)

PinT Gas pressure at inlet of turbine (Pa)
FLRATET Gas mass flow rate through turbine (kg/s)
omega Shaft rotational (angular) speed (rad/s)

The parameter iINITO is important and useful in reducing the number of internal iterations and
amount of CPU time. Since typically the subroutine AXIAL_TURBINE will be called in
succession, caused by a transient calculation (in which case iISTEP is the time step number), or
by a performance curve development for which an input parameter is varied smoothly (in this
case, ISTEP is simply a counter for data points), the parameter iINITO must be set equal to 1 by
the main program unit before calling the subroutine for the first time, and then set equal to 0 (any
value different than 1) for all subsequent calls of the subroutine. This allows the subroutine to
use previously calculated values of the flow conditions in the turbine to be used as initial guesses
for the new iteration, thus reducing the amount of CPU time needed to achieve convergence.

The parameter Nprintout is set to 1 (during the debugging process, for example) if printout
information is required every single time that the subroutine is called. Larger values are used to
minimize the size of the output files, depending on the number of time steps used in the
calculation.

Finally, the output parameters returned by the subroutine AXIAL_TURBINE through the
argument list are:

TexT Gas temperature at exit of turbine (K)
PexT Gas pressure at exit of turbine (Pa)
AexT Gas flow area at exit of turbine (m?)
VexT Gas velocity at exit of turbine (m/s)
MaexT Gas Mach number at exit of turbine

QlossesT Heat losses to ambient air through turbine casing (W)
WdiskT Sum of end-disk windage losses in turbine (W)
DPlossesT  Total pressure losses in turbine (Pa)

WorkT Rate of mechanical work to the shaft (W)

EFFT Polytropic efficiency of turbine

TexTs Turbine exit temperature for isentropic evolution (K)
hexTs Turbine exit enthalpy for isentropic evolution (J/kg)
hin Turbine inlet enthalpy (J/kg)
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Note that the end-disk windage losses WdiskT, which appear as a heat source in the gas energy
conservation Equation (4-12), are a net power drain on the shaft, and must be included in the
kinetic energy balance of the turbine shaft as such.

The subroutine AXIAL_TURBINE itself calls four major subroutines: TURBINE_STATOR,
TURBINE_ROTOR, COMPRESSOR_STATOR, and DIFFUSER. The subroutine
COMPRESSOR_STATOR is used for the exit guide vanes, while the subroutine DIFFUSER is
used to calculate the flow conditions at the exit of the diffuser. These subroutine are included on
the CD-ROM accompanying this manual.

4.7.4 Subroutine for Calculating Gas Properties

A subroutine called HE_XE is included with the present turbine and compressor models to
calculate the thermodynamic and thermophysical properties of a binary mixture of helium and
xenon gases. The model assumes that the gas behaves like a perfect gas, i.e., constant specific
heat capacity and a compressibility factor of unity. This is a good assumption for helium gas and
He-Xe binary mixtures with a molecular weight < 25 gram/mole. The FORTRAN models,
nonetheless, have been written for handling real gases as well. The MELCOR-H2 team should
replace the subroutine HE_XE with the properties of a gas of its choosing, given that the input
and output parameters of the subroutine are identical to those of the subroutine HE_XE. The
input parameters of this subroutine, from the argument list, are:

X_He Molar fraction of helium in He-Xe gas mixture
T Temperature of gas mixture (K)
P Pressure of gas mixture (Pa)

The parameter x_He, of course, can be eliminated if binary mixtures are not used. The output
parameters are, again from the argument list:

RHO Density of gas mixture (kg/m®)

CP Specific heat capacity at constant pressure (J / kg.K)
h Enthalpy (J/kg)

gamma Specific heat ratio

S Entropy (J/kg.K)

VISCO Dynamic viscosity (kg/m.s)

CONDUC  Thermal conductivity (W/m.K)
XMOLW Molecular weight of gas (kg/mol)
R Gas constant (J/kg.K)

Z Compressibility factor
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4.8

Input and Output Files of Compressor Model

The axial-flow multistage compressor model consists of three major components:

an input file COMPRESSOR.INP (Appendix G), which defines all geometrical
parameters of the compressor unit and blades cascade;

a subroutine COMPRESSOR_INPUT (Appendix H), which reads the input file
“COMPRESSOR.INP.” and writes a verification file “COMPRESSOR.VRF” to verify
the formatting of all numerical values; this subroutine then calculates additional cascade
geometrical parameters, and populates the COMMON/GEOMETRY_C/ and COMMON
ICASCADES_CI/,

a subroutine AXIAL_COMPRESSOR (Appendix I), which, given input flow conditions,
calculates the flow conditions at all intermediate stations and at the exit of the
compressor; this subroutine accesses the geometrical parameters stored in the
COMMON /GEOMETRY _C/ and COMMON /CASCADES_C/; this subroutine also
populates a number of output text files:

“COMPRESSOR.OUT?™ collects information pertaining to the convergence of the
main iterations;

— “COMPRESSOR_ITERATIONS.OUT™ gives detailed information on the
convergence of all internal iterations for each half-stage;

- “COMPRESSOR_SUMMARY.OUT” summarizes the calculated flow conditions for
each half-stage of the compressor, and the overall performance of the compressor;

— “COMPRESSOR_LOSSES.OUT” collects information on the pressure loss
coefficient parameters calculated by the model; and finally,

— “COMPRESSOR_DICHO.OUT” monitors the dichotomic research iterations for the
solution technique of the rotor blades cascades; this file also collects the dichotomic
research iterations used to calculate the exit enthalpy for an isentropic evolution; this
value is used to calculate the polytropic efficiency of the compressor.

Due to the complexity of the geometry and the large number of parameters necessary to define
the blade cascades of the axial-flow multistage compressor unit, an input file
“COMPRESSOR.INP” is provided in Appendix G that emulates, to the best of the authors’
knowledge, the design of the Japanese GTHTR300 20-stage compressor (Takizuka et al., 2004).
The FORTRAN codes of the subroutines COMPRESSOR_INPUT and AXIAL _COMPRESSOR
are given in Appendices H and I. The main subroutine AXIAL_COMPRESSOR uses other
subroutines and functions, such as COMPRESSOR_STATOR, COMPRESSOR_ROTOR, and
DIFFUSER. The input file and all subroutines and functions are available on the CD-ROM
included with this manual. The next subsections describe the input and output parameters of the
subroutines COMPRESSOR_INPUT and AXIAL_COMPRESSOR.
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4.8.1 Input File “COMPRESSOR.INP”

This section describes in details the variables of the input file “COMPRESSOR.INP.” The
second line of the text file “COMPRESSOR.INP” is a text description of the compressor design
and case run, and is read as the text variable TITLE by the subroutine COMPRESSOR_INPUT.
This text line is used as headers in all output files to identify the case.

The first block of parameters defines the geometry of the axial-flow compressor:

Nstages
Rcas_in
Rcas_ex
Rhub _in
Rhub_ex
XLcompres
THICKCcas
EMISScas
Tair
deltaDisk

Number of rotor stages of axial-flow compressor
Inner radius of compressor casing at inlet (m)
Inner radius of compressor casing at outlet (m)
Hub radius at compressor inlet (m)

Hub radius at compressor outlet (m)

Axial length of compressor stages (m)
Thickness of metallic casing (m)

Radiative emissivity of metallic casing

Ambient air temperature (K)

Clearance between housing and end-disks (m)

The model assumes that the casing and hub diameters vary linearly along the turbomachinery.
The next block of parameters defines the geometry of the stator cascades (Figure 4-22),
including the exit guide vanes. For example, a turbine with 20 stages (Nstages = 20) consists of
a total of 21 stator sections (the first one is the inlet guide vanes, the last one the exit guide
vanes), and 20 rotor sections.

betal(i)
beta2(i)
C(i)
N(i)
Stagger
Z(i)
o(i)
tmax(i)
tTE()
tau(i)

Stator blades angle at Leading Edge (degrees)
Stator blades angle at Trailing Edge (degrees)
True chord length of stator blades (m)
Number of stator blades in cascade

Stagger angle of stator blades (degrees)
Location of maximum camber (m)

Throat opening of stator cascade (m)
Maximum thickness of stator blades (m)
Blade thickness at trailing edge (m)

Blade tip clearance to shroud (m)

In practice, many of these parameters are not reported in the literature and are not known. To
simplify the work of the designer, the model is capable of calculating the parameters Stagger, Z,
O, and tmax in terms of the other known parameters of the cascade, using empirical relations
developed in Section 6 of the previous report (Tournier and EI-Genk, 2006). In such case, the
user must enter negative values of the parameters in the input file.
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Model Parameters

*Blade angle at LE, B, (°)

*Blade angle at TE, B, (°)

*Chord length, C (m)

*Blades spacing / pitch, S (m)

*Blade stagger angle, @ (°)

eLocation of maximum camber, Z (m)
*Throat opening, O (m)

*Blade maximum thickness, t,,,, (M)
*Blade thickness at TE, ty¢ (m)
*Blade tip clearance, t (m)

7
s 1
"
W, B,

Figure 4-22. Geometry and nomenclature of compressor blades cascade.

The last block of parameters in the input file “COMPRESSOR.INP” defines the geometry of the
rotor cascades, and is identical to that for the stator sections:

betal(i) Stator blades angle at Leading Edge (degrees)
beta2(i) Stator blades angle at Trailing Edge (degrees)
C(i) True chord length of stator blades (m)

N(i) Number of stator blades in cascade

Stagger Stagger angle of stator blades (degrees)

Z(i) Location of maximum camber (m)

o(i) Throat opening of stator cascade (m)

tmax(i) Maximum thickness of stator blades (m)
tTE(®) Blade thickness at trailing edge (m)

tau(i) Blade tip clearance to shroud (m)

Again, the model will calculate the parameters Stagger, Z, O, and tmax in terms of the other
known parameters of the cascade, if negative values are entered. A sample of an input file is
given in Appendix G. Note that proper design of the compressor cascade blades requires that for
a compressor cascade, |betal - beta2| < 90°, which is always satisfied in practice since the gas
turning angle must be small in compressor blades to avoid detachment of the boundary layer in a
positive pressure gradient field.
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4.8.2 Subroutine COMPRESSOR_INPUT

The subroutine COMPRESSOR_INPUT (see Appendix H) reads the input file
“COMPRESSOR.INP.” and writes a verification file “COMPRESSOR.VRF” to verify the
proper formatting of all input values. This subroutine then calculates additional cascade
geometrical parameters, and populates the COMMON/GEOMETRY_C/ and COMMON
ICASCADES_C/.

The input parameters passed to the subroutine COMPRESSOR_INPUT through the argument
list are:

100 Unit number of input file “COMPRESSOR.INP”
101 Unit number of output file “COMPRESSOR.VRF” for verification

These files must be opened by the main program unit before calling the subroutine
COMPRESSOR_INPUT. For example:

100 =10
OPEN(UNIT=100, FILE= *COMPRESSOR.inp’, STATUS='0OLD")
101=11
OPEN(UNIT=101, FILE= ‘COMPRESSOR.vrf’, STATUS='"NEW')

The output parameters returned by the subroutine COMPRESSOR_INPUT through the argument
list are:

STARLINE Text line of star characters (“*”) for printout
TITLE Text title to identify compressor design in output files (second text line of input
file “COMPRESSOR.INP”)

The subroutine COMPRESSOR_INPUT also populates the COMMON /GEOMETRY_C/ and
COMMON /CASCADES_C/, which collect all necessary geometrical parameters of the
turbomachinery for use by the subroutine AXIAL_COMPRESSOR.

The PARAMETER (NC = 70) defines the maximum number of half-stages of blade cascades,
and may have to be increased for a different design. For example, a compressor with 20 rotor
stages requires a total of 41 half-stages (20 stators, 20 rotors and another stator corresponding to
the exit guide vanes). The parameters of the COMMON /GEOMETRY_C/ are:

Nstages Number of rotor stages of axial-flow compressor
Rcas_in Inner radius of compressor casing at inlet (m)
Rcas_ex Inner radius of compressor casing at outlet (m)
Rhub_in Hub radius at compressor inlet (m)

Rhub_ex Hub radius at compressor outlet (m)
THICKcas Thickness of metallic casing (m)
EMISScas  Radiative emissivity of metallic casing

Tair Ambient air temperature (K)
XLcompres Axial length of compressor stages (m)
XLzone Axial length of each zone (quarter stage) (m)
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deltaDisk Clearance between housing and end-disks (m)

In addition, the following arrays are populated, where the subscript (i) represents the half-stage
number. Each half-stage of the compressor consists of an isentropic contraction to the blades
leading edge {0 — 1}, followed by a blades cascade {1 — 2}. In the following:

Subscript {0} denotes station {0}: Half-stage entrance;

Subscript {1} denotes station {1}: Leading edge of blades;

Subscript {2} denotes station {2}: Trailing edge of blades.

Subscript {01} denotes: Contraction zone between entrance and blades leading edge;
Subscript {12} denotes: blades cascade zone.

RhubO0(i) Hub radius at Station {0} (m)

RcasO0(i) Inner radius of compressor casing at Station {0} (m)
A0(i) Axial gas flow area at Station {0} (m?)

Rhub1(i) Hub radius at Station {1} (m)

Rcasl(i) Inner radius of compressor casing at Station {1} (m)
Al(i) Axial gas flow area at Station {1} (m?)

Rhub2(i) Hub radius at Station {2} (m)

Rcas2(i) Inner radius of compressor casing at Station {2} (m)
A2(i) Axial gas flow area at Station {2} (m?)

Rhub01(i)  Average hub radius in zone {01} (m)
Rcas01(i) Average inner casing radius in zone {01} (m)
HbO1(i) Average width of flow annulus in zone {01} (m)
Rhub12(i)  Average hub radius in zone {12} (m)
Rcas12(i) Average inner casing radius in zone {12} (m)
Hb12(i) Average width of flow annulus in zone {12} (m)
Dcas01(i) Average outer casing diameter in zone {01} (m)
Acas01(i) Casing outer surface area in zone {01} (m?)
C_Nu01(i), e_Nu01(i)
Coefficients to calculate Nusselt number for Taylor-Couette gas flow
Dcas12(i) Average outer casing diameter in zone {12} (m)
Acas12(i) Casing outer surface area in zone {12} (m2)
C_Nul2(i), e_Nul2(i)
Coefficients to calculate Nusselt number for Taylor-Couette gas flow

Finally, the subroutine COMPRESSOR_INPUT populates the COMMON /CASCADES_C/,
again arranged by half-stage number:

betal(i) Blades angle at Leading Edge (degrees)
beta2(i) Blades angle at Trailing Edge (degrees)
C(i) True chord length of blades (m)

N(i) Number of blades in cascade

Cx(i) Axial chord length of blades (m)

S(i) Blades spacing / pitch in cascade (m)
Z(i) Location of maximum camber (m)

O(i) Throat opening (m)
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tmax(i) Maximum thickness of blades (m)

tTE(I) Blade thickness at Trailing Edge (m)

tau(i) Blade tip clearance to shroud (m)

theta(i) Blade camber angle (degrees)

sigma(i) Blade solidity

chil(i) Leading edge blade angle with respect to the chord line (degrees)
chi2(i) Trailing edge blade angle with respect to the chord line (degrees)
stagger(i) Stagger angle of blades (degrees)

Hb1(i) Blades height at leading edge (m)

Hb2(i) Blades height at trailing edge (m)

Hb(i) Average height of blades (m)

rim(i) Average blade radius at leading edge (m)

r2m(i) Average blade radius at trailing edge (m)

rm(i) Average blade radius (m)

At(i) Estimate of annular throat area (m?)

4.8.3 Subroutine AXIAL_COMPRESSOR

The subroutine AXIAL_COMPRESSOR (see Appendix I), given input flow conditions,
calculates the flow conditions at all intermediate stations and at the exit of the compressor. This
subroutine accesses the geometrical parameters stored in the COMMON/GEOMETRY _C/ and
COMMON /CASCADES_CJ/; this subroutine also populates a number of output text files:

e “COMPRESSOR.OUT” collects information pertaining to the convergence of the main
iterations;

e “COMPRESSOR_ITERATIONS.OUT” gives detailed information on the convergence
of all internal iterations for each half-stage;

e “COMPRESSOR_SUMMARY.OUT” summarizes the calculated flow conditions for
each half-stage of the compressor, and the overall performance of the compressor;

e “COMPRESSOR_LOSSES.OUT” collects information on the pressure loss coefficient
parameters calculated by the model; and finally,

e “COMPRESSOR_DICHO.OUT” monitors the dichotomic research iterations for the
solution technique of the rotor blades cascades; this file also collects the dichotomic
research iterations used to calculate the exit enthalpy for an isentropic evolution; this
value is used to calculate the polytropic efficiency of the compressor.

These files must be opened by the main program unit before calling the subroutine
AXIAL_COMPRESSOR. For example:

102 = 12
OPEN(UNIT=102,FILE= ‘COMPRESSOR.OUT’,STATUS="NEW')
WRITE(102,'(A)) STARLINE

WRITE(102,(A)) TITLE
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WRITE(102,'(A)) STARLINE
WRITE(102,(A))"'

C +++ OUTPUT FILE TO MONITOR ALL INTERNAL ITERATIONS PER HALF-STAGE:
103 = 13

OPEN(UNIT=I03,FILE= ‘COMPRESSOR_ITERATIONS.OUT’,STATUS=NEW')
WRITE(103,'(A)) STARLINE

WRITE(103,(A)) TITLE

WRITE(103,'(A)) STARLINE

WRITE(I03,(A))"

C +++ OUTPUT FILE WHICH SUMMARIZES PERFORMANCE OF COMPRESSOR:
104 = 14

OPEN(UNIT=104,FILE= ‘COMPRESSOR_SUMMARY.OUT’,STATUS="NEW")
WRITE(104,'(A)) STARLINE

WRITE(104,'(A)) TITLE

WRITE(104,'(A)) STARLINE

WRITE(104,(A))"

C +++ OUTPUT FILE TO CHECK PRESSURE LOSS COEFFICIENT MODEL:
105 = 15

OPEN(UNIT=105,FILE= ‘COMPRESSOR_LOSSES.OUT’,STATUS="NEW)
WRITE(105,'(A)) STARLINE

WRITE(105,'(A)) TITLE

WRITE(105,'(A)) STARLINE

WRITE(105,(A))"'

C +++ OUTPUT FILE TO MONITOR SEARCH FOR ZERO OF FUNCTION FDICHO_W2C:
106 = 16

OPEN(UNIT=106,FILE= ‘COMPRESSOR_DICHO.OUT’, STATUS="NEW)
WRITE(106,'(A)) STARLINE

WRITE(106,'(A)) TITLE

WRITE(106,'(A)) STARLINE

WRITE(106,(A))"'

The input parameters passed to the subroutine AXIAL_COMPRESSOR through the argument
list are:

101 Unit number of output file for convergence of main iterations

102 Unit number of output file to monitor all internal iterations per half-stage

103 Unit number of output file which summarizes performance of multi-stage unit
104 Unit number of output file to check pressure loss coefficient model

105 Unit number of output file to monitor search for zero of function FDICHO_W2C
iINITO Flag for initialization of variables in internal iterations

IINITO = 1: initialize internal iterations variables with first initial guess
iINITO <>1: use previous converged values of internal iterations variables
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ISTEP Iteration or time step number (used for outputs in conjunction with Nprintout)
Nprintout  Store transient values in output files every Nprintout time steps

X_He Molar fraction of helium in He-Xe gas mixture
TinC Gas temperature at inlet of compressor (K)
PinC Gas pressure at inlet of compressor (Pa)
FLRATEC Gas mass flow rate through compressor (kg/s)
omega Shaft rotational (angular) speed (rad/s)

The parameter iINITO is important and useful in reducing the number of internal iterations and
amount of CPU time. Since typically the subroutine AXIAL_COMPRESSOR will be called in
succession, caused by a transient calculation (in which case iISTEP is the time step number), or
by a performance curve development for which an input parameter is varied smoothly (in this
case, ISTEP is simply a counter for data points), the parameter iINITO must be set equal to 1 by
the main program unit before calling the subroutine for the first time, and then set equal to 0 (any
value different than 1) for all subsequent calls of the subroutine. This allows the subroutine to
use previously calculated values of the flow conditions in the compressor to be used as initial
guesses for the new iteration, thus reducing the amount of work needed to achieve convergence.

The parameter Nprintout is set to 1 (during the debugging process, for example) if printout
information is required every single time that the subroutine is called. Larger values are used to
minimize the size of the output files, depending on the number of time steps used in the
calculation.

Finally, the output parameters returned by the subroutine AXIAL_COMPRESSOR through the
argument list are:

TexC Gas temperature at exit of compressor (K)

PexC Gas pressure at exit of compressor (Pa)

AexC Gas flow area at exit of compressor (m?)

VexC Gas velocity at exit of compressor (m/s)

MaexC Gas Mach number at exit of compressor

QlossesC Heat losses to ambient air through compressor casing (W)
WdiskC Sum of end-disk windage losses in compressor (W)
DPlossesC  Total pressure losses in compressor (Pa)

WorkC Rate of mechanical work to the shaft (W)

EFFC Polytropic efficiency of compressor

TexCs Compressor exit temperature for isentropic evolution (K)
hexCs Compressor exit enthalpy for isentropic evolution (J/kg)
hin Compressor inlet enthalpy (J/kg)

Note that the end-disk windage losses WdiskC, which appear as a heat source in the gas energy
conservation Equation (4-37), are a net power drain on the shaft, and must be included in the
kinetic energy balance of the compressor shaft as such.

The subroutine AXIAL_COMPRESSOR itself calls three major subroutines:
COMPRESSOR_STATOR, COMPRESSOR_ROTOR, and DIFFUSER. The subroutine
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COMPRESSOR_STATOR is used for the stator cascades and exit guide vanes, while the
subroutine DIFFUSER is used to calculate the flow conditions at the exit of the diffuser. These
subroutine are included on the CD-ROM accompanying this manual.

4.8.4 Subroutine for Calculating Gas Properties

The reader is directed to the discussion in Section 4.7.4, which also applies here to the axial-flow
compressor models.

4.9 Transient Model of Generic Heat Exchanger

MELCOR-H2 requires the development and implementation of a number of heat exchanger
models, i.e., gas/gas intermediate heat exchangers (IHX), gas/gas recuperator, and gas/liquid pre-
cooler and inter-coolers. These heat exchangers may have different configurations and
geometries, such as shell-and-tube heat exchangers, gasketed-plate heat exchangers, Lamella (or
Ramen) heat exchangers, and extended-surface heat exchangers such as plate-fin and tubular-fin
heat exchangers (Kakag and Liu, 1998). The selection of each heat exchanger design, beyond
the scope of the present work, is driven by many considerations, such as type of primary and
secondary working fluids, fluid pressures and differential pressure losses, temperatures,
accommodation of the differential thermal expansion, ease of cleaning, required heat transfer
surface area and component size, and the cost of construction and maintenance.

To accommodate the different heat exchanger configurations of interest, a generic, transient and
multi-node heat exchanger model is developed to simulate single-phase, parallel and/or counter-
current flow arrangements. This generic model is applied to the particular heat exchanger
configuration selected using appropriate flow path length, cross-sectional flow areas, equivalent
diameters and heat transfer areas of the cold- and hot-leg channels. The transient generic heat
exchanger model developed in this work for incorporation into MELCOR-H2 is described briefly
next. More details on the constitutive governing equations of the problem and the numerical
technique used to solve them can be found in Chapter 7 of the previous report (Tournier and El-
Genk, 2006). The present heat exchanger model currently incorporates two different working
fluids, helium gas and liquid water, and one structural material, stainless steel 304/316.
Additional working fluids and structural materials can easily be incorporated by the MELCOR-
H2 team, by following the guidelines given in subsequent sections of this manual. Since the
model uses partial derivatives of the density and internal energy with respect to temperature and
pressure, it can handle non-perfect gases and other highly compressible fluids as well.

4.9.1 Definition of Domain, Geometry and Boundary Conditions

The developed generic model of the heat exchanger is shown in Figure 4-23. The governing
equations and boundary conditions are discretized on a staggered grid using the control volume
integration approach. The coolant in the hot leg, represented by a string of cells (i = 2), is
separated from the coolant in the cold leg (string i = 4) by a solid, heat transfer wall (string i = 3).
The model uses two additional strings of solid cells (i = 1 and i = 5), thermally insulated on the
far side, to appropriately account for the thermal mass of the structure of the heat exchanger.

The physical domain is divided into a two-dimensional grid of 5 by Nz cells, on a staggered grid.
In the axial direction, each flow channel is divided into Nz numerical cells of identical size AZ,

162



and extends from (j = 1) to (j = Nz). The surface areas of the sides of cell (i,j) are

AT AT and Al in the transverse and axial directions, respectively (Figure 4-23). The
volume of the mass cell (i,j) is VOLI. The denomination “cell” refers to the mass balance cell.
On the staggered grid, the fluid density, p, pressure, P, temperature, T, and the internal energy, e,

are defined at the center of the mass balance cells, while the velocity, V,, and mass flux, G, are
defined at the center of the faces of these cells (Figure 4-23).

Adiabatic boundary

i:5 ° . . . ° . . . . .

=4 o o€ oG 2 o € o4 * < * 4 < < Cold leg

=2 Pe e D>e D>e Do e ->e e > > > Hot |eg
i:l [ ] [ ] [ ] [ ] o [ ] [ ] [ ] [ ) [ )
roj=1 j-1j j+1 Jj =Nz
YA

Figure 4-23. Numerical grid layout for heat exchanger.

The coolant in the hot leg (i = 2) enters the heat exchanger at interface (j = 0), and exits at
interface (j = Nz). Therefore, the velocities, V,(2,j), and mass fluxes, G,(2,)), are positive. In the
case of a parallel flow arrangement, the coolant in the cold leg (i = 4) also enters the heat
exchanger at interface (j = 0), and exits at interface (j = Nz). For a counter-current flow
arrangement, the coolant in the cold leg (i = 4) enters the heat exchanger at interface (j = Nz),
and exits at interface (j = 0). In this case, the velocities, V,(4,j), and mass fluxes, G,(4,)), are
negative.

At time zero (initial conditions), the model assumes a uniform temperature distribution; that is,
all coolant and structural nodal temperatures are initialized at the same value. Furthermore, the
pressure and mass flow rate in each coolant leg are assumed uniform at time zero. However,
different values of the initial pressure and flow rate can be used for the primary and secondary
sides of the heat exchanger.

The following boundary conditions are used in the model. The hot and cold side walls of the
heat exchanger are assumed adiabatic (thermally insulated). Finally, the coolant temperature,
pressure, and mass flow rate at the entrance of both the hot and cold legs are known, and

specified by MELCOR-H2 at all time steps. Using these initial and boundary conditions, the
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present model calculates all nodal temperatures, pressures, and mass fluxes in the heat exchanger
as function of times. In particular, the model returns to MELCOR-H2 the coolant temperatures,
pressures, and mass flow rates at the exit of the hot and cold legs.

4.9.2 Numerical Solution Algorithm

The numerical approach selected to solve the present non-linear governing equations in the
secondary and primary sides and structural walls of the heat exchanger combines the power of
the most advanced numerical methods to date and the advantage of algorithmic flexibility
(Tournier and EI-Genk, 2006). The developed technique is a SIMPLEC-type segregated solution
technique (van Doormaal and Raithby, 1984), which includes two internal iterative steps to
resolve the pressure-velocity and temperature-velocity couplings and reduce the linearization
errors of the equations of state. Such a discretization method requires much less computational
time and storage than finite-element methods. The final attraction of this integration approach is
that it is simple to implement, and the finite-difference forms can be interpreted as integral laws
over the control volume cell. The solution obtained using this approach satisfies global
conservation, even on a non-uniform grid.

The SIMPLE-Consistent (SIMPLEC) algorithm of van Doormaal and Raithby (1984) uses a
consistent simplification of the momentum correction equations and does not require any
pressure under-relaxation (the off-diagonal velocity corrections appearing in the diffusion-
convection fluxes are equated to the diagonal velocity correction). Any basic iteration of the
present numerical technique is made of the following sequential steps:

(@) energy predictor step: best estimates of pressures and convective fluxes are used
explicitly, and the energy conservation equations are solved for the temperatures, in the
coolant channels and structural walls simultaneously.

(b)  properties update: transport properties (conductivities and viscosities) are updated.

(c) pressure corrector step: the simplified (corrected) form of the axial momentum
conservation equations is used to implicitly relate the mass fluxes and pressure gradients.
The mass fluxes are then eliminated in terms of pressures in the mass balance (continuity)
equations, and densities are linearized using the equations of state. The resulting
elliptical Poisson equations are solved for the pressure field, which is updated.

(d) momentum predictor step: best estimates of the pressure gradients are calculated
explicitly, and the axial momentum conservation equations are solved for the velocity
field.

(e) properties update: the coolant (gas and/or liquid) densities are updated.

(F) iterations to (c) are performed until velocities and pressures converge (that is, until
pressure corrections are below a prescribed value).

(g) iterations to (a) are performed until temperatures converge (that is, until temperature
corrections are below a prescribed value).
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In the pressure corrector step (c), the SIMPLEC procedure is used to eliminate the off-diagonal
mass flux corrections. The predictor steps are stabilizing steps for the convection/diffusion
terms.

The next section reviews the generic Nusselt number and friction factor correlations used in the
present heat exchanger model.

4.9.3 Nusselt Number and Friction Factor Correlations

The Nusselt number for a fully-developed laminar flow in a coolant channel with a constant heat
flux boundary condition, and assuming constant fluid properties, is given by (Kakac and L.ui,
1998):

Nu, =4.36, when Pe,Dg, /L <10, (4-49a)

1/3
PebDeq
Nu, =1.953><[ C j ,  When PepDgq/L >100, (4-49Db)

where the fluid properties are evaluated at the coolant bulk temperature. The superposition of
two asymptotes as proposed by Schlunder gives sufficiently good results (Figure 4-24):

1/3
Nu, = {(4.36)3 +(1.953)° x[Peb—LDeqﬂ . (4-50)
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Figure 4-24. Laminar Nusselt number for constant heat flux boundary condition.
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When the previous correlation is applied to practical heat transfer cases with large temperature
differences between the wall and the coolant, the variation of fluid properties with temperature
influences the velocity and temperature profiles through the boundary layer or over the cross-
section flow area of the channel. Correction factors are applied to account for such effects. For
the laminar flow of liquids, the Nusselt number of Equation (4-50) is corrected as (Kakag and
Lui, 1998):

0.14
Nu = Nu, x(ﬂJ . (4-51)
Hwy

No correction is necessary for the laminar flow of gases.

For the case of turbulent flow in smooth circular tubes, assuming constant properties and a
constant heat flux boundary condition, Pethukov and Popov’s theoretical calculations based on
the three-layer turbulent boundary layer model, with constants adjusted to match a wide variety
of experimental data, yielded (Pethukov, 1970; Kakag and Lui, 1998):

(fo /8) Reb Prb

Nu, = ,
° 1.07+12.7x(f, /18)2(Pr2/3-1)

(4-52)

where f, = (0/79 x Ln Rey, — 1.64) is Flonenko’s Darcy friction factor. This correlation predicts
the experimental data of gases and liquids with an error < 6% in the ranges 10* < Rep < 5 x 10°
and 0.6 < Pr, < 200. Gnielinski (1976) further modified Pethukov’s correlation so that it covered
experimental data in the transition flow region as well, i.e., 2300 < Re;, < 10*

(f, /8)(Re, —1000) P,

Nu, = .
14127 x(f, /18)Y2(Pr2/3-1)

(4-53)

Gnielinski’s correlation predicted the experimental data of gases (such as air and helium) and
liquids (such as water, oil, and glycerin) with an error < 6% in the ranges 2300 < Rep < 5 x 10°
and 0.5 < Pr, < 200. This successful and more general correlation is used in the present model of
a generic heat exchanger.

The effect of thermal boundary conditions is almost negligible in turbulent forced convection.
Therefore, Equation (4-53) can be used for both constant wall temperature and constant wall heat
flux boundary conditions. For turbulent flow in non-circular channels, the practice of using the
hydraulic diameter of the channel in place of the inner tube diameter leads to predicted Nusselt
numbers that are within + 10% of the experimental data, except for some sharp-cornered
channels (Kaka¢ and Lui, 1998). This order of accuracy is adequate for the overall heat transfer
coefficient (and the pressure drop calculations) in most of the practical heat exchanger designs.
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To account for non-constant properties, the turbulent Nusselt number (Equation (4-53) is
corrected as follows (Pethukov, 1970; Kakag and Lui, 1998). For the turbulent flow of liquids:

n
Nu = Nu, x(z—bJ . (4-54)
w

The exponent n = 0.11 when the liquid is heated (4 < 4), and n = 0.25 when the liquid is
cooled (ay < wp). For the turbulent flow of gases:

T m
Nu = Nu, X(T—b] . (4-55)

W

The exponent m = 0.47 when the gas is heated (T, < Tp), and m = 0.36 when the gas is cooled
(Tw< Tb).

The Darcy friction coefficient for smooth channels is shown in Figure 4-25. For a fully
developed flow in the turbulent regime, the well-known expression derived by von Karman, with
constants adjusted to best fit Nikuradse’s experimental data, is valid in the range 500 < Rep, < 3 x
10°%;

1 Reb
~1.737xIn —04 . (4-56)
fo/4 [,/ T, /4}

This equation, however, is a transcendental function of the friction factor f,. We use instead the
approximation developed by Flonenko with < 2% error (Pethukov, 1970; Kaka¢ and Lui, 1998)
(see Figure 4-25), which gives an explicit expression for f:

f, =(0.79xInRe,—1.64) 2 . (4-57)

For the case of laminar flow in smooth tubes and channels of triangular and trapezoidal cross-
sections, the Darcy friction factor is given by:

64
fy=— . 4-58
° = Rey (4-58)

A linear interpolation is used in the transition region, when 2300 < Rey, < 5000 (Figure 4-25).
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Figure 4-25. Darcy friction factor for smooth surfaces.

To account for non-constant properties, the friction factor (Equation (4-58)) is corrected as
follows (Pethukov, 1970; Kaka¢ and Lui, 1998). For the laminar flow of liquids:

n
f=f, x[;j—bj . (4-59)
w

The exponent n = - 0.58 when the liquid is heated (t < 1), and n =—0.50 when the liquid is
cooled (s < w). For the laminar flow of gases:

m
fFofox b | (4-60)
°T

w

The exponent m = — 1.0 when the gas is heated (T,, < Tp), and m = — 0.81 when the gas is
cooled (T < Tp).

For the turbulent flow of liquids that are heated:

f=kx[7—ﬂj. (4-61)
6 Ky
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For the turbulent flow of liquids that are cooled:

-0.24
f=f,x [ﬂj . (4-62)
Hw
For the turbulent flow of gases:
m
f=f, x[T—bJ . (4-63)
TW

The exponent m = 0.52 when the gas is heated (T, < T), and m = 0.38 when the gas is cooled (T,
< Tb).

Due to the poor heat transfer characteristics of gases, most heat exchanger designs use extended,
i.e., finned heat transfer surface areas, and such designs are allowed in the present, generic
model. In each axial Section {j}, the thermal heat flow between the coolant and the wall is given

by:

Q; = thV (Sun +77finsfin)j x(T, _Tw)j v (4-64)

Where Sy, is the unfinned heat transfer area, Ssi, is the finned surface area between coolant and
wall, and ni, is the fins efficiency (Kakag and Lui, 1998). The most common fins are
rectangular fins of constant thickness &sn. For the case of symmetric fins, whose ends are both in
contact with the wall, encountered in stacked matrices for example, the fin efficiency is given by:

_ tanh(a)

fin

hCV 1/2
y Where o= Lfin LW} . (4'65)
fin

fin

For the case of fins with an adiabatic tip, as in the case of longitudinal fins attached to the outside
wall of a tube, for example, the fin efficiency is given by:

cv 1/2
fin :M, where o = L, 2h . (4-66)
a Atin0 in
The average fin temperature can then be calculated using:
Ton =T + 750 x (T, =T,) . (4-67)
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4.10 Input and Output Files of Heat Exchanger Model

FORTRAN subroutines of the present heat exchanger model were developed and tested using
Compag Visual FORTRAN Professional Edition 6.5.0 (2000), which provides a superset of the
FORTRAN 95 standard with other extensions for compatibility with previous FORTRAN
languages and platforms. Nonetheless, all the coding instructions used in the present model are
compatible with Standard FORTRAN 77.

The transient, multi-node heat exchanger model consists of four major components:

e aninput file “HX.INP” (Appendices K and L), which defines all geometrical parameters
of the heat exchanger;

e asubroutine HX_INPUT (Appendix M), which reads the input file “HX.INP.” and writes
a verification file “HX.VRF” to verify the formatting of all numerical values; this
subroutine then calculates additional geometrical parameters, generates the numerical
mesh, and populates the COMMON /HX_DATA/, IHX_DATAI/, IMESH/, ISOLUTION/
and /OUTPUTY/;

e asubroutine INITIALIZE (Appendix N), which initializes temperatures, pressures,
densities and axial mass fluxes at the nodes of the numerical grid, and coefficients for
heat transfer boundary conditions;

e asubroutine HEAT_EXCHANGER (Appendix O), which, given input flow conditions
for both the hot and cold legs and the time step, calculates the new values, at the end of
the time step, of all temperatures, pressures, and axial mass fluxes in the heat exchanger
and at the exit of the hot and cold legs; this subroutine accesses the geometrical
parameters stored in the COMMON /HX_DATA/, IHX_DATAI/ and /MESHY/; this
subroutine also populates two output text files:

—  “HX.OUT?” collects information showing the succession of subroutine calls and
pertaining to the convergence of the main iterations;

— “RESIDU.OUT” gives detailed information on the convergence of all internal
iterations by monitoring the value of the residuals and the changes in the temperature
and pressure corrections for each iteration.

Two examples of input files “HX.INP” are provided in Appendices K and L, which emulate a
helium/water pre-cooler rated ~ 300 MW (Appendix K) and a He/He plate-fin recuperator with
triangular stacked matrices rated ~ 1000 MW (Appendix L), when operating at the inlet
conditions encountered in the pre-cooler and recuperator of the Japanese GTHTR300 power
plant (Takizuka et al., 2004). The FORTRAN source codes of the subroutines HX_INPUT,
INITIALIZE and HEAT_EXCHANGER are given in Appendices M, N, and O. The subroutines
that calculate the coolant and wall properties, COOLANT_PROPERTIES and
WALL_PROPERTIES, are given in Appendices P and Q. The main subroutine
HEAT_EXCHANGER uses other subroutines, such as COOLANT_DENSITY, VELOCITIES,
ENERGY, HEAT_FLOW, MOMENTUM, and SPOISSON. The input file and all subroutines
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and functions are available on the CD-ROM included with this manual. The next subsections
describe the input and output parameters of the subroutines HX_INPUT, INITIALIZE, and
HEAT_EXCHANGER.

4.10.1 Input File “HX.INP”

This section describes in details the variables of the input file “HX.INP.” For clarity, all variable
names used in the program are typed in BOLD in this manual. The model uses the International
System Units throughout.

The second line of the text file “HX.INP” is a text description of the heat exchanger design and
case run, and is read as the text variable TITLE by the subroutine HX_INPUT. This text line is
used as headers in all output files to identify the case.

IFLAG13 A value of 1 is used for debugging the model; in this case, all printouts are
generated in output files “HX.out” and “RESIDU.out.” pertaining to the value
of the residuals and the convergence of all iterations

ICOOLANT2 Flag for selecting hot-leg coolant (1 = helium)

iICOOLANT4 Flag for selecting cold-leg coolant (1 = helium, 2 = H,0)

IWALL Flag for structural material (1 = SS-304/316)

The following block of parameters defines the geometry of the heat exchanger.

ICURRENT  Type of flow arrangement (1 = counter-current, else = parallel flow)
XL Total length of the flow channels (m)

AFLOW?2 Total flow area of hot-leg coolant channels (m?)
Dequ2 Equivalent diameter of hot-leg coolant channels (m)
AFLOW4 Total flow area of cold-leg coolant channels (m?)
Dequ4 Equivalent diameter of cold-leg coolant channels (m)
XMASSw1 Total mass of hot-leg outer walls (kg)

XMASSw3 Total mass of heat-exchange walls and fins (kg)
XMASSw5 Total mass of cold-leg outer walls (kg)

DR1 Thickness of hot-leg outer walls (m)

DR3 Thickness of separation walls between coolant legs (m)
DR5 Thickness of cold-leg outer walls (m)

Sun2 Unfinned, total heat-exchange area on hot side (m?)
Sfin2 Finned, total heat-exchange area on hot side (m?)
iIFIN2 Hot fins type (1 = stacked matrices, 2 = adiabatic tip)
XLfin2 Length of hot-side fins (m)

dFIN2 Thickness of hot-side fins (rectangular fins) (m)

Sun4 Unfinned, total heat-exchange area on cold side (m?)
Sfin4 Finned, total heat-exchange area on cold side (m?)
iIFIN4 Cold fins type (1 = stacked matrices, 2 = adiabatic tip)
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XLfin4 Length of cold-side fins (m)
dFIN4 Thickness of cold-side fins (rectangular fins) (m)

In the absence of fins, use Sfin2 = 0 (or Sfin4 = 0), but non-zero values of the fins thickness.

Nz Number of discretization nodes along flow channels (use Nz > 3 since special
treatment is necessary in the entrance and exit cells; also Nz < 60 presently). To
allow larger values, increase the value of the parameter Mz in the statement
PARAMETER (Mr=5, Mz=60), wherever it appears in the source code. In
practice, 10 to 20 nodes is sufficient for good accuracy.

The following block of the input file “HX.INP” defines the numerical solution parameters.

CWJYZ3 Defines the type of momentum conservation equations approximation
(0 =SIMPLE 1= SIMPLEC approximation)

The use of SIMPLEC is strongly recommended for the present model.
IOKMAX Maximum number of temperature-coupling internal iterations. A value > 20
Ensures good convergence even when using large time steps > 1.0 s.

CVGSIMPL  Maximum value of mass balance residual (kg/s) for convergence of SIMPLEC
internal iterations. These iterations are usually not limiting; therefore a small
value of 10™2 kg/s can be used without penalty.

INTERMAX Maximum number of SIMPLEC internal iterations (3 or more is adequate)

CVGenth Maximum value of energy balance residual (W) for convergence of energy
internal iterations; for multi-megawatt size exchangers, CVGenth = 100 W is
adequate.

ITERhMAX  Maximum number of energy internal iterations (3 or more is adequate)
4.10.2 Subroutine HX_INPUT

The subroutine HX_INPUT (see Appendix M) reads the input file “HX.INP.” and writes a
verification file “HX.VRF” to verify the proper formatting of all input values. This subroutine
then calculates additional geometrical parameters, generates the numerical mesh, and populates
the COMMON /HX_DATA/, IHX_DATAI/, IMESH/, ISOLUTION/ and /OUTPUT/.

The input parameters passed to the subroutine HX_INPUT through the argument list are:

100 Unit number of input file “HX.INP”

101 Unit number of output file “HX.VVRF” for verification

102 Unit number of output file “HX.OUT” to monitor the subroutine calls and
iterations
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103 Unit number of output file “RESIDU.OUT” to monitor the value of the
residuals and the convergence of the internal iterations

These files are opened by the subroutine HX_INPUT itself.
The output parameters returned by the subroutine HX_INPUT through the argument list are:

STARLINE  Text line of star characters (**”) for printout
TITLE Text title to identify heat exchanger design in output files (second text line of
input file “HX.INP”)

The subroutine HX_INPUT also generates the numerical mesh and populates the COMMON
[HX_DATA/, [HX_DATAI/, IMESH/, /[SOLUTION/ and /OUTPUT/; a detailed description of
the parameters of these COMMONS is given in the source code, at the beginning of each
subroutine which uses them.

This subroutine also calculates the density of the structural material, based on the input
parameter IWALL. The subroutine HX_INPUT uses an array ROMATRIX which contains the
density values (kg/m®) of the structural materials. The initialization of this array reads presently:

C +++ ===> IWALL = 1: DENSITY OF STAINLESS-STEEL 304/316:
DOUBLE PRECISION ROMATRIX(1)
DATA ROMATRIX /7900.D0/

New structural materials can be added by the MELCOR-H2 team by extending the size of this
array and of the corresponding DATA statement.

4.10.3 Subroutine INITIALIZE

The subroutine INITIALIZE (see Appendix N) initializes temperatures, pressures, densities, and
axial mass fluxes at the nodes of the numerical grid, and coefficients for heat transfer boundary
conditions. The input parameters passed to the subroutine INITIALIZE through the argument
list are:

102 Unit number of output file “HX.OUT”

T_INIT Initial temperature of heat exchanger (K)

P_INIT2 Initial pressure of hot-leg gas coolant (Pa)

P_INIT4 Initial pressure of cold-leg coolant (Pa)

MDOTin2 Initial mass flow rate through hot-leg gas coolant (kg/s)
MDOTin4 Initial mass flow rate through cold-leg coolant (kg/s)

The output parameters passed back to the calling program through the argument list are:

Tex2 Exit temperature of hot-leg gas coolant (K)
Pex2 Exit pressure of hot-leg gas coolant (Pa)
Tex4 Exit temperature of cold-leg coolant (K)
Pex4 Exit pressure of cold-leg coolant (Pa)

173



This subroutine also initializes temperatures, pressures, densities, and axial mass fluxes at the
nodes of the numerical grid, and populates the variables of the COMMON /OLDFIELD/:

RO(i,j) Previous-time densities in fluid and solid phases (kg/m°)
P(i,)) Previous-time pressure field in fluid phases (Pa)
T(i,)) Previous-time temperature field in fluid and solid phases (K)
Gz(i,)) Previous-time axial mass fluxes in fluid regions (kg/m?.s)

The MELCOR-H2 code must therefore include a number of instructions during the initialization
period of the heat exchanger model. For example, these could be as follows:

C
C +++ * READING OF THE INPUT FILE "HX.INP" and NUMERICAL MESH DEVELOPMENT
C +++ UNIT NUMBER OF INPUT FILE "HX.INP":
100 = 10
+++ UNIT NUMBER OF VERIFICATION FILE "HX.VRF':
101 = 11
C +++ UNIT NUMBER OF OUTPUT FILE "HX.OUT"™ TO MONITOR ITERATIONS:
102 = 12
C +++ UNIT NUMBER OF OUTPUT FILE "RESIDU.OUT'"™ TO MONITOR RESIDUALS:
103 = 13

(@]

CALL HX_INPUT(I00,101,102,103, STARLINE,TITLE )

444 FErIEEXFIAAIAAIAXAAAA A A AdAAIAA AL A A A A7 A AIAA AL A A A A DA A I AT AL A A ddddTr AT LA ddddddrrx

+++ * INITIALIZATION OF PRESSURES (P), TEMPERATURES (T), MASS FLUXES (Gz),
+++ * PROPERTIES IN FLUID AND WALL REGIONS, AND BOUNDARY CONDITIONS *
+++ INITIAL TEMPERATURE OF HEAT EXCHANGER (K)

T_INIT = 410.00D0
+++INITIAL PRESSURE OF HOT-LEG GAS COOLANT (Pa)

P_INIT2 = 36.70D5
C +++ INITIAL PRESSURE OF COLD-LEG COOLANT (Pa)
P_INIT4 = 70.50D5

OO0OO0O0O0

(@)

C +++ INITIAL MASS FLOW RATE OF HOT-LEG COOLANT (kg/s)
MDOTin2 = 0.D-6

C +++ INITIAL MASS FLOW RATE OF COLD-LEG COOLANT (Kg/s)
MDOTin4 = 0.D-6

CALL INITIALIZE(IO02,T INIT,P_INIT2,P_INIT4,MDOTin2,MDOTinN4,
& Tex2,Pex2,Tex4,Pex4 )}

444 FrEIEEXFFAAZIAAIAIAAAAA A A dddAAIAA AL A A A dddrArTrA AL LA A ddddrrLT LA AddddrrrorLttdddiii

+++ * END OF THE INITIALIZATION PHASE

OO0
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4.10.4 Subroutine HEAT_EXCHANGER

The subroutine HEAT_EXCHANGER (see Appendix O), given input flow conditions for both
the hot and cold legs and the time step, calculates the new values, at the end of the time step, of
all temperatures, pressures, and axial mass fluxes in the heat exchanger and at the exit of the hot
and cold legs; this subroutine accesses the geometrical parameters stored in the COMMON
/HX_DATA/, [HX_DATAI/ and /IMESHY/; this subroutine also populates two output text files:

o “HX.OUT” collects information showing the succession of subroutine calls and
pertaining to the convergence of the main iterations;

e “RESIDU.OUT?” gives detailed information on the convergence of all internal iterations
by monitoring the value of the residuals and the changes in the temperature and pressure
corrections for each iteration.

The input parameters passed to the subroutine HEAT _EXCHANGER through the argument list
re:

102 Unit number of output file “HX.OUT”

103 Unit number of output file “RESIDU.OUT”

TIME Time value at the end of the time step (s)

TAU Numerical time step used to advance the solution (s)
ITER Time step number

Tin2 New-time inlet temperature of hot-leg gas coolant (K)
Pin2 New-time inlet pressure of hot-leg gas coolant (Pa)
MDOTin2 New-time inlet mass flow rate of hot-leg gas coolant (kg/s)
Tind New-time inlet temperature of cold-leg coolant (K)
Pin4 New-time inlet pressure of cold-leg coolant (Pa)
MDOTin4 New-time inlet mass flow rate of cold-leg coolant (kg/s)

The subroutine HEAT_EXCHANGER also requires as input the values of the temperatures,
pressures, and axial mass fluxes at the old time (the previous time step values), which are stored
in the COMMON /OLDFIELD/:

P(i,j) Previous-time pressure field in fluid phases (Pa)
T(1,)) Previous-time temperature field in fluid and solid phases (K)
Gz(i,)) Previous-time axial mass fluxes in fluid regions (kg/m.s)

The subroutine HEAT_EXCHANGER itself calls other subroutines, such as
COOLANT _DENSITY, VELOCITIES, ENERGY, HEAT_FLOW, MOMENTUM, and
SPOISSON. These subroutine are also included on the CD-ROM accompanying this manual.
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The output parameters passed back to the calling program through the argument list are:

Tex2 New-time exit temperature of hot-leg gas coolant (K)

Pex2 New-time exit pressure of hot-leg gas coolant (Pa)

MDOTex2 New-time exit mass flow rate of hot-leg gas coolant (kg/s)

Tex4 New-time exit temperature of cold-leg coolant (K)

Pex4 New-time exit pressure of cold-leg coolant (Pa)

MDOTex4 New-time exit mass flow rate of cold-leg coolant (kg / s)

QWALL1 Heat flow between hot-leg coolant and hot side wall {1} (W)
QHOT2 Heat flow between hot-leg coolant and heat exchanger wall {3} (W)
QCOLD3 Heat flow between heat exchanger wall {3} and cold-leg coolant (W)
QWALL4 Heat flow between cold-leg coolant and cold side wall {5} (W)
Qcoolant2 New-time coolant enthalpy loss in hot-leg (W)

Qcoolant4 New-time coolant enthalpy gain in cold-leg (W)

QHOTin Convection of internal energy at inlet of hot-leg (W)

QHOTex Convection of internal energy at exit of hot-leg (W)

QCOLDin Convection of internal energy at inlet of cold-leg (W)

QCOLDex Convection of internal energy at exit of cold-leg (W)

In addition to these outputs, the subroutine also stores the new-time values (at the end of the time

step) of temperatures, pressures, and axial mass fluxes at the nodes of the heat exchanger
numerical grid, in the COMMON /NEWFIELD/:

PNEW(i,j) New-time pressure field in fluid phases (Pa)
TNEW(i,)) New-time temperature field in fluid and solid phases (K)
GzNEW(i,j)  New-time axial mass fluxes in fluid regions (kg/mZ.s)

The two COMMONS /OLDFIELD/ and /INEWFIELD/ are used to give the time-integration
routine of MELCOR-H2 full control over advancing the solution in time or not. For example,
MELCOR-H2 may use a tentative time step size TAU and perform the solution through the
different components of the power plant. It then may find that one of the convergence criteria
for one component is not satisfied to obtain the target accuracy, requiring the same time iteration
step to be performed again, but with a smaller time step TAU. In such case, the values of
temperatures, pressures, and mass fluxes in the heat exchanger at the old time value are still
available in the COMMON /OLDFIELD/. Only after all convergence criteria are satisfied at the
new time value can the solution of the transient be advanced, by copying the old-time variables
P(i,j), T(i,j) and Gz(i,j) over with the new-time values pNEW(i,j), TNEW(i,j) and GzNEW(i,j)
calculated by the subroutine HEAT_EXCHANGER. To illustrate this point, the following code
lines show a typical time step iteration performed by MELCOR-H2:
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[eNe! O0O0O0O0 OO0O0O0

[@N@] [eNe@! [eNe@!

(@)

oNeo NN NONONON@]

(@)

C

+++ * TIME UPDATING (TIME STEP ITERATION)

+44 FEIFEEXAXFAAAAAXAXAXAAA XA A A A AXAXAIA AL A A A A A A XXX ATA LA A A A A A XA AL LA A A ddAdAd A AL A A ddddirx

+++ CALCULATE NEW-TIME VALUE:
TIME = TIME + TAU

+++ AAEAA A AT A AT AT ATA A A A A A A A ATAATATATAAATAAXAAAATAXITEATXAAXAATAATXAAXAATAIAAXAIAAIAAAXAATAATAIAXAIAIAAIAAIAAAXK
+++ NEW-TIME VALUES OF INLET PRESSURES, TEMPERATURES, AND MASS FLOW RATES:
+++ INLET TEMPERATURE OF HOT-LEG GAS COOLANT (9]
Tin2 = ...
+++ INLET PRESSURE OF HOT-LEG GAS COOLANT (Pa)
Pin2 = ...
+++ INLET MASS FLOW RATE OF HOT-LEG GAS COOLANT (kg/s)
MDOTin2 = ...
+++ INLET TEMPERATURE OF COLD-LEG COOLANT (9]
Tind = ...
+++ INLET PRESSURE OF COLD-LEG COOLANT (Pa)
Pind = ...

+++ INLET MASS FLOW RATE OF COLD-LEG COOLANT (kg/s)
MDOTiIn4 = ...

CALL HEAT EXCHANGER(102,103, TIME,TAU,ITER,
Tin2, Pin2, MDOTin2, Tin4, Pin4, MDOTin4,
Tex2, Pex2, MDOTex2, Tex4, Pex4, MDOTex4,
QWALL1,QHOT2,QCOLD3,QWALL4,Qcoolant2,Qcoolant4,
QHOTin,QHOTex,QCOLDiINn,QCOLDex)

R R0 R0 Ro

444 FErIEEXFFAIAIZAAIAIAAXAA A A A dAAAIA LA A A A ddAAA AL AL A A DT A dTrTAT LA A A A dddrrr LA Adddddrirx

+++ AT THIS POINT, IF ACCURACY CRITERIA FOR ALL COMPONENTS IN THE POWER
+++ PLANT ARE SATISFIED, MELCOR-H2 CAN ADVANCE THE TRANSIENT SOLUTION BY
+++ COPYING THE NEW-TIME FIELDS OVER THE OLD-TIME FIELDS FOR NEXT ITERATION

444 FrEIEEXFFIIddArrALALxAddddrrrrrrrrdrrrrrrrrrrrrrrrrrrttrrrdrrrrrrrttttdrrriiirx

DO 100 j=1,Nz

DO 101 i=1,Nr
T(,§) = TNEW@,j)
101 CONTINUE

P(2,J) = PpNEW(2,J)
P(4,3) = PpNEW(4,])
100 CONTINUE
DO 103 j=0,Nz
Gz(2,J) = GzNEW(2.j)
Gz(4,j) = GzNEW(4,j)

103 CONTINUE
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C +++ ADVANCE TRANSIENT SOLUTION:
ITER = ITER + 1
C

Therefore, the main time-iteration subroutine of MELCOR-H2 must be able to access the
COMMONS /OLDFIELD/ and /INEWFIELD/, by including the following instructions:

R R S R e R R R AR AR R R R R R R R R R R ARAE R R R R R R R R SR R R R R R R AR R AR AR R AR AR R R R R R AR R AR R R AR R R R

C
C * SPATIAL DISTRIBUTION OF HEAT EXCHANGER FIELDS AT OLD TIME:
C

AE A A A A A A A A A A A A A A A A A A A AA A AAAAAA LA AAAAAALAAAXAAAALAAAXAAAALAAAXAAAA AKX AA XA AA XA dhdhhk

COMMON /OLDFIELD/

& RO(Mr,Mz) , P(Mr,Mz) , TMr,Mz) L,E(Mr,yMz),
& Uz(Mr,0:Mz),Gz(Mr,0:Mz) ,ROz(Mr,0:Mz)
C
C
C R A o o o o S e L S e S A e e R A R S S S R S R R A R A S R A R R A
C * SPATIAL DISTRIBUTION OF HEAT EXCHANGER FIELDS AT TENTATIVE NEW TIME:
C AEAEKAAAAAAAAAAAAAXAAAAAAAXAAAXAAAAXAAAAAAAXAAAXAAAAXAAAXAAAAAAAXAAAXAXAAAXAAAXAAAXAAAAXAXAKX
COMMON /NEWFIELD/
& RONEW(Mr,Mz) , pNEW(Mr,Mz) ,TNEW(Mr,Mz),eNEW(Mr,Mz),
& UzNEW(Mr,0:Mz) ,GzNEW(Mr ,0:Mz)
C

The following section provides some guidelines for incorporating new working fluids and
structural materials in the heat exchanger model.

4.10.5 Subroutines for Calculating Coolant and Wall Properties

The present heat exchanger model currently incorporates two different working fluids, helium
gas (ICOOLANT = 1) and liquid water (iCOOLANT = 2), and one structural material, stainless
steel 304/316 (IWALL =1). Additional working fluids and structural materials can easily be
incorporated by the MELCOR-H2 team, using the following guidelines. Since the model uses
partial derivatives of the density and internal energy with respect to temperature and pressure, it
can handle non-perfect gases and other highly compressible fluids as well.

The addition of a new working fluid requires modification of the following subroutines:

e COOLANT_DENSITY, which calculates the mass density of the coolant and its partial
derivatives with respect to temperature and pressure, (6p/0T)p and (0p/0P)t, at the
nodes of the cold- or hot-leg channel;

e COOLANT_VISCOSITY, which calculates the dynamic viscosity of the coolant at the
wall surface nodes of the cold- or hot-leg channel; this subroutine is used to correct the
Darcy friction factor and Nusselt number of liquids at the wall (see Section 4.9.3);

e COOLANT_PROPERTIES, which calculates the coolant dynamic viscosity, thermal

conductivity, specific heat capacity at constant volume, mass internal energy, and Prandtl
number at the nodes of the cold- or hot-leg channel (see Appendix P);
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e TOofENERGY, which calculates the coolant temperature as a function of internal energy
at the nodes of the cold- or hot-leg channel; this routine is used to calculate the
temperatures at the exit of the coolant channels.

These subroutines use a simple numbered GOTO structure to access the property correlations of
each working fluid, and the MELCOR-H2 team can include new coolants of its choosing, given
that the input and output parameters of the subroutines are identical to those shown in the
subroutines provided.

In addition, distinction between liquid and gases must be made in the subroutines
FRICTION_FACTOR and NUSSELT_NUMBER, according to the equations of Section 4.9.3,
used by the model to calculate the Darcy friction factor and Nusselt number. The IF statements
in these two subroutines must be modified, based on the value of the coolant type parameter
ICOOLANT, to distinguish between a gas and a liquid. The FORTRAN code of the subroutine
NUSSELT_NUMBER is included in this manual, in Appendix R.

The addition of a new structural material requires modification of the following subroutines:

e HX_INPUT calculates the density of the structural material, based on the input parameter
IWALL (see Appendix M). The subroutine HX_INPUT uses an array ROMATRIX
which contains the density values (kg/m®) of the structural materials (see Section 4.10.2);

e WALL_PROPERTIES calculates the thermal conductivity and specific heat capacity of
the structural material inarow i = 1, 3, or 5 of grid nodes, as a function of temperatures
(see Appendix Q); this subroutine also uses a simple numbered GOTO structure to access
the property correlations of each material, and is easily modified to include new structural
materials.

The next two chapters provide transient result calculations of a helium/water pre-cooler rated ~
300 MW (whose input file “HX.INP” is given in Appendix K), and a He/He plate-fin recuperator
with triangular stacked matrices rated ~ 1000 MW (input file “HX.INP”” in Appendix L), when
operating at the inlet conditions encountered in the pre-cooler and recuperator of the Japanese
GTHTR300 power plant (Takizuka et al., 2004). The results are provided for illustration
purpose and as benchmark cases to the MELCOR-H2 team to verify the proper implementation
of the present generic heat exchanger model.
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4.11 Transient Results of a He/Water Pre-Cooler

The input file “HX.INP” of the helium/water pre-cooler test case is shown in Appendix K.
During normal operating conditions, the coolant inlet conditions in the pre-cooler are those in the
Japanese GTHTR300 power plant (Takizuka et al., 2004). The results are provided for
illustration purpose and as a benchmark case to the MELCOR-H2 team to verify the proper
implementation of the present generic heat exchanger model.

Initially (at time zero), the water flow is established at 2758 kg/s, and water enters the pre-cooler
at a temperature of 290 K and a pressure of 1.3 bars. All temperatures are initialized at 290 K,
and the helium pressure is 3.61 MPa. There is no helium mass flow rate.

During the first 60 seconds of the transient, the water inlet flow conditions are maintained
constant, and the helium mass flow rate increases linearly from zero to its nominal value of
445.6 kg/s, while the helium inlet temperature increases linearly from 290 K to 438.5 K.
Subsequently, at times > 60 s, the helium and water inlet conditions are maintained constant,
until a steady-state condition is reached, after about 4 minutes into the transient. The changes in
inlet and outlet temperatures, mass flow rates, thermal heat flows to the walls of the heat
exchanger, and heat exchanged between the working fluids are shown in Figures 4-26 through
4-29, respectively.
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Figure 4-26. Inlet and exit coolant temperatures in the He/H,O pre-cooler.
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Figure 4-27. Coolant mass flow rates in the He/H,O pre-cooler.
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Figure 4-28. Net heat flow to structural walls of the He/H,O pre-cooler.
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Figure 4-29. Heat exchanged between coolants in the He/H,O pre-cooler.

After 60 seconds into the transient, the nominal inlet conditions (mass flow rate and temperature)
are established in the pre-cooler. The rate of thermal energy storage in the structural walls of the
pre-cooler (50,200 kg of stainless steel) then decreases rapidly with time (Figure 4-28), and
steady state operating conditions are nearly established in only a few minutes (Figure 4-26). The
pre-cooler then exchanges 286.9 MW of thermal energy between the hot helium gas and the
water coolant (Figure 4-29).

The temperature and pressure distributions in the pre-cooler at steady state are shown in Figures
4-30 and 4-31. These distributions are typical of those in a pre-cooler with a counter-current
flow arrangement. The flow direction is indicated in Figure 4-30. At steady state, the pressure
losses in the hot- and cold-leg channels amount to 23 kPa and 34 kPa, respectively (Figure 4-31).

The distributions of the coolant Reynolds numbers, Nusselt numbers and Darcy friction factors at
steady-state, calculated using the equations delineated in Section 4.9.3 are also shown in Figures
4-32 through 4-34 for verification purposes.
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Figure 4-30. Steady state temperature distribution in the He/H,O pre-cooler.
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Figure 4-31. Steady state pressure distributions in the He/H,O pre-cooler.
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Figure 4-32. Reynolds number in coolant channels of He/H,O pre-cooler.
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Figure 4-34. Darcy friction factor in coolant channels of He/H,O pre-cooler.

4.12 Transient Results of a He/He Plate-Fins Recuperator

The input file “HX.INP” of the helium/helium recuperator test case is given in Appendix L. The
recuperator is a plate-fin heat exchanger with triangular stacked matrices (Figure 4-35). During
normal operating conditions, the coolant inlet conditions in the recuperator are those in the
Japanese GTHTR300 power plant (Takizuka et al., 2004). Initially (at time zero), the
recuperator is at a uniform temperature of 410 K, the hot- and cold-leg helium pressures are
3.67 MPa and 7.05 MPa, respectively, and the helium flow rates are nil.

During the first 60 seconds of the transient, the cold-leg helium mass flow rate increases linearly
from zero to its nominal value of 445.6 kg/s. The inlet temperature of the cold-leg helium is
maintained constant at 410 K, while the hot-leg helium inlet temperature increases linearly from
410 K to 886.5 K in 60 seconds. Subsequently, at times > 60 s, the hot- and cold-leg inlet flow
conditions are maintained constant, until a steady state condition is reached, after about 10
minutes into the transient. The changes in inlet and outlet temperatures, mass flow rates, thermal
heat flows to the walls of the heat exchanger, and heat exchanged between the working fluids are
shown in Figures 4-36 through 4-39, respectively.
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Figure 4-35. Schematics of counter-current flow, plate-fin heat exchanger (Wilson and
Korakianitis, 1998; Kaka¢ and Liu, 1998).
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Figure 4-36. Inlet and exit coolant temperatures in the He/He recuperator.
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Figure 4-38. Net heat flow to structural walls of the He/He recuperator.
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Figure 4-39. Heat exchanged between coolants in the He/He recuperator.

After 60 seconds into the transient, the nominal inlet conditions (mass flow rate and temperature)
are established in the recuperator. The rate of thermal energy storage in the structural walls of
the pre-cooler (300,000 kg of stainless steel) then decreases rapidly with time (Figure 4-38), and
steady state operating conditions are nearly established after about 10 minutes (Figures 4-36 and
4-39). The recuperator then exchanges 1027 MW of thermal energy between the hot and cold
helium legs (Figure 4-39).

The temperature and pressure distributions in the recuperator at steady state are shown in Figures
4-40 and 4-41. These distributions are typical of those in a recuperator with a counter-current
flow arrangement. The flow direction is indicated in Figure 4-40. At steady-state, the pressure
losses in the hot- and cold-leg channels amount to 50 kPa and 25 kPa, respectively (Figure 4-41).

The distributions of the coolant Reynolds numbers, Nusselt numbers, and Darcy friction factors
at steady state, calculated using the equations delineated in Section 4.9.3 are also shown in
Figures 4-42 through 4-44 for verification purposes.
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Figure 4-40. Steady state temperature distribution in the He/He recuperator.
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Figure 4-41. Steady state pressure distributions in the He/He recuperator.
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Figure 4-42. Reynolds number in coolant channels of He/He recuperator.
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Figure 4-43. Nusselt number in coolant channels of He/He recuperator.
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Figure 4-44. Darcy friction factor in coolant channels of He/He recuperator.
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5. POINT KINETICS AND INTERACTIVE
GRAPHICAL USER INTERFACE

5.1 Chapter 5 Highlights

An accurate and fast-running 6-point kinetics model was developed for high-temperature,
graphite-moderated and helium-cooled reactors. The model was subsequently incorporated into
MELCOR-H2. The model includes (a) An active neutron source for zero-power reactor startup;
and (b) Doppler and fuel and graphite temperature reactivity feedbacks. The model, written in
FORTRAN 95 standard language, was developed and tested using Compaq Visual FORTRAN
Professional Edition 6.5.0 (2000), which provides a superset of the FORTRAN 95 standard with
other extensions for compatibility with previous FORTRAN languages and platforms. The
developed model uses an extremely efficient exponential matrix technique with a discretization
error on the order of (At)®, in which the exponential matrix is approximated using the 7"-order-
accurate Padé(3,3) function. Unlike prompt jump approximation (PJA) methods, the present

model is also capable of modeling high reactivity insertion cases, i.e., p/ 8 >$1.0. Other

desirable characteristics of the present model include unconditional stability, and the freedom to
use a time step size that is less restrictive than that used by MELCOR’s thermal-hydraulics
model of the VHTR core. The values of the temperature feedback coefficients were obtained by
least-squared fit of the preliminary neutronics calculations performed by INEEL (MacDonald

et al., 2003) for the NGNP prismatic reactor.

The developed 6-point kinetics model was successfully benchmarked using the Inhour solution
for step reactivity insertions (both positive and negative). In order to test the temperature-
feedback reactivity model, the present 6-point kinetics model was coupled to an 84-nodes
thermal-hydraulics model of the prismatic NGNP, developed at University of New Mexico-
Institute for Space and Nuclear Power Studies (UNM-ISNPS), to simulate the startup of the
reactor and its transient behavior during a change in power level. The predictions were
consistent with those reported in the literature. In addition, the model was also tested on the
SNL VHTR-SI input deck.

The governing equations and boundary conditions of the present 6-point kinetics model are
presented in Section 5.3. The temperature-feedback reactivity model developed is described in
Section 5.4. The delayed-neutron group data recommended for use in MELCOR-HZ2, for thermal
fission in U, is collected in Section 5.5. Sections 5.6 and 5.7 describe the exponential matrix
solution technique used to solve the 6-point kinetics equations, and the Padé(3,3) approximant of
the exponential matrix. The input and output parameters of the subroutine developed in
FORTRAN 95 are described in details in Section 5.8, and guidelines for implementing the
subroutine into MELCOR-H2 are presented. Finally, the results of a simulation case of the
prismatic NGNP operation, obtained by coupling the present 6-point kinetics model to the
UNM-ISNPS 84-nodes thermal-hydraulics model of the reactor, are presented in Section 5.9.
The VHTR-SI simulation results are included in Chapter 1. The FORTRAN code of the
subroutines is in Appendices S through U.

Finally, for overall reporting convenience, Section 5.10 provides a brief discussion of the
interactive GUI.
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5.2 Chapter 5 Nomenclature

{A} 7 x 7 matrix of 6-point kinetics, linear differential equations
Ci Concentration of i group delayed-neutron precursors (atoms / m°)
fi Relative abundance of i group delayed neutrons, f; = S,/
k Effective multiplication factor of neutron population
M Location point or vector, [ X,y ,z]
N, n Neutron density (n / m®)
P Reactor’s thermal power (W)
Qs Immediate (prompt and delayed) energy released per fission (J), ~ 190 MeV
S Total neutron source density (n / m>.s)
[S] Source vector (7 components)
So Active neutron source density (n / m>.s)
So Active neutron source (n/s)
So Rate of thermal power generated by active neutron source (W /s)
t Time (s)
T Temperature (K)
T Volumetric average temperature (K)
Y One-group neutron speed (m/ s)
VOL Volume of homogenous reactor core (m?)
Yi Fission power generated by i group delayed-neutron precursors (W)
Greek
o7 Mass fraction of graphite in zone j
G Effective delayed-neutron yield for the i group
6
B Total effective delayed-neutron yield, g =" 5;

i=1
At Numerical time step size (s)
o Implicit numerical discretization parameter,0< 8 <1
A

Neutron generation time (s), A = (W2 )‘1

Ai Decay constant for i delayed-neutron group (s™)

1% Average number of neutrons produced per thermal fission
Yo, Nuclear reactor reactivity, p=1-1/k

2a Macroscopic absorption cross-section (m™)

2 Macroscopic fission cross-section (m™)

@ Neutron flux (n / m%.s)

Y, Fundamental shape mode of neutron flux (dimensionless)
[w] Thermal powers vector (7 components)
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Subscript/Superscript

D Doppler

ext external reactivity

f Fuel compact density feedback

G graphite (moderator and reflector) density feedback
n Older time step value

n+1 New time step value

0 Initial value at time, t=0

Operators

[S] Vector (7 components)

{A} Matrix (7 x 7)

(A} Inverse of matrix {A} (7 x 7)

{exp(A)} 7 x 7 exponential matrix of matrix {A}

{5} 7 x 7 Identity matrix

. Matricial and vectorial multiplication operator

5.3 Standard 6-Point Kinetics Equations

The reactor 6-point kinetics equations in the present model are written in terms of the reactor’s
thermal power, P, and the thermal powers generated by the 6 group delayed-neutron precursors,

{VYi}:

3 6
P LB b A+, (5-1)
dt A ~
ﬁ:ﬁxp-zivi,izlto& (5-2)
dt A

The total reactivity of the reactor, p, is related to the effective multiplication factor, k, of the
neutron population by:

k-1 1

o1 5-3
p=— " (5-3)

and A =(WZ; )71 is the neutron generation time (s). Note that in Equations (5-1) and (5-2):

Yi = QfVOLXCi (t)
VA

(5-4)
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represents the thermal power (W) generated by the i group delayed-neutron precursors, and:

SI
So = Qs Xv_/O\’ (5-5)

is the rate of thermal power generated by the active neutron source (W/s).

These first-order differential equations are solved subject to the following initial conditions:
Pi=o) = Po @nd Y g =Y;", i=1106. (5-6)

If we assume equilibrium at timet=0, i.e., dY; /dt=0 fori=1t0 6, and dP/dt =0, then
Equation (5-2) gives:
Y

o vo-Llip -1t (5-7)
i(t=0) i ﬂiA 0

When an active neutron source is present (s, > 0), a small negative external reactivity, p, <0

must be inserted to ensure equilibrium. Equation (5-1) then gives the following value for this
reactivity in terms of the equilibrium reactor’s thermal power:

_AS,
P,

Po = (5-8)

When there is no active source present (s, = 0), then the external reactivity, p, =0, to ensure

equilibrium. In this case also, the reactor can be critical at any thermal power value, P,, and the
precursor powers are related to P, by Equation (5-7).

5.4 Temperature-Feedback Reactivity Model

The reactor’s total reactivity is sum of external reactivity, pg,; (active control), fuel Doppler
feedback reactivity, pp , fuel density temperature-feedback reactivity, p¢ , and graphite density
temperature-feedback reactivity, pg :

P=Pext T PD Pt +PG - (5-9)

The feedback reactivities are obtained by least-squared fit of the preliminary neutronics
calculations performed by INEEL and reported by MacDonald et al. (2003) for the NGNP
prismatic reactor. Three sets of calculations were reported: (a) Calculations of the effective
reactor multiplication factor, k, for a constant and uniform fuel temperature, T; = 1373 K, and a
variable but uniform moderator/reflector temperature; (b) Calculations of k for a constant and
uniform graphite temperature, Tg = 1200 K, and a variable but uniform fuel temperature; and
(c) Calculations of k for an isothermal core (T; = Tg). Results of these calculations are reported
in Figure 5-1. For the prismatic, graphite-moderated NGNP reactor, the temperature-feedback
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reactivities are expressed in terms of the volume-averaged fuel and graphite moderator/reflector
temperatures, T; and Tg. The fuel Doppler reactivity is usually well approximated using a

logarithmic function, i.e.,

po = xpIN(T¢ ITF) . (5-10)

In order to properly fit the INEEL calculations shown in Figure 5-1, the fuel density feedback
reactivity is a 2™ order polynomial of the volume-averaged fuel temperature:

pr = 7211 =T9) + 212 -T2, (5-11)

and the graphite density feedback reactivity is a 4™-order polynomial of the graphite
moderator/reflector volume-averaged temperature:

4
pe = zenlTe)" -T)"] (5-12)

m=1

BN
‘_IT-\
X
2o
> 9
- D
4 _E ““ | Fuel Doppler and den5|ty,
o 2 Eqs (10)+(11)
=% 4 |
c Q | | ‘ |
o O | | | | |
o -6 U 1 Total
g % i : | Eqs (10) +(11)+(12)
o
= S 8 MacDonaId et aI (2003)_
(¢)] A ‘ f =1373K qonstant
s ; [ ] TG:1200Kponstant ‘
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o
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Figure 5-1. Preliminary calculations (MacDonald et al., 2003) and fitting of
feedback reactivity coefficients for the prismatic NGNP helium-
cooled nuclear reactor.
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The values of the feedback coefficients, y; are obtained from least-squared fits of Equations
(5-10) through (5-12) to the INEEL calculations (Figure 5-1):

o= —0.022, y1= —4.78x10° (KY), x2= +6.75x 107 (K?),
xe1= +14.834x10° (K", yc2= -1.6025x107 (K?), (5-13)
Ye3= +6.9907 x 10 (K®), ycs= —1.1142 x 10 (K™).

The scatter in the numerical results presented in Figure 5-1 is due to a mismatch in the uranium
and graphite temperature libraries, and to differences in the MCNP uranium (both **U and ?*®V)
cross-section libraries (MacDonald et al., 2003). At temperatures below 927 °C, cross-sections
were generated using ENDF/B/V1 Revision 2 data, and using ENDF/B/VI Revision 5 data above
1000 °C.

The temperatures T¢ and T¢ appearing in Equations (5-10) through (5-12) are the volume-
averaged temperatures of the fuel and the graphite materials in the reactor, at the initial and
steady state conditions when pp = p; = pg =0 and p = px = p, (see Equation (5-8)). These

steady state volume-averaged temperatures would be calculated by MELCOR-H2 during the
initialization phase of the prismatic NGNP reactor, before starting the transient simulation.

Following convergence to steady state, the volume-averaged temperatures T¢ and TS would be

calculated by MELCOR-H2 and supplied to the 6-point kinetics model before initiating the
transient iterations. The form of Equations (5-10) through (5-12) ensures that at time t = 0, the
feedback reactivities calculated by the 6-point kinetics model are nil (pop = ps = pg =0), and

that the equilibrium initial conditions, Equations (5-6) through (5-8), are satisfied.
5.5 Delayed-Neutron Group Data

The delayed-neutron group data recommended for use in MELCOR-H2 are those obtained from
comprehensive studies carried out at Los Alamos National Laboratory using the bare metal
assembly, Godiva (Keepin, 1965, Section 4.1). These measurements dealt with delayed neutrons
from fast fission of six nuclides, U%**, U, U%8, pu?® pu??, and Th**?, and from thermal
fission of three nuclides, U?**, U, and Pu®®. For the prismatic NGNP, helium-cooled and
graphite-moderated thermal reactor of interest, the data for delayed neutrons from thermal fission
of U are used. These data, shown in Table 5-1, are taken from Table 4.8 of Keepin (1965).
The total, absolute delayed-neutron yield is 0.0158 (Keepin, 1965, Tables 4.8 and 4.12). This is
the total number of delayed neutrons produced per fission. Since the average number of neutrons
produced per thermal fission in U is v = 2.432 (Keepin, 1965, Table 4.14), then

[ =0.0158/2.432 = 0.0065. The effective individual group fractions are then calculated
USingﬂi :EX fi .
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Table 5-1. Delayed-Neutron Half-Lives, Decay Constants, and Yields from Thermal
Fission of U-235

Group index, i Half-life, t1, Decay constant Relative Absolute group
(s) Ai (1/s) abundance, fi yield (%)
1 55.72 0.0124 0.033 0.052
2 22.72 0.0305 0.219 0.346
3 6.22 0.111 0.196 0.310
4 2.30 0.301 0.395 0.624
5 0.610 1.14 0.115 0.182
6 0.230 3.01 0.042 0.066
Sum - - 1.000 1.580

5.6 Numerical Solution by Approximation of Exponential Matrix

The fundamental difficulty in devising a stable and accurate numerical solution of the 6-point
kinetics equations originates in the exponential nature of the solution. Examination of Equations
(5-1) and (5-2) shows that seven different time scales exist of the exponential solution: {1/4i},
|=1to6and A/(p— /). While the shortest time scale of the decay processes, 1/4¢ ~ 1/3 s, is

relatively large, the neutron generation time scale may be several orders of magnitude smaller.
In a large, fast-spectrum nuclear reactor, the neutron generation time A = (VWX ¢ )‘1 typically

ranges between 5 x 10 s and 10 s, while in a thermal-spectrum reactor, A is typically 2 orders
of magnitude larger, ~ 102 s. Due to such very short time scales, conventional explicit
integration methods such as Euler’s method and the higher-order Runge-Kutta techniques (Gill,
1951) require the use of severely restrictive (short) time steps to avoid exponential amplification
of the error, requiring an unreasonably large amount of CPU time (Greenspan et al., 1968).

While higher-order corrections to the PJA have been proposed in the literature, such as those of
Goldstein and Shotkin (1969), to predict the transient behavior of fast-spectrum reactors, the
accuracy of such models still decreases with increasing neutron generation lifetime, A.
Therefore, the PJA is not suitable for predicting the transient behavior of thermal-spectrum
nuclear reactors, and the full 6-point kinetics equations must be solved simultaneously. The
technique developed herein capitalizes on the work of Porsching (1966).

In order to highlight the basis of the numerical technique recommended for use in MELCOR-H2,
the 6-point kinetics Equations (5-1) and (5-2) are recast in vectorial form, using the change of
variable: P =¥, and Y; =¥;,¢, for i =1to 6. These equations then become:

d¥, _p-8 26 |

at A X T = i Ti+l 0 ( )
d¥; Bi ;
st Lo, =106 519
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which may be written in matricial form as:

d

a[\P]: {A}e[W]+[S], with [¥]=[¥,] att=0, (5-16)

where the vectors [¥] and [S] are givenby [¥]=[¥, ¥, W, ¥, ¥; ¥; W[ and
[S]=[S;, 0 0 0 0 0 Of,andthe7 x 7 matrix {A} has the form:

(A e Ayl [(o-B)IA A4 A .. A |
Ay o A, BIN -4 0 ... 0

Al=] ... .. v |=| BolA 0 Ay 0 |. (5-17)
App A | | BelA 0 0 ... ~ 6

Note that the coefficient Aj; is the only time-dependent coefficient of the matrix {A}, through
control actions of the reactor and Doppler and temperature feedback effects. For a moment, let
us assume that the total reactivity p and the active source term S, are constants independent of

time, and let us derive the analytical solution of Equation (5-16). A solution of the homogeneous
equation (with [S] = 0) is {exp(At)}o [CD] where [®] is an arbitrary constant vector. For an

arbitrary matrix {M}, the power series {S}+{M}+{M}2 / 2!+{M}3 /3+... converges to a matrix
called the exponential of {M}, which is denoted {exp(M)}. An obvious particular solution of

Equation (5-16a) is the constant vector (independent of time): (— {A} ™ ¢[S]). Therefore, the
solution of Equation (5-16a) can be written:

[#]= {exp(at)}e[@]-{A} " o[s]. (5-18)
The unknown vector [®] is obtained from satisfying the initial condition, Equation (5-16b):
[¥,]={S}e[@]-{A} " o[s], (5-19)
where {3} is the Identity matrix, which gives:
[@]=[¥, ]+ {A} " o[s]. (5-20)
Finally, the exact solution of Equations (5-16) for constant reactivity and source term is:

[#]= fexp(an)}e [, ]+ (A} o[s])- A1 o[s]. (5-21)
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The form of Equation (5-21) suggests the following algorithm to advance the numerical solution
in time (Porsching, 1966). Let us assume that the solution [\V], is known at time t,. Then, the
solution is advanced to time (t, 4 =t, + At) using:

[, = fexp(aat)e (], + (A} o[S])- (A o[S]. (5-22)

Since in practice the total reactivity and active source term change over the interval [ty , th+1],
“average” values of the A;; and S, coefficients are used during this time step, i.e.,

Opn +(1-0)p, -
Ay = 2nsl (A )00=F and Sy = 6(So)ns + (1-6)(So)n: (5-23)

where 0 < @ <1. Avalue of 8 = 0.5 provides the best accuracy in time. Porsching (1966) has
shown that the local discretization error of the method defined by Equation (5-22) is of the order
(At)®. That is, the method is 3"-order accurate in time. The advantages of the present method
are that it preserves the original form of the kinetics equations, and it captures the exponential
behavior of the solution if a suitable approximation to the exponential matrix exp{A x At} is
used.

The accurate evaluation of the exponential matrix is in itself a difficult problem. Unless the time
step is uncomfortably small, the power series defining the exponential converges too slowly for
practical use. In other words, any method based on the truncation of the exponential power
series would yield highly inaccurate results, unless the time step is severely restricted. For
example, using the first two terms of the series, i.e., exp{M} = {3} +{M}, is equivalent to using

the Euler’s approximation method to solve the kinetics equations. Similarly, the simplified
Runge-Kutta approximation method is equivalent to approximating the exponential matrix using

the first three terms of the series, i.e., exp{M}z{S§}+{M}+{M}2 /2. When applied to the

solution of the kinetics equations, both of these methods require the use of unreasonably small
time steps to avoid exponential growth of the error and to ensure stability of the solution
(Porsching, 1966; Greenspan et al., 1968).

5.7 Padé Approximants of the Exponential Matrix

Porsching (1966) has suggested the use of rational matrix functions to approximate the
exponential matrix for solving the kinetics equations, and proposed different approximations of
various accuracy. Of particular interest in Porsching’s work was the consideration of the
Padé(0,1) and Padé(1,2) rational functions.

The Padé(p,q) rational function or “approximant” of a function is the ratio of two polynomials,
of degrees p in the numerator and q in the denominator, which approximates a particular function
F(x) to an order of O(x****!) (Baker, 1975). The coefficients of the polynomials are constructed
from the coefficients of the Taylor series expansion of the function. An advantage of the Padé
approximants is that they are capable of providing bounded and stable values over a much wider
domain than the conventional Taylor series approximation, which diverges quickly away from
the chosen expansion point. Some of the ground work on the Padé approximants was established

203



early in the 19" century by Cauchy, Jacobi and Forbenius, before Padé’s thesis was even
published. Padé seemed to have been unaware of this previous work, but was the first
investigator to emphasize the importance of displaying the functions in tabular form, and to
study the structure of this table (Baker, 1975). A fragment of Padé approximants to the
exponential function exp(x) is shown in Table 5-2 (Baker, 1975, p. 11). A few of these
approximants are also plotted in Figure 5-2, and compared with the exponential function. It is
clear on this figure that the range over which the approximant is an accurate representation of the
function exp(x) increases with increasing (p+q) values.

Various Padé approximants of the exponential matrix, i.e., Padé(0,1), (1,2), (2,2) and (3,3), were
studied in this work, and the Padé(3,3) function was chosen based on the accuracy of the method.
The accuracy of the present numerical solution was evaluated by comparison with the exact
Inhour solution for the case of a step reactivity insertion. Delayed-neutron group data, such as
decay constants and yields were those from thermal fission of U%*® (Table 5-1). The neutron
generation time was taken as A = 107 s, a value that is representative of a commercial graphite-
moderated, thermal spectrum reactor.

Table 5-2. Padé(p,q) Approximations to the Exponential Function, exp(x) (Baker, 1975,

p.11)
p q:O q:l q:2 q:3
1 1 2 6
0 1 2 2 3
1 1-x 2—2X+X 6—-6X+3x° =X
1 1+x 2+ X 6+ 2x 24 + 6X
1 2-x 6—4X + X2 24 -18x+6%x° — x°
5 24+ 2%+ X2 6+ 4%+ X2 12+ 6X + X2 60 + 24X + 3x2
2 6—2X 12— 6%+ X2 60— 36X +9x% — x°
3 6+6X+3x2+x3 | 24+18x+16X2 +x3 | 60+36x+9x% +x> | 120+60x +12x% + x°
6 24— 6X 60 — 24x + 3x2 120 - 60x +12x% — X3
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Figure 5-2. Padé approximants of the exponential function.

In order to appreciate the stability and accuracy of the proposed numerical technique, a constant
reactivity value of $1.0 was chosen, for which the reactor’s thermal power increases by one order
of magnitude in 8 s, by 2 orders of magnitude in 16 s, and 4 orders of magnitude in only 32 s.

Results for this test case (a step input reactivity of o/ = 1.0 dollar, no active neutron source,

S, =0, and A = 102 s) are shown in Figure 5-3. When using a fixed time step, At = 4 s, the
errors in the thermal power after 40 s into the transient (at which time the power has increased by
a factor ~ 10°) are 28%, 2.3%, and 0.019% for the Padé(1,2), Padé(2,2), and Padé(3,3)
approximants, respectively. That is, the error is divided by a factor ~ 12 for each order of
accuracy increase in the approximant function. The Padé(1,2) approximant is accurate to the
order O(x*), while Padé(2,2) is accurate to the order O(x°), and Padé(3,3) to the order O(x").
Note that from the point of view of CPU time, all the exponential matrix numerical techniques
with Padé approximant perform nearly identically since they all require the solution of two 7 x 7
linear systems of equations by Gauss elimination at each time step and/or internal iteration to
resolve the change in the total reactivity of the reactor by feedback effects. In case of the
absence of an active neutron source, only one Gauss elimination is required per step.

As expected, the error of the present numerical technique increases with increasing time step
(Figure 5-3). For a relatively large time step of 2 s, the error is less than 0.001% at time t =40 s,
after which the reactor’s thermal power has increased by a factor 10°. This calculation required
only 20 time steps. Doubling the time step to At = 4 s caused the error to increase to 0.02% after
t = 40 s. Even with an unreasonably large time step of 8 s, the local discretization error at each
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time step is only ~ 0.3%. Since the reactor’s thermal power increases tenfold between each time
step (when At = 8 s), this very low discretization error shows very clearly the tremendous ability
of the Padé(3,3) approximant to capture the exponential behavior of the solution of the kinetics
equations. Because of such good stability and accuracy of the present numerical technique, it
was not necessary to consider any higher order approximants.
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Figure 5-3. Effect of fixed time step size on accuracy of numerical solution of
6-point kinetics equation, for $1.0 step reactivity insertion.

Results obtained using the well-known 4™-order Runge-Kutta numerical integration technique
(Gill, 1951) are also shown in Figure 5-3. This solution technique did not converge for time
steps > 0.8 s. Incidentally, the present exponential matrix method with the Padé(3,3)
approximant, which is 7"-order accurate, may use a time step that is one order of

magnitude larger than that of the 4™-order Runge-Kutta technique, for the same discretization
error (Figure 5-3).

In practice, the total reactivity of the reactor would not exceed $1.0, and since the increasing
reactor thermal power would increase the fuel and moderator temperatures, the total reactivity
would be reduced by feedback effects (the reactor is designed with negative temperature
reactivity coefficients for safety; see Figure 5-1). Thus, the reactor period would always be
longer than for the prompt critical case, and the accuracy of the Padé(3,3) exponential matrix
numerical technique is established and suitable for all practical transients of interest.
Furthermore, when the 6-point kinetics equations are coupled to the thermal model of the nuclear
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reactor, through the temperature feedback coefficients, the maximum time step of the numerical
model in MELCOR-H2 will not be restricted. The numerical technique developed herein is
stable and accurate even for a ten-fold increase in thermal power per time step. Thus, the
solution of the point kinetics equations is not At limited; rather, the limit on the time step will be
that imposed by the thermal-hydraulics model of the reactor in MELCOR-H2.

The numerical solution of the 6-point kinetics equations, developed for incorporation into
MELCOR-H2, uses the Padé(3,3) approximant of the exponential matrix, and is implemented as

follows. Once the coefficients A;; and S, have been updated using Equations (5-23), the solution
computes the vector of dimension 7:

[B]={A} " e[s] (5-24)

using Gauss elimination with partial pivoting and row normalization (Golub and van Loan,
1984). The solution then calculates the vector [C] and the 7 x 7 matrix {X}:

[C]=[¥], +[B] and {X}={A}xAt. (5-25)

The exponential matrix is then approximated by the Padé(3,3) rational function (see Table 5-2):

2 31 2 3
exp(X)lzlz-2 2 XL gy X X XL (5-26)

210 120 210 120

and Equation (5-22) becomes:
-1
X x? x8 X xX° X3

72 I . S 3+24+2 12 Le[c]l-[B]. 5-27
[]“”{ 2 710 120}'{ 2 10 120'”” (5-27)

This linear system of equations is easily solved by computing the vector:

2 3
E]={s+ 2+ 2 4 2 L[], (5-28)
2 10 120
and solving the (7 x 7) linear system:
x x2 x3|°
[D]=13-Z+2_ -1 o[E] (5-29)
2 10 120

for the vector [D], using Gauss elimination with partial pivoting and row normalization (see
subroutines GAUSSB and UPPERB in Appendices T and U). The solution vector is then
advanced in time as:

[#}y.1 =[D]-[B]. (5-30)
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A FORTRAN subroutine of the present model is developed and tested using Compaq Visual
FORTRAN Professional Edition 6.5.0 (2000), which provides a superset of the FORTRAN 95
standard with other extensions for compatibility with previous FORTRAN languages and
platforms. All the coding instructions used in the present model are compatible with Standard
Fortran 77, except that two advanced capabilities of the Fortran 95 set are used for matrix
computation: (a) the subroutine uses the generic intrinsic function MATMUL(A,B) for
multiplication of matrices (or vectors) A and B; and (b) the assignment instruction for matrices
and vectors; for example, if A is a vector, the instruction (A = 10) assigns the value 10 to each
component of the vector. Similarly, if A and B are vectors of same dimension N, the assignment
instruction (A = B) is equivalent to A(i) = B(i), for i = 1 to N. These advanced matrix
instructions can easily be replaced with equivalent DO loops if they are not available in the
MELCOR-H2 FORTRAN compiler.

The FORTRAN code of the subroutine UNM_KINETICS is given in Appendix S. The solution
of the 7 x 7 linear systems of equations is obtained by Gauss elimination with partial pivoting
and row normalization (Golub and van Loan, 1984), and performed by the subroutine GAUSSB
(see Appendix T). This routine in turn calls the subroutine UPPERB (see Appendix U) to obtain
the solution of the resulting 7 x 7 upper-triangular linear system. These three subroutines are
available on the CD-ROM included with this manual. The next section describes the input and
output parameters of the subroutine UNM_KINETICS, and provides guidelines for its proper
implementation in MELCOR-H2.

5.8 Input and Output Variables of Subroutine UNM_Kinetics

This section describes in details the input and output variables of the subroutine
UNM_KINETICS. For clarity, all variable names used in the program are typed in BOLD in
this section. Typically, the parameters that change with time during transient operation of the
nuclear reactor (such as average temperatures, reactivities and thermal powers) are passed
between MELCOR-H2 and the subroutine UNM_KINETICS through the argument list (the
variables in parentheses following the name of the subroutine). Other parameters used by the
6-point kinetics model, such as the nuclear data of the delayed-neutron groups and the
temperature-feedback reactivity coefficients y; (see Equations (5-11) through (5-13)), are
supplied to the subroutine UNM_KINETICS by MELCOR-H2’s user interface through the
COMMON /KINETICS/. This COMMON must also appear in MELCOR-H2 main program
unit and user interface subroutine.

The subroutine UNM_KINETICS can operate in two different modes (initialization, or normal).
The mode of operation is controlled by the parameter iFLAG in the argument list. Each
transient simulation of MELCOR-H2/UNM-KINETICS should proceed as follows. For a
specified, initial reactor’s thermal power P,, MELCOR-H2 must be run to convergence to
calculate the steady state, equilibrium temperatures at the nodes in the prismatic NGNP reactor.

Once convergence is established, MELCOR-H2 must calculate the average fuel compact (T in
Equations (5-10) and (5-11), variable Tf_INIT) and graphite (T¢ in Equation (5-12), variable

Tg_INIT) temperatures in the reactor, set the value of the flag to 1 (iFLAG = 1), and call the
subroutine UNM_KINETICS for the first time. The subroutine then calculates the initial,
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equilibrium values of the precursor powers, Y;° (Equation (5-7)), and initializes the constant

coefficients of the matrix {A} (variable A_KIN) and vector [S] (variable S_KIN) (Equations
(5-16) and (5-17)). Once this initialization phase is completed, MELCOR-H2 must set the value
of the flag to 0 (iFLAG = 0), and can then start the transient calculation. During the time step
iterations, MELCOR-H2 must call the subroutine UNM_KINETICS to calculate the thermal
power of the reactor. This power can then be used in the thermal-hydraulics model of the gas-
cooled reactor to calculate the change in the fuel and graphite temperatures. The next subsection
describes in details the input parameters passed to the subroutine UNM_KINETICS through the
argument list.

5.8.1 Input Parameters Passed to the Subroutine Through the Argument List

The following parameters of the argument list are passed to the subroutine UNM_KINETICS,
independently of the mode of operation:

10 UNIT number of output file “KINETICS.OUT” written by the subroutine;
This file is OPENED by the subroutine the first time it is called (iIFLAG = 1)
IFLAG Flag to identify the first time that this subroutine is called.

Before the subroutine is called, MELCOR-H2 must be used

to calculate the steady state, equilibrium temperatures at the nodes in the
prismatic NGNP reactor, at the desired initial reactor’s thermal power.

Once convergence is established, MELCOR-H2 calculates the volume-averaged
fuel compact (Tf_INIT) and graphite (Tg_INIT) temperatures in the reactor,
sets the value of the flag to 1 (iFLAG = 1), and calls the subroutine
UNM_KINETICS

- When iFLAG =1, MELCOR-H2 supplies the following input parameters to the subroutine:

Tf OLD Average fuel compact temperature at equilibrium, Tf_INIT (K)

Tg OLD Average graphite temperature at equilibrium, Tg_INIT (K)

Q_OLD(1) Equilibrium reactor's thermal power, P, (W)
The subroutine, in turns, initializes and returns the thermal powers generated
by the precursors: Q_OLD(2), Q_OLD(3),..., Q_OLD(7) (W), at equilibrium.
The subroutine also calculates:
BETA() = Effective fraction for i"" delayed-neutron group, and calculates
the constant coefficients of the 7 x 7 matrix A_KIN and vector S_KIN
(all coefficients except coefficients A_KIN(1,1) and S_KIN(1))
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When iFLAG is different (<>) than 1, the thermal power of the reactor is calculated by the
kinetics model (normal mode of operation) and MELCOR-H2 must supply the following input
parameters to the subroutine through the ARGUMENT list:

- When iFLAG <> 1, MELCOR-H2 supplies the following input parameters to the subroutine:

10 UNIT number of output file “KINETICS.OUT” written by the subroutine;
This file is opened by the subroutine the first time it is called (IFLAG = 1)

TIMEO Previous time value (s)

TAU Discretization time step size to advance the solution (s)

CONTROL_OLD External reactivity at previous time (TIMEO)
CONTROL_NEW External reactivity at new time (TIMEO + TAU)
If THETA =0, the variable CONTROL_NEW is not “used” by the

routine
Tf OLD Average fuel compact temperature at previous time (TIMEOQ) (K)
Tf_ NEW Average fuel compact temperature at new time (TIMEO + TAU) (K)
If THETA =0, the variable Tf_NEW is not “used” by the subroutine
Tg OLD Average graphite temperature at previous time (TIMEOQ) (K)
Tg_NEW Average graphite temperature at new time (TIMEO + TAU) (K)
If THETA =0, the variable Tg_NEW is not “used” by the subroutine
Q_OLD(1) Thermal power of reactor at previous time (TIMEOQ) (W)
Q_OLD(i) Thermal power of precursors at previous time (TIMEOQ), (i=2to 7) (W)
(these values were calculated by UNM_KINETICS at the previous step)
S OLD Neutron source term at previous time (TIMEOQ) (W/s)
S NEW Neutron source term at new time (TIMEO + TAU) (W/s)

If THETA =0, the variable S_NEW is not “used” by the subroutine

5.8.2 Output Parameters Passed to MELCOR-H2 Through the Argument List

- When iIFLAG =1, UNM_KINETICS returns the following parameters to MELCOR-H2:

The subroutine initializes and returns the thermal powers generated by the precursors, Y;°:
Q_OLD(2), Q_OLD(3),..., Q_OLD(7) (W) atequilibrium (Equation (5-7)).

- When iFLAG <> 1, UNM_KINETICS returns the following parameters to MELCOR-H2:

Because the external reactivity, neutron source term and fuel and graphite temperatures change
between time TIMEO and time (TIMEO + TAU), the subroutine uses values of these quantities
at the intermediate time: (TIMEO + THETA*TAU). For best accuracy, a value THETA =0.5
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is used. Since the temperatures at the new time are not known a priori, internal iterations are
required at each time step, between MELCOR-H2 reactor thermal-hydraulics model and the 6-
point kinetics model, until convergence of the temperatures, total reactivity, and thermal powers
is achieved. Alternatively, if the time step size TAU is sufficiently small for the transient
operation of interest, the thermal-hydraulics model of the gas-cooled reactor in MELCOR-H2
and the 6-point kinetics model UNM_KINETICS can be decoupled using THETA = 0. In such
case, UNM_KINETICS uses the previous time values of the average fuel and graphite
temperatures and of the external reactivity to calculate the reactor’s thermal power at the new
time.

When iFLAG is different than 1, the subroutine returns the following OUTPUT parameters
through the ARGUMENT list:

CONTROL_TIL  External reactivity at intermediate time (TIMEO + THETA*TAU)
RK_FBACK_TIL Feedback reactivity at intermediate time (TIMEO + THETA*TAU)

RKTIL Total reactivity at intermediate time (TIMEO + THETA*TAU)
Tf TIL Average fuel compact temperature at intermediate time (K)

If THETA =0, the variable Tf TIL =Tf OLD
Tg_TIL Average graphite temperature at intermediate time (K)

If THETA =0, the variable Tg_TIL =Tg_OLD
S TIL Neutron source term at intermediate time (W/s)

If THETA =0, the variable S TIL=S_OLD
Q_NEW(1) Thermal power of reactor at new time (TIMEO + TAU) (W)
Q_TIL() Thermal power of reactor at intermediate time (W)

If THETA =0, the variable Q_TIL(1) = Q_OLD(1)
Q_NEW(i) Thermal powers of precursors at new time (i=2 to 7) (W)
Q_TIL(i) Thermal powers of precursors at intermediate time (i=2 to 7) (W)

If THETA =0, the variables Q_TIL(i) = Q_OLD(i) (i=2to 7)
5.8.3 Parameters of Common/Kinetics

The COMMON /KINETICS/ in the subroutine UNM_KINETICS is used to supply the
subroutine with the values of the fixed, input constants of the kinetics model, such as the nuclear
data of the delayed-neutron groups and the temperature-feedback reactivity coefficients, y; (see
Equations (5-11) through (5-13)). These parameters would normally be supplied by the user
through MELCOR-H2’s input deck. Consequently, this COMMON must also appear in
MELCOR-H2 main program unit and user interface subroutine. Alternatively, the default values
of these parameters may be used by un-commenting (activating) the DATA STATEMENTS in
the subroutine UNM_KINETICS, to simplify (and accelerate) the incorporation of
UNM_KINETICS into MELCOR-H2. Nonetheless, even if the DATA STATEMENTS in the
subroutine UNM_KINETICS are activated, the input deck of MELCOR-H2 still needs to supply
a transient profile of the external (control) reactivity to UNM_KINETICS, through the variables
CONTROL_OLD and CONTROL_NEW. The DATA STATEMENTS in question are:
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(a) Default values of delayed-neutrons data for thermal fissions in U-235 (Keepin, 1965, Tables
4.8,4.12 and 4.14) (see Table 5-1):

DATA XLprompt /0.01D0/

DATA LAMBDA  /0.0124D0, 0.0305D0, 0.111D0, 0.301D0, 1.14D0, 3.01D0/
DATAF /0.033D0, 0.219D0, 0.196D0, 0.395D0, 0.115D0, 0.042D0/
DATA BETA_SUM /0.0065D0/

These parameters are:

XLprompt Prompt neutron generation time, A (s)

LAMBDA(I) Decay constant for i delayed-neutron group, 4; (1/s)
F(i) Relative abundance of i" delayed-neutron group, f
BETA SUM Total effective delayed-neutron fraction, £

In addition, the subroutine UNM_KINETICS calculates the effective fraction of i delayed-
neutron group, BETA(i) = f; x A during the initialization phase (iFLAG = 1).

(b) Default values of the temperature-feedback reactivity coefficients (MacDonald et al., 2003);
see Equations (5-10) through (5-13) of this manual:

DATARK_D  /-2.200D-2/
DATARK_F1 /-4.780D-5/
DATARK_F2 /6.750D-9/
DATARK_G1 /14.834D-5/
DATARK_G2 /-1.6025D-7/
DATARK_G3 /6.991D-11/
DATARK_G4 /-1.114D-14/

These parameters are:

RK_D Core Doppler temperature reactivity coefficient, yp

RK_F1 Fuel expansion temperature reactivity coefficient, ys (K™
RK_F2 Fuel expansion temperature reactivity coefficient, y5, (K
RK_G1 Graphite expansion temperature reactivity coefficient, ye1 (K™
RK_G2 Graphite expansion temperature reactivity coefficient, yc2 (K%
RK_G3 Graphite expansion temperature reactivity coefficient, ygs (K*)
RK_G4 Graphite expansion temperature reactivity coefficient, ycs (K™

(c) Default value of implicit/explicit discretization parameter for highest temporal accuracy:

DATA THETA /0.50D0/
Any THETA value GREATER THAN ZERO (THETA > 0) requires internal iterations between

the GCR thermal-hydraulics model and the 6-point kinetics model, to resolve the dependence of
the total reactivity on the advanced-time fuel and graphite temperatures. If the user wishes to run
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the MELCOR-H2 thermal-hydraulics model of the GCR decoupled from the 6-point kinetics
model, then THETA = 0.DO0 should be used. In this case, no internal iterations are performed to
resolve the dependence of the total reactivity on the advanced-time fuel and graphite
temperatures; this means that the temperature-feedback and control reactivities are accounted for
explicitly in the model (since they are calculated at the previous time step).

The COMMON /KINETICS/ also stores values of parameters that do not change between time
steps, such as the initial (reference) values of the average fuel and graphite temperatures (T,

variable Tf_INIT, and T¢, variable Tg_INIT) used in Equations (5-10) through (5-12), and the

constant coefficients of the matrix {A} (variable A_KIN) and vector [S] (variable S_KIN),
which are calculated by the UNM_KINETICS subroutine the first time it is called (iFLAG = 1).

The following parameters are stored in the COMMON /KINETICS/ the first time that this
subroutine is called (when iFLAG = 1). These parameters must be available to the subroutine
when it is called subsequently (iFLAG <> 1).

TE_INIT Average fuel compact temperature at time = 0 (steady-state) (K)
Tg_INIT Average graphite temperature at time = 0 (steady-state) (K)

The following parameters are calculated by the UNM-KINETICS subroutine and stored in the
COMMON /KINETICS/:

A KIN (7 x 7) matrix {A} for solution of 6-point Kinetics equations (Equation
(5-17)).
S KIN Source vector [S] for solution of 6-point Kinetics equations (Equations (5-16)

and (5-17)); the (7 x 7) A_KIN matrix and S_KIN vector must be available to
the subroutine when it is called. They are initialized the first time that the
subroutine is called (when iFLAG = 1), except for A_KIN(1,1) and
S_KIN(1) that are time-dependent

B_KIN, C_KIN, D_KIN, E_KIN = Vectors of dimension 7 used in the numerical solution (see
Equations (5-24), (5-25a), (5-28), and (5-29)

X_KIN (7 x 7) matrix {X}, X_KIN =TAU * A_KIN (Equation (5-25b))
X2_KIN Square of (7 x 7) matrix X_KIN, {X}?
X3 _KIN Cube of (7 x 7) matrix X_KIN, {X}*

Z KIN Intermediate (7 x 7) matrix used in the numerical solution

In the next section, a simulation case of the prismatic NGNP operation obtained by coupling the
present 6-point kinetics model with the UNM-ISNPS 84-nodes thermal-hydraulics model is
presented to test the subroutine and illustrate the effects of temperature-feedback effects on the
transient response of the prismatic NGNP reactor. The transient simulates a reactor thermal
power change between 600 MW and 506 MW, over a period of 1000 s, following by restoration
of the original power level within another 1000 s time period. Figures showing the changes in
average fuel and graphite temperatures, reactivities, and reactor’s thermal power as functions of
time are presented, and the data files of the calculated transient are included on the CD-ROM
accompanying this manual.
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5.9 Test Case to lllustrate Feedback Reactivity Model

In order to test the temperature-feedback reactivity model and provide a benchmark test to verify
the proper implementation of the present 6-point kinetics model (subroutine UNM_KINETICS)
into MELCOR-H2, the kinetics model was coupled to an 84-nodes thermal-hydraulic model of
the prismatic NGNP reactor, developed at UNM-ISNPS, to simulate the startup of the reactor
and its transient behavior during a change in power level.
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Figure 5-4. Cross-section view of GT-MHR/NGNP prismatic reactor.

Horizontal and elevation cross-sections of the GT-MHR/NGNP prismatic reactor (IAEA, 2001;
MacDonald et al., 2003 and 2004) are shown in Figures 5-4 and 5-5. The reactor consists of an
arrangement of hexahedral assemblies that are 80 cm high, with a flat-to-flat distance of 36.2 cm.
The inner graphite reflector, which occupies the five innermost rings of the reactor, consists of
61 graphite assembly columns of 10 assemblies each, and weights about 99 metric tons. The
annular, active core zone occupies rings 6, 7 and 8, and consists of 102 fuel assembly columns of
10 assemblies each (Figures 5-4 and 5-5). Each fuel assembly level in the core is penetrated with
a total of 10,626 vertical coolant channels that are 16 mm in diameter, and a total of 20,700
TRISO fuel compact “rods” (pellets stack) that are 12.5 mm in diameter. The gas channels and
fuel rod penetrations (12.7 mm in diameter) are essentially drilled into the graphite moderator
assemblies. The total mass of graphite moderator in the active core zone is 97.8 metric tons.
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The outer graphite reflector, which occupies the three outermost rings of the reactor, extends to a
maximum diameter of 6.54 m, and consists of approximately 131 graphite assemblies stacked on
10 levels. This outer reflector, the largest graphitic component of the reactor, weights 212.4
metric tons, and comprises 42.6 w% of the total amount of graphite present in the reactor (Figure
5-5).

The upper (level 12) and lower (level 1) graphite reflectors are arranged above and below the
fuel assembly levels (2 to 11), and weigh 44.5 tons each (Figure 5-5). The masses of the
graphitic components in the reactor are calculated based on the reported geometry and assuming
a nuclear graphite density of 1.778 kg/m® (a volume porosity of 21%).

The helium gas coolant enters the reactor at the bottom, through six pairs of annular flow
channels placed on the outside surface of the core barrel (Figure 5-4), and flows upward to the
upper plenum (Figure 5-5). The gas flow then reverses direction and flows downward through
the 10,626 coolant channels penetrating the fuel assemblies. It then mixes in the bottom plenum
and exits the reactor.
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Figure 5-5. Elevation view of GT-MHR/NGNP prismatic reactor.

In order to test the temperature feedback reactivity model of the NGNP reactor (Figures 5-4 and
5-5), a transient thermal-hydraulics model of the reactor was developed at UNM-ISNPS. The
model divides the volume of the reactor into 12 levels and 7 zones in each level, for a total of
12 x 7 = 84 temperature nodes. The energy conservation in each zone and the thermal
conductances between zones are written such that the nodal temperature values represent the
volume-averaged temperatures of each zone when a steady state condition is achieved. The
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seven zones in each level are: (a) TRISO fuel compact rods (or graphite plugs in the upper and
lower reflectors); (b) graphite moderator in fuel assemblies; (c) helium gas in circular coolant
channels through the fuel assembly columns; (d) inner reflector zone; (e) outer reflector zone;

(F) metallic reactor vessel; and (g) helium gas in the annular flow channels outside of the core
barrel (Figure 5-5). The transient thermal-hydraulics model of the NGNP prismatic reactor
accounts for thermal energy storage in the different modeled zones, axial conduction and radial
conduction between the different zones, convective heat transfer between solid structures and gas
coolant, and radiative heat transfer through the transparent gas in the upper and lower plenums.

The thermal-hydraulics model is coupled to the 6-point kinetics model developed in the present
task, through the temperature-feedback reactivity model, Equations (5-9) through (5-12). The

volume-averaged temperatures of the fuel compact (T ), inner reflector (T;,), fuel assembly

moderator (Tn,oq ), and outer reflector (T, ) are computed by the thermal-hydraulics model
using a simple average of the 10 nodal temperatures associated with each zone. The volume-
averaged temperatures of the upper (T_top) and lower (T, ) reflectors are computed by properly
averaging the nodal temperatures at assembly levels 12 and 1, respectively. Finally, the mass-

averaged (or volume-averaged) temperature of the graphite in the reactor is computed based on
the mass fraction of each graphitic component (Figure 5-5), i.e.,

-FG = ainfin + amodfmod + aout-ITout + atop-ITtop + abotfbot - (5-31)
Obviously, we have by construction (Figure 5-5):
Qin + Amod + Aoyt + Ctop + Aot =1 (5-32)

The external reactivity profile of the power change transient is illustrated in Figure 5-6. Initially,
the reactor is operating at steady state, at a nominal thermal power of 600 MW (S, = 0, p, = 0).

UNM’s thermal-hydraulic model predicts average fuel and graphite temperatures of T{ = 1160 K

and T¢ = 1127.4 K, respectively. These values are in close agreement with those reported by

MacDonald et al. (2003), 1164 K and 1114 K, respectively, for the same thermal power level,
coolant mass flow rate (226.6 kg/s), and inlet temperature (763 K). During the transient, which
is initiated at time, t; = 100 s (Figure 5-6), the coolant inlet temperature and mass flow rate
through the reactor are kept constant. At time t;, 50 cents of negative reactivity are inserted into
the reactor, at a steady rate and over a period of 5 minutes (t = 300 s). The movement of the
control rods is then stopped for a period of 10 minutes (600 s), during which time a quasi-steady
equilibrium is established. At time t, = 1000 s, 50 cents of positive reactivity are inserted back
into the reactor, following the exact reverse process (Figure 5-6).
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Figure 5-6. External reactivity profile for transient test case.

Results of the transient calculation are shown in Figures 5-7 through 5-10. These calculations
illustrate the usual characteristics of a reactor with negative temperature-feedback reactivity
coefficient (Figure 5-1), with inherent stability. For example, upon insertion of negative
reactivity in the reactor, due to the movement of control rods, the total reactivity becomes
negative (Figure 5-8) and the thermal power of the reactor starts dropping (Figure 5-9). As a
result, the average fuel and graphite temperatures in the reactor start to drop (Figure 5-10),
generating a positive reactivity change by feedback effect, which opposes the external negative
reactivity (Figure 5-7). Such a scenario is allowed to develop because of the difference in time
periods of the neutronics and heat transfer processes. While the neutron population responds
almost immediately to a change in external reactivity, the temperatures in the reactor, and
consequently the feedback-temperature reactivity, respond much more slowly, due to the thermal
inertia of the system. The effect of the very large mass and thermal inertia of graphite in the gas-
cooled, prismatic NGNP reactor is well illustrated in Figure 5-10. While the fuel temperature
responds rather quickly to a change in thermal power, decreasing by about 60 K over the
reactivity insertion period of 300 s, the average graphite temperature changes much more slowly,
decreasing by only about 13 K over the same period of time.

Approximately 2 minutes after the control rods have stopped (time ~ 520 s), a quasi-steady state
equilibrium is established, at constant thermal power of 506 MW, fuel average temperature of
1100 K, and helium exit temperature of 1195.2 K (Figures 5-8 through 5-10). The graphite
temperature; however, has not reached equilibrium yet, because of the large thermal inertia of
graphite in the reactor. Its average temperature decreases slowly, at a rate of ~ 0.2 K/minute
(Figure 5-10).
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During the second phase of the transient (time > 1000 s), when the position of the control rods is
restored to their original position (Figure 5-6), the changes in the reactivities, reactor thermal
power, and temperatures are mirror images of their variation during the first period of the
transient (time < 1000 s). After 2000 s into the transient, the helium exit temperature is 1273.6 K
(compared to 1272.9 K at time zero) and the reactor thermal power is 600.9 MW (compared to
600 MW at time zero). The average fuel temperature has reached its initial value of 1160 K;
however, the average graphite temperature, 1125 K, is lower than its initial, equilibrium value of
1127.4 K. The slower response of the graphite temperature is caused by the large thermal inertia
of this material, and it will be several hours before thermal equilibrium is established again, at
which time the slight increase in the average graphite temperature will amount to a negative
feedback reactivity effect that lowers the reactor thermal power back to its original equilibrium
value of 600 MW.

The values of reactivities, average temperatures, and reactor thermal power, calculated by the
UNM-ISNPS thermal-hydraulics model coupled to the 6-point kinetics model
(UNM_KINETICS) and presented in Figures 5-7 through 5-10, are provided on the CD-ROM
included with this manual. This transient test case can be used to test the proper implementation
and good working of the subroutine UNM_KINETICS after coupling with MELCOR-H2.
During this test, the average fuel and graphite temperatures calculated by UNM and provided on
the CD-ROM can be fed to the UNM-KINETICS subroutine, and the reactor thermal power and
feedback and total reactivities calculated by MELCOR-H2 / UNM_KINETICS can be compared
with the values provided on the CD-ROM.

The transient calculations of the presented test case were obtained using a fixed time step size of
At =1 s and an implicit/explicit discretization parameter, &= 0.50. A sensitivity analysis showed
that for the present slow transient of interest, this solution was of very high accuracy. Different
adaptive time step algorithms were tested, and their accuracy was evaluated by comparison with
the above solution.

An adaptive step size technique similar to that proposed by Keepin and Cox (1960) for solving
the 6-point kinetics equations was used in the present, coupled UNM-ISNPS thermal-
hydraulics/fUNM_KINETICS model. Because peaks in reactor thermal power and temperature
do not occur simultaneously (see Figures 5-8 through 5-10), the quantity chosen to evaluate the
suitability of the time step size must include the relative change in reactor’s thermal power and
that in fuel average temperature, both:

P,—P Tt )ne1— (T
5 - DMAx [Pt ”|, 10><‘( 2L 2ll , (5-33)
Pn (Tf)n

where the subscript n refers to the value at old (previous) time, and the subscript (n+1) refers to
the value calculated at the new time. The dimensionless parameter & was chosen as an indicator
to dictate the change in the time step size, At. After the new-time solution has been computed
using the previous time step size, the following tests are performed:

(@) If 6 <Fy, the time step size is increased by a factor y > 1;
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(b) If F, <6 <F,, the solution is advanced and the time step remains unchanged. This is
the preferred range of change in thermal power and temperature; and

(c) If F, <0, the time step size is decreased by the factor y> 1.

In addition to these conditions, the model imposes minimum and maximum values of the time
step size, which should not be exceeded. A factor y= 1.2 was selected, and provided good
results.

The transient test case described earlier was calculated using the following parameters:
(@ F1=0.05%, F, =0.5%, and = 0.5;
(b) Fp=0.10%, F, =1.0%, and 8= 0.5;
(c) F1=0.05%, F,=0.5%, and &= 0.0;
(d) F;=0.10%, F, =1.0%, and 6= 0.0;

Comparison with the solution obtained with At = 1 s, and an implicit/explicit discretization
parameter, &= 0.50, showed that the maximum error in the calculated reactor thermal power
over the 2000 s long transient was 0.1 MW, 0.3 MW, 0.6 MW, and 0.6 MW for cases (a), (b),
(c), and (d), respectively (the time step size was always > 1 s in all these cases). These results
show that the MELCOR-H2 thermal-hydraulics model and the 6-point kinetics model
(UNM_KINETICS) can be decoupled (6= 0.0) with minimum error for the presented test case.
A fiducial factor F, of 0.5% or 1% also gives reasonable accuracy. The parameters of case (c)
can then be used initially in MELCOR-H2 to simplify and facilitate the implementation of the
UNM_KINETICS subroutine, so that transient calculations can be developed quickly with the
new model. When using a parameter value of 8= 0.0, the MELCOR-H2 thermal-hydraulics
model of the gas-cooled reactor is effectively decoupled from the 6-point kinetics model. This
means that no internal iterations are performed to resolve the dependence of the total reactivity
on the advanced-time fuel and graphite temperatures, and that the temperature-feedback and
control reactivities are accounted for explicitly in the model (since they are calculated at the
previous time step).

5.10 Interactive Graphical User Interface

MELCOR-H2 computes the system’s transient variables and displays them on the screen in real
time using a GUI. Figure 5-11 shows the sulfuric acid decomposition, hydrogen production,
secondary system pressure, and the pressure of the sulfuric acid as it is decomposed. If desired,
the analyst/designer may change input during a simulation to see how the calculated parameters
respond (see green arrows in Figure 5-12). The figure shows the effect of changing the
convective heat transfer coefficient after the calculation had started.

The GUI enables the MELCOR-H2 user to efficiently view the key nuclear/hydrogen plant
variables, and to quickly determine their impact on overall hydrogen and electrical output.
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APPENDIX A: MELCOR-H2 BENCHMARKING OF THE SNL
TRANSIENT SULFURIC ACID DECOMPOSITION EXPERIMENTS
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Abstract

MELCOR is a world-renowned nuclear reactor safety analysis code that is used to
simulate both light water and gas-cooled reactors. MELCOR-H2 is an extension of
MELCOR that can model detailed nuclear reactors that are fully coupled with
modular secondary-system components and the sulfur iodine (SI) thermochemical
cycle for the generation of hydrogen and electricity. The models are applicable to
both steady state and transient calculations. Previous work has shown that the
hydrogen generation rate calculated by MELCOR-H2 for the Sl cycle was within the
expected theoretical yield, thus providing a macroscopic confirmation that
MELCOR-H2’s computational approach is reasonable. However, in order to better
quantify its adequacy, benchmarking of the code with experimental data is required.

Sulfuric acid decomposition experiments were conducted during late 2006 at Sandia
National Laboratories, and MELCOR-H2 was used to simulate them. We developed
an input deck based on the experiment’s geometry, as well as the initial and boundary
conditions, and then proceeded to compare the experimental acid conversion
efficiency and SO, production data with the code output. The comparison showed
that the simulation output was typically within less than 10% of experimental data,
and that key experimental data trends such as acid conversion efficiency, molar acid
flow rate, and solution mole % were computed adequately by the MELCOR-H2.

4Sandia is a multiprogram laboratory operated by Sandia Corporation, a Lockheed Martin Company, for the United
States Department of Energy’s National Nuclear Security Administration under Contract DE-AC04-94AL85000.
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Introduction

Large-scale production of hydrogen through nuclear/thermochemical plants is the subject of
much recent interest. This is particularly so of the sulfur iodine (SI) cycle and the secondary
systems interconnected to it [1-3]. Other important thermochemical cycles such as the
Westinghouse Hybrid Sulfur (HyS) and adiabatic UT-3 cycles are being considered [1, 3]. Itis
significant that both the SI and Westinghouse cycles share the same sulfur chemistry, so
advances in one naturally lead to advances in the other. A literature search shows many recent
efforts to model SI and HyS chemistry that is coupled to secondary systems, but these employ
primarily steady-state models, and/or are not coupled to a fully-detailed nuclear plant [1-4].
Fully-coupled, dynamic modeling is important, as current research shows that there is a complex,
dynamic interdependent behavior of the subsystems, and this affects hydrogen and electrical
output, safety, and overall plant behavior.

MELCOR has been used to adequately simulate numerous types of nuclear reactors, including
high-temperature gas-cooled reactors [5-7]. MELCOR-H2 is an extended version of MELCOR
designed to fully couple detailed models of nuclear reactors with modular secondary-system
components and thermochemical cycles for the generation of hydrogen and electricity [8-13].

Whereas previous MELCOR-H2 work has shown that it can yield hydrogen in amounts
corresponding to expected theoretical yields [14, 15], the next step is to show that the MELCOR-
H2 Sl transient chemistry models can adequately simulate experimental data. To that effect, we
simulated the sulfur decomposition experiments that were conducted at Sandia National
Laboratories (SNL) recently [16, 17]. This paper briefly discusses the experiments, and then
continues with a description of the MELCOR-H2 models, how the simulations were conducted,
and the results of the simulations.

Brief Experiment Description

SNL is currently advancing the production of hydrogen for the Sl cycle by investigating the
decomposition of sulfuric acid. In the first series of experiments, a half scale decomposer
experiment was fabricated. It consists of a bayonet that is made up of three vertical concentric
silicon carbide (SiC) tubes, as shown schematically in Figures A-1 and A-2. The cross sectional
dimensions are shown; the length of the tube was 27”. Ceramic materials such as SiC were used
to construct the experiment because of its resistance to corrosion by acid. However, the tubing is
difficult to fabricate and brittle. This makes it somewhat difficult to add thermocouples and
other instruments in order to acquire more detailed data for numerical analysis.

The acid solution entered at the bottom of the bayonet in the Teflon manifold and flowed up
along the outer annulus of the tubes. The inlet temperature was set at 30 °C. While the liquid
acid solution was flowing up, the recuperation of the heat from the downward flow of the
outgoing products and un-reacted acid solution and the external electric heater were sufficient to
bring the upward flow of the acid solution to boil and to dissociate the sulfuric acid into sulfur
trioxide and water vapor. The temperature of the incoming solution reached about 850 °C, and
thus became a superheated acid vapor, before entering the catalyst bed.
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The catalyst was about a third of the length of the entire assembly, was made of a quartz baffle
that held up the rows of the catalyst platinum pellets, and had a porosity of 50%. The sulfur
trioxide was decomposed into sulfur dioxide and oxygen gases as it flowed through the catalyst.
Any un-reacted sulfur trioxide combined with water to form back the acid while the flow was
cooled down by the recuperation process in the inner annulus of the tubes. The expected exit
temperature of the products and un-reacted acid solution was about 180 °C.

Inner Flow

Quter Flow

Outer: oD 38.1 mm (D;)
ID 25.4 mm (Dy)
Baffle: oD 20 mm (D3)
ID 17 mm (Dy)
Inner: oD 15.875 mm (Ds)

ID 9.525 mm (De)
Outer Flow Annulus Dy, = Dy

Dip = D3
Inner Flow Annulus Dy, = D4

Di, = Ds

Figure A-1. Dimensions for the bayonet section.
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Figure A-2. Bayonet schematic.

Based on the dimension of the tubes in Figure A-1, the upward flow volume of the bayonet was
about 123 cm?®, and the downward flow volume was about 43.6 cm®. Thus, the total flow volume
in the bayonet was about 166.6 cm”®.

A series of test runs for the half scale experiment were conducted at 850 °C, ambient pressure,
with inlet acid solutions of 19, 38, 42, and 53 mole %. Note that the data for 53 mole % were not
simulated, as they appeared to be atypical from the 19, 38, and 42 mole % experiments; more
investigation is needed to determine what variables may have contributed to such behavior. A
wide range of solution molar rates were considered, and can be found in references [16, 17]. A
more thorough description of the experiment is outside the scope of this paper; however,
interested readers are referred to references [16, 17].

Modeling
The chemical reaction for the decomposition of the sulfuric acid is given below:

H,S0, = S0, +10, +H,0 (A-1)
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Equation (A-1) considers the stoichiometric reaction because 1 mole of H,SO,4 will yield 1 mole
of SO,, a half mole of O, and 1 mole of H,O. There are two principle reactions that contribute
to Equation (A-1):

H,SO, < SO, +H,0 (A-2)

The dissociation of H,SO4 as shown in Equation (A-2) takes place above 337 °C. If the
temperature decreased below this value, the formation of H,SO4 from SO3; and H,O will take
place. In most cases, this reaction occurs instantaneously. If the temperature continued to rise,
and with the help of the catalyst (in a catalyst bed), the decomposition of SOz will occur:

SO, = S0, +10, (A-3)

Once the SO3; decomposes as shown in Equation (3), the reaction is usually irreversible. The
desired reaction temperature is about 850 °C, which would yield a high conversion efficiency.
Thus, the determining reaction for the decomposition of the sulfuric acid depends on Equation
(A-3). The rate constant for Equation (A-3) is usually given in the Arrhenius form as given
below. MELCOR-H2 version 1 models the decomposition of H,SO,, using the reaction rate
constant, which is given as follows,

k=A.er (A-4)
where A is a pre-exponential or frequency factor (s™), E is the activation energy (J/mole), R is
the gas constant (8.314 J/mole-K), and T is the reaction temperature (K). E is given as 7.31 x
10* J/mole-K. The value of A is taken to be 6.8 x 10* s, which is based on the decomposition
rate of SO3 into SO, and O,, and with the assumption of instantaneous conversion of H,SO4 to
H,0 and SO;3 [18]. Thus the efficiency for this conversion is simply given by the following
equation:

n=100%x (1—e ") (A-5)

where 1 is the efficiency (%), k is given in Equation (A-4), and t; is the residence time (s) of the
acid that contacts the catalyst bed where the decomposition is promoted. The equations show
that the reaction rate is strongly dependent on the reaction temperature—the higher the reaction
temperature, the higher the conversion efficiency.

To simulate the half scale bayonet experiment, MELCOR-H2 was modified to include a model
for a flow system of the chemical species, rather than using single point “chemistry nodes”. The
principal equations for modeling this experiment are briefly described below.

For a given inlet acid solution flow rate, M ..,
acid inlet flow rate are given, respectively, as:

with f; (the mole fraction of H,SO,), the H,O and

MHZO - M inlet (1-fl) (A-G)

=M. xf (A-7)
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Let My, be the number of moles of acid actually decomposed, and according to Equation
(A-1), the number of moles for the products is given as

I\/ISO2 = Ivlacid,r 1
Ivlo2 = I\/Iacid,r ‘0.5 (A'8)
Mo = Mego -1

Thus, for each mole of H,SO, that is decomposed, 2%2 moles of products are created. The
conversion efficiency (%), is defined as

= Mx 100% (A-9)
T.lan:id fIXM Xt

inlet” " “r
Note that both Equations (A-5) and (A-9) calculate the conversion efficiency. When the
residence time t; is known, the amount of acid decomposed can be calculated easily for a given
temperature.

Once the amount of products is calculated, the outlet flow rate of the products, including any un-
reacted acid is given by the following relations:

Macid,unreacted = Macidx(l-nacid) (A'lO)
'\-/ISO2 = I\./Iacidxnacid (A'll)
S 1

I\/IO2 - MacidxnacidXE (A-lZ)
Mf-(l):geo = Minlet (1_f1)+Macid >(nacid (A'13)

Note that Equation (A-13) includes both inlet H,O and the amount of H,O produced. Thus the
total outlet flow rate is the sum of Equations (A-10) through (A-13).

In terms of energy, the upward flow of the inlet acid solution will heat up from 30 °C to the
reaction temperature (maximum of 850 °C). Both the sensible heat for the acid and water were
calculated, starting from their liquid state to the final gas state. At the catalyst location, an
additional energy term is estimated for the reaction (dissociation energy). As the reaction
products, the un-reacted acid, and water vapor flow downward to the exit, the recuperation
process will transfer heat from the incoming fluid as shown in Figure A-2. This transfer is also
captured in MELCOR-H2.

Note that the primary goal for the SNL experiment was to advance the technology for producing

larger quantities of hydrogen, as opposed to providing a fully-instrumented experiment for the
purpose of code validation. As such, then, the full nature of the fluid entering the catalyst was
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not recorded experimentally; in particular, it was unclear if it was completely gaseous, or if it
consisted of two phases (liquid and gas). This information was required in order to better
estimate the fluid t; as it traveled through the catalyst. We decided to use the Ergun equation as a
first-cut approximation [19],

{(PO-PZL)pK&j(ﬁj:lso{ 1-e ]+Z, (A-14)
GO L 1-¢ DpGo/M 4

where P is the pressure at a given position, p is the density, Dy is the pellet diameter, Gy is the
mass flux, L is the catalyst length, p is the fluid viscosity, and ¢ is the catalyst porosity. By
employing the Ergun equation, we obtained an approximate value for t;, which we then
corroborated by running a MELCOR-H2 simulation and then backtracking t.. The two were
found to be consistent. Then, once t; was estimated for a given run, t, for the remaining
experimental runs was prorated as follows,

M
t =t — A-15
r,new r,max [ M J ( )

new

where the subscript “max” indicates that the molar flow rate was the maximum used in the
experiment and t, corresponded to that molar flow rate. This is a first-cut approximation to t;, but
sufficient, given the amount of experimental data that was available. In short, the simulation of
each experimental run employed a unique t, because each was conducted at a different molar
flow rate.

For each experimental run, the measured inlet acid solution in mole % of H,SO,4 was included in
the input deck. Beginning with MELCOR-H2 version 1, the code permits the modeling of the
flow system, such as the experiment described above. Thus, the required input for two chemical

species was needed: H,SO,4, and H,O. For a given acid inlet flow rate (|\./|st04 ), the

corresponding water component flow rate (Mwu,0) in the acid solution was computed according
to the following equation:

_ Mu,so, x(1-f))

Mo :

(A-16)

where f; is the mole fraction of the acid solution. For example, suppose there is an acid inlet
flow rate of 3.1 mole/hr (8.61 x 10™* mole/s), than a 38 mole% solution has 5.06 mole/hr of water
(1.40 x 10 mole/s). These flow rates are included as input, along with the temperatures of the
experiment. The inlet temperature is taken to be 30 °C. The reaction temperature was input for
the desired temperature of 850 °C, although the code recalculates the reaction temperature based
on the heat transfer characteristics and flow rates. The outlet temperature was taken to be at

180 °C. The volume of the bayonet was not needed, since the rate constant for this reaction was
independent of volume. If desired, this volume may be used as part of an alternative estimation
for t,. Additional inputs are required to model the outlet flow conditions, beside the outlet
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temperature given above. Because this is a flow system with no accumulation, any material that
goes in should come out from the bayonet. Therefore, the outlet flow rates of the reactants and
products were modeled according to the given inlet condition, and the assumption of 100%
reaction completion: that is, for 1 mole of H,SO, decomposed, there should be 1 mole of SO,, 1
mole of H,O, and 0.5 mole of O,. Then, for example, a stoichiometric balance for 3.1 mole/hr of
H,SO, flowing in should result in the production of 3.1 mole/hr of SO,, 3.1 mole/hr of H,0, and
1.55 mole/hr for O,. For the total H,O flow out (sum of what is flowing in and what is
produced), the molar flow rate is 8.16 mole/hr (3.1 mole/hr production + 5.06 mole/hr inlet).

Whereas MELCOR-H2 can simulate both sulfuric and hydriodic (HI) acid decomposition, as
well as the Bunsen reaction, only the sulfuric acid section was modeled, as the SNL experiments
did not include the latter two. In the future, we will simulate those sections, as experimental data
becomes available.

The simulations were run for 100 transient seconds, by which time the calculation had reached
an asymptotic state. The simulations required only about 4 minutes of CPU time to run to
completion, and proved to be robust, as no calculations aborted once a converged time step was
used. The time step chosen was 0.001 s, which was sufficiently small such that temporal
convergence was reached.

Comparison Between Experimental Data and Code Simulations

As shown in Table A-3, the simulation output compared favorably with data for the nine
simulations—the code output was within 1 to 14% error, with eight of the nine showing less than
10% error. Because the experimental data has not yet been released, and because there is an
ongoing analysis of the data, this paper includes the normalized SO, production rates and a
comparison between experimental and calculated SO, production efficiencies. Nevertheless,
these comparisons provide a useful canon by which to gauge MELCOR-H2 performance with
the experimental data. Readers interested in the explicit data are referred to the relevant papers
[16, 17].

The simulations showed that for a given molar flow rate, the higher the solution mole %, the
higher the conversion efficiency. This trend was also reflected in the data, as shown in Table
A-3. Additionally, the simulations indicated that the acid conversion efficiency dropped as the
molar flow rate increased. This is reasonable because faster molar flow rates should result in
shorter fluid t; within the catalyst, thus decreasing the amount of reaction. An observation of
Table A-3 shows that the data also captured this trend.

Finally, Figure A-3 shows the normalized SO, production rate, which provides a direct

indication of the expected production of H,. The agreement between the simulations and data is
very good.
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Table A-3. Comparison Between Experimental Data and Simulation Output

Solution Normalized Acid Conversion Efficjency: Difference
Mole % Flow Rate Between Experimental Data and
MELCOR-H2 Output (%)

19 0.28 3.6

19 0.53 -2.0

19 1.00 -1.6

38 0.26 6.5

38 0.46 6.6

38 0.49 1.6

42 0.27 8.7

42 0.44 0.92

42 0.99 -14.3

SO2 Production Rates

¢ Experimental Data = MELCOR-H2

Normalized SO2 Production Rate

1
o
0.75 -
. [ 1
e
0.5 t’

0.25

0 T T

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

Normalized Acid Flow Rate

Figure A-3. Normalized experimental and computed SO, production rates.
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Conclusion

Sulfuric acid decomposition experiments conducted at SNL were simulated using MELCOR-H2.
The code output agreed quite well with experimental data. In addition, observed trends in the
simulations were reflected by the experimental data; this included the relationship between
solution mole % and conversion efficiency, as well as the relationship between molar flow rate
and efficiency.
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APPENDIX B: PRESSURE LOSS
COEFFICIENT IN TURBINE BLADES

Over the past 50 years, a number of turbine mean-line loss models have been described in the
open literature. Perhaps the best known and most completely documented model is that of
Ainley and Mathieson published in 1951. This model includes correlations for all loss
components, i.e., profile losses, secondary losses, trailing edge losses and tip clearance (leakage)
losses. Itis a testimony to the soundness of the Ainley and Mathieson (AM) approach that it has
become the foundation for a number of subsequent refinements, most notably those by Dunham
and Came (1970), Kacker and Okapuu (1982), and Benner et al. (2006a and 2006b). The present
model capitalizes on the latest refinements proposed by Benner, et al. (2006a and 2006b) for
modern, subsonic axial turbines with highly-loaded airfoils. Their model relies heavily on the
improvements proposed by Kacker and Okapuu (1982), and on the foundation work of Ainley
and Mathieson (1951).

In the following, all parameters (such as Reynolds and Mach numbers) are evaluated using the
relative gas flow velocities, unless otherwise specified. The total pressure loss coefficient is the
sum of the coefficients for profile losses, secondary losses, trailing edge losses and tip clearance
(leakage) losses:

The major contribution of Benner et al. (2006a and 2006b) has been the description of the profile
and the secondary losses in a more physical and accurate way. One of the physically
unsatisfactory assumptions done in the previous conventional loss schemes was the uniformity of
the loss generated in the airfoil surface boundary layer across the span, which produces
erroneous values of the secondary loss component. Benner et al. (2006a and 2006) proposed a
new loss scheme, which requires a correlation for the spanwise penetration depth of the passage
vortex separation line (Zte < H/2) at the trailing edge:

(Y, +Yy) = (- Zye TH) XY +Y, . (B-2)

The profile loss coefficient is an improvement over that by Kacker and Okapuu (1982), based on
more recent turbine cascade data (Zhu and Sjolander, 2005):

Re,c “re
Y5 =0.914x [Kip Y5 amK +Yshock]x( 5) , (B-3)
2x10
where
Kin = 0.825 for axial entry nozzles,
Kin = 2/3 for reaction blades, and
Kre = - 0.575 for Re,e = (p,W,C)/ 11y < 2x10°.
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The Mach number correction factor in Equation (B-3) is calculated as (Kacker and Okapuu
1982):

Kp =1-Ky x (1-Ky) (B-4a)
where
K, =1 for Ma; <0.2, (B-4b)
K; =1-1.25x(Ma, —0.2) for Ma,>0.2, and (B-4c)
K, = (May / Ma,)?. (B-4d)

The profile loss coefficient, Y, Ay , introduced by Ainley and Mathieson (1951) is an
interpolation between the results of two special sets of cascade tests (4 =0, and 1 = ¢o):

KmBi! ¢
v =0 B Bl (BEew) v (5=0) tmax /C
Y5 am _{YpﬁM +g(%j[yp’ﬂ£waz -Y i }x[mgx_z (B-5a)
where
Km = +l fOf tmax/C S 0.2, (B'Sb)
Km: '1 fOf tmaxlc > 02 . (B'SC)

The results reported by Ainley and Mathieson (1951) for cascades with £, =0 and tyax / C = 0.2
are well correlated by (see Figure B-1):

YD 013+ S[A+ S(B+Cx g, (B-6a)

where the coefficients A, B, and C are function of the TE relative gas flow angle:

A =-0.275862 — 0.0173298 x c0s(7.49775 x ¢, — 285.4), (B-6b)
B =-4.28277x107" x ¢5 +1.11388x107* x ¢3 —1.02971x1072 x g2 (660
-oC
+0.401733x ¢, —5.38018,,
C=2.31562x10"" x5 —6.25296 x10™° x ¢35 +5.9553 %103 x ¢ (B-64)

-0.237718 x ¢, +3.32301.
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The results of Ainley and Mathieson (1951), for a cascade with £ = ¢, and tnax / C = 0.2, are
also well correlated by (see Figure B-2):

YWhe) —031+ $[-0.776+ £(B+Cx S, (B-7a)

0.10

X Ainjley and Mathieéon (1951) ;
Present correlation | | 6. =80°
: : ! ! 2

0.08

0.06

0.04

0.02

Yp,AM Loss Coefficient for B, = 0

0.2 0.4 0.6 0.8 1.0 1.2
S/ C Ratio

Figure B-1. Profile loss coefficient for £ = 0 and t,,/C = 0.2 (Ainley and
Mathieson, 1951).
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Figure B-2. Profile loss coefficient for g = ¢, and tma/C = 0.2 (Ainley and
Mathieson, 1951).

where the coefficients B and C are function of the TE relative gas flow angle:

B =3.52951x10™* x ¢ —2.9723x10 7% x ¢, +1.40393 , (B-7b)

C =—2.31614x107* x ¢ +2.00615x10 72 x ¢, —0.670492.. (B-7c)

These results for cascades with a maximum blade thickness, tnax / C = 0.2 are corrected for
different thicknesses using the last factor on the right side of Equation (B-5a). Note that all the
angles in these formulas are in degrees.

Cascade tests in the decades following the publication of the Ainley and Mathieson loss model
have revealed that the profile loss coefficient is generally dependent on the Mach number, even
in the subsonic flow regime. Compressibility can affect Y, in two ways, by causing shocks at
blade leading edges and by affecting the flow acceleration within blade channels (the correction
factor K, in Equation (B-3)). The shock losses can occur at relatively low average inlet Mach
numbers, due to the local flow acceleration adjacent to the highly curved leading edges. These
losses, appearing in Equation (B-3), are calculated as (Kacker and Okapuu, 1982):

W2, 1.75
Yanook = 2 L XEXE(Ma{'“b —0.4) when Ma™? > 0.4, (B-8a)
pPWz - Tiip
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Yook =0 When Ma™® < 0.4,

Due to the radial variation in the gas flow and pressure, necessary for the flow to be in
equilibrium, the incident Mach number, always higher at the hub radius than at the midspan
radius, is related to the mean incident Mach number by (Kacker and Okapuu, 1982) (see Figure

B-3):
2
\aib 571579 Toub | _10.8509%| Thub |4 615092, Thub < ¢ g5
a  _ Ttip tip Ttip
Ma
L |10, Trub 0,95
r’[ip
for a reaction stage (rotor), and
2
Vb [4.07224 % Toub | _ 664366 x| hub |1 370492, Thub < g
4  _ tip ltip Ttip
Ma
L 1.0, Thub 5 0.8
Irtip
for a nozzle (stator).
2.2 ; ;
— 1 1
‘25 i i
2 20N S A——
2 .o Kacker and Okapuu (1982)
Cc{' Prfesent correla;ion
z 18 ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, ,,,,,,,,,,,,,,,,,,,, S S
=}
S 1l N ]
m 1.6 3
5
c 14 |
- !
=
5 12 ;
@© 1 1
= 3
10 H H H
0.4 0.5 0.6 0.7 0.8 0.9 1.0
rhub / rtip

(B-8b)

(B-9a)

(B-9b)

Figure B-3. Inlet mach number ratio for turbine blades (Kacker and Okapuu, 1982).
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The spanwise penetration depth (Zrg) of the separation line between the primary and the
secondary loss regions, appearing in Equation (B-2), is given by (Benner et al., 2006a):

0.79 %\ 2
Ze _ 0.10(F,) ) [5_) (B-10)
H  JCRx(H/C)**® H

where the tangential loading parameter, F; is given by:

F = 2Cixcosz(¢m) x [tan(¢, ) + tan(¢,)], (B-11)
X
and the mean velocity vector angle is given by:
1

tan(gn) = [tan(éy) - tan(#2)] . (B-12)

The convergence ratio in Equation (B-10) is given asCR = cos¢, / cos ¢, .

The boundary layer displacement thickness at the inlet endwall, 5*, in Equation (B-10), is given
by (Schlichting, 1979):
o 0.0463x

(oW1 X/ 1)

(B-13)
assuming a power-law turbulent velocity profile with an exponent of 1/7. The reference length,
X, in Equation (B-13) is taken as half the blade axial chord, i.e., x = Cy/ 2.

The secondary losses coefficient in Equation (B-2) is given by (Benner et al., 2006b):

0.038+0.41x tanh(L.25*/ H)

Y. = whenH/C <2.0, B-14a
* Jcos® xCR x (H/IC)**® x (Ccosg, /C,)**® - ( )
yio_ 0082+086xtanh@L25*1H) oo 0 (B-14)

\cos® x CR x (H/C)x (Ccos¢, /C, )%™

Again, all the angles in these formulas are in degrees.

The trailing edge losses, representing the pressure losses due to TE blockage, are expressed in
terms of the blockage itself, i.e., the ratio of trailing edge thickness to the throat opening of the
cascade itself. Kacker and Okapuu (1982) expressed these losses in terms of the kinetic energy
loss coefficient, AD+g, for axial entry nozzles (4 = 0) and impulse blades (31 = ¢#,), as shown in
Figure B-4. The difference lies in the thicknesses of the profile boundary layers at the trailing
edges of blades: impulse blades, with their thick boundary layers, have lower trailing edge
losses. The trailing edge thickness contributes significantly to the drag of highly accelerating
cascades. For blades other than the two types shown in Figure B-3, the loss coefficient for the
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trailing edge kinetic energy losses is interpolated in a manner similar to Equation (B-5a), as
(Kacker and Okapuu, 1982):

o = s0ff? [%j hoE=) _ap-0] (B-150)

where
tre ) t
AD{A=0) — 0595628 (%j +0.122642 x (%j ~2.27958x107° (B-15b)

for an axial entry nozzle (Figure B-4), and

2
ADA=2) — 0310658 x (tT—E] +0.0656168 x (tT_Ej ~1.43176x10°  (B-15c)
0 0
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Figure B-4. Loss coefficient for trailing edge losses after Kacker and Okapuu (1982).
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for an impulse blading (Figure B-4). The kinetic energy loss coefficient, Adg, is converted to

a pressure loss coefficient using the following relationship:

-7 1(y-1)
-7 tva2l oty -1
2 1- AD7e

_1 -71(r-1)
1- [1+ o Magj

Yre =

(B-15d)

Because a turbine operates with some clearance between the tips of the rotor blades and the
casing, a fraction of the fluid leaks across the tips, causing a reduction in turbine work output.
Yaras and Sjolander (1992) and Matsunuma (2006) reviewed existing methods for predicting the
tip-leakage losses in the light of detailed studies conducted recently in turbine cascades. The

improved model proposed by Yaras and Sjolander (1992) is used herein, which states:

Yrc :Ytip +Ygap '

where the tip leakage losses are given by:

C ¢ cos’g,

Y, =1.4Kp —x—x
t ®STH cos’g,

15
Ip ><C|_ 1

and the gap losses, contributing a smaller amount to the overall end loss, are given by:

Vgap = 0.0049K g - ox =

The blade lift coefficient, C, is given by Ainley and Mathieson (1952) as:

C_= 2% x CoS(dy, ) x [tan(gy ) + tan(g,)].

(B-16a)

(B-16b)

(B-16c¢)

(B-17)

For mid-loaded blades, Kg = 0.5 and K¢ = 1.0, and for front- or aft-loaded blades, Kg = 0.566 and

Ks =0.943 (YYaras and Sjolander, 1992).
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APPENDIX C: PRESSURE LOSS COEFFICIENT
IN COMPRESSOR BLADES

In the following, all parameters (such as Reynolds and Mach numbers) are evaluated using the
relative gas flow velocities, unless otherwise specified. The total pressure loss coefficient is the
sum of coefficients for profile losses and tip clearance (leakage) losses:

Z=Zp +ZTC' (C'l)

The secondary losses and end-wall losses are not accounted for in this work for the axial
compressor cascades. In the 1950s, investigators like W. R. Hawthorne and L. H. Smith
(Horlock and Denton, 2005) had made substantial progress in understanding fluid mechanics of
secondary flow in axial compressors, but attempts to integrate this work into design methods
were not very successful. The challenges of modeling secondary and clearance losses were
dominant then, and indeed remain so to this day (Horlock and Denton, 2005). In compressors,
the classical secondary flow is not as strong as in axial turbines, because the gas turning angle is
much smaller in the former. A small gas turning angle is used in compressors to avoid
separation of the boundary layer in a positive pressure gradient field.

The profile loss coefficient, Z, is determined using the approach of Koch and Smith (1976).
Their model, an improvement to that proposed by Lieblein (1959), is still regarded as one of the
most comprehensive (Wilson, 1984; Boyer and O’Brien, 2003). It accounts for the actual
momentum thickness and trailing edge shape factor of the fully turbulent boundary layer, and for
the effects of flow area contraction, Reynolds number, and Mach number on these parameters.

Lieblein (1959) had shown that the losses around the blade profile appear as a boundary-layer
momentum thickness, &g, at the trailing edge, and in the wake, & (& > 6 in highly loaded
blades because there is a mixing loss as the suction-surface and pressure-surface boundary layers
join to form the wake). Leiblein (1959) also showed that as the aerodynamic loading on a
compressor blade increased, the diffusion on the suction surface increased, but that on the
pressure surface stayed approximately constant. This prompted this investigator to define an
“equivalent diffusion ratio” Deg, as:

D Peak relative velocity on the suction surface

eq X X >1, (C-2)
Outlet relative velocity,W,

and to propose a correlation for this ratio, as a function of blade solidity and inlet and outlet flow
angles ¢; and ¢,. Koch and Smith (1976) introduced additional factors correlating the airfoil
maximum thickness ratio, tmax / C, and the streamtube contraction ratio, A, / A;. These authors
also used cascades data with boundary layers of higher turbulence levels than those of Lieblein,
more representative of the conditions encountered in a modern compressor. Based on their work,
Koch and Smith (1976) correlated the equivalent diffusion ratio as:

2 2

t * ] *

Deq :M{“ Ky -2 + K, }x (smqﬁl—KlEF j +[ * cosgh j (C-3)
W, C S Athroat X Pthroat | P1
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where the contraction ratio is given by:

C(tmax j
_ ? SUC Athroat . (C-4a)
cos(0.5( + ) A

At’;mroat =110

The cascade throat area is assumed to occur at one-third of the axial chord:
Atnroat = A1 — 3 (A = Ay) . (C-4b)

The gas density at the throat is calculated as:

Ma? * *
Piheoat. _ 1_—X12(1_ Athroat — K1 g & j , (C-4c)
ol 1-Maj cosg; S
and the square of the axial Mach number at the inlet as:
w2 2
MaZ = X _ (W, cosgy ) | (C-4d)
RTy 7 RTy

Koch and Smith (1976) obtained the values of the constants in these equations from their
experimental data: K; =0.2445, K, = 0.4458, K3 = 0.7688, and K4 = 0.6024. The dimensionless
blade circulation parameter in Equations (C-3) and (C-4c) is given by:

F* _ rlmV01 - rsz02 _ I’lm Vl Sin aq + I’2m V2 Sin ay

fm + 'om EXW - Mm + Mom EXW
2 )s ! 2 Js 1

(C-5)

Note that the absolute gas velocities are used in the numerator of Equation (C-5), not the relative
velocities.

Based on Koch and Smith’s experimental data at Re; = 10°, the boundary-layer momentum
thickness at the blade outlet is correlated in this work as (Figure C-1):

ec_g - [0.0072x D,,, ~0.0032) L0 + 02234 x (Dgg ~1.0) | (C-6)
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Figure C-1. Boundary-layer momentum thickness at blade outlet, Re; = 10° (Koch
and Smith, 1976).
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Figure C-2. Trailing-edge boundary-layer shape factor, Re; = 10° (Koch and
Smith, 1976).
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The boundary layer trailing-edge shape factor, the ratio of the boundary layer displacement
thickness, 6* to the momentum thickness, &, is also correlated as (Figure C-2):

H = OTE _19314 Dey % (0.0476 +0.00207 x D, ) (C-7)
03
The values of 85 and H{g are obtained for the following nominal conditions:

b. No contraction of the flow annulus height, h;
c. Aninlet Reynolds number of Re; = pyW,C / 14y =10°; and
d. Hydraulically smooth blades.

Koch and Smith (1976) gave correction factors for conditions other than nominal. For the
boundary-layer momentum thickness, they proposed:

ﬁ=[(9—ZC)]><§|\/|><éVH><§Re . (C-8a)
C C
The correction factor for inlet Mach number (Figure C-3) is correlated as:

¢ =1.0+(0.117569 —0.169832 x D, Jx Ma] (C-8b)
with an exponent:

N = 2.8532 + Dqq (- 0.977474 +0.194771x Dy ). (C-8c)

The correction factor for flow area contraction (Figure C-4) is a linear function given by:

‘= o.53% +0.47, (C-8d)
2

and the correction factor for inlet Reynolds number is given by:

106 0.166
(—J : Re; > 2x10°,
Re,
CRe = £\05 (C-8e)
1.30626x(2X1O J . Re; <2x10°.
Re,
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Similarly, Koch and Smith (1976) corrected the trailing edge boundary-layer shape factor as:
Hyg = Hre x &y x &y x & - (C-9a)
The correction factor for inlet Mach number (Figure C-5) is given by:

£v =1.0+[1.07247 + D, x(~0.867098+0.180425x D,,, )]x Ma}® (C-9b)

The correction factor for the flow area contraction (Figure C-6) is calculated as:

& :1.0{——1.0} (o.oozax Doy —0.024), (C-90)
2

and the correction factor for inlet Reynolds number is given by:

10° 0.06
fRe{ ) : (C-9d)

Re,

The values of & and Hrg, obtained from Equations (C-8a) and (C-9a) for each blade row, can be
used in the following relation, due to Leiblein (1959), to obtain the blade-profile total pressure
loss coefficient:

~ 2 -3
7 =B o0, € [e0sh | 2Hre | |y (021C Fe | )
P , W2 C ) Scosg, |cosg, 3H -1 C )S cos¢,
1
2
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APPENDIX D: INPUT FILE “TURBINE.INP”

*xxxk**x INPUT FILE of the MULTISTAGE, AXIAL-FLOW TURBINE FORTRAN MODEL *
* JAERI, 6-STAGE AXIAL-FLOW TURBINE OF THE GTHTR300 (TAKIZUKA ET AL. 2004) *

EAEAEEAXEAAXAEAAEA AKX A AKX EAAXA AL A AKX AA XA AKX AXAA AKX A AKX AXAEAAXAAAXAALAAAXAAXAXAAXAAXAXAAXAXAAXAAAXAAXAAAXALAXAAAKx*X

EAEAEEAIXE AKX A AKX AKX A AKX AAXA AL A AAAA XA AL AXAAAXAA AKX AXAEAAXAAAXAALAAAXAAXAXAAXAAXAXAAXAAAXAAAXAAAAAXALAXAXAXhKx*X

* Operating parameters of PRIMARY LOOP *
AEEAAAAAAAAAAA A AA A A A AAA A A AAA LA A AAA AR AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA A AAAAAAA ALK
1.00 * x_He = Molar fraction of helium in He-Xe gas mixture *
1123.0D0 * Tin = Gas Temperature at inlet of turbine () *
6.88D6 * Pin = Gas Pressure at Inlet of turbine (Pa) *
441.8D0 * FLRATE = Gas mass flow rate through turbine (kg/s) *
3600.D0 * Nshaft = Shaft rotational speed (rpm) *

* GEOMETRICAL PARAMETERS OF THE MULTISTAGE, AXIAL-FLOW GAS TURBINE *
AEEAAAAA A A AA A A A AR A A A AA A A A AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAhX
6 * Nstages = Number of rotor stages of axial-flow turbine *
1.100D0 * Rcas_in = Inner radius of turbine casing at inlet m) *
1.100D0 * Rcas_ex = Inner radius of turbine casing at outlet m *
0.9480D0 * Rhub_in = Hub radius at turbine inlet m) *
0.8424D0 * Rhub_ex = Hub radius at turbine outlet m *
AEEAAAAAAAAAA A A AR A A A AAA A A AR AL A AAA AR AAALAAAAAAAAAALAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAKL
1.6760D0 * XLturbine = Axial length of turbine rotor m *
0.0040D0 * THICKcas = Thickness of metallic casing m) *
0.3000D0 * EMISScas = Radiative emissivity of metallic casing *
300.0D0 * Tair = Ambient air temperature () *
0.0020D0 * deltaDisk = Clearance between housing and end-disks m *

EAEAEEAIE AKX A AKX A XA A AKX AA XA LA A A A A A A XA XA AX A AKX AXAEAAXAAAXAALAEAAAAXAXAAXAAXAXAAXAXAAXAAXAXAAAAAXALAXAXXKx%X

B L S S = S B R R

* GEOMETRICAL PARAMETERS OF THE STATOR SECTIONS, INCLUDING Exit Guide Vanes *
* betal(i) = Stator blades angle at Leading Edge (degrees)
0.0DO 3.0D0 3.0D0 3.0D0 3.0D0 3.0D0 30.0D0

* beta2(i) = Stator blades angle at Trailing Edge (degrees) *
70.5D0 70.5D0 70.5DO 70.5D0O 70.5D0  70.5DO 0.0DO

* C(i) = True chord length of stator blades m) *
0.07DO 0.07DO 0.07DO 0.07DO 0.07DO 0.07DO 0.07DO

AEEAEAAAAA A A AAA A A AR A A A AR A A A AR A A AAA AR AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAhX

* N(i) = Number of stator blades in cascade *

82 82 82 82 82 82 80
* stagger = Stagger angle of stator blades (degrees) (< O IF UNKNOWN) =*

-1.000 -1.0D0 -1.0D0 -1.0D0 -1.0DO0 -1.0DO0 -1.0DO
AAEEAAAAAAAAAA AR A AR AL A AAA AR AAALAAAAA AR AAALAAAAAAAAAALAAAAAAAAAALAAAAAAAAAAAAAAAAAAAAX
* Z(i) = Location of maximum camber (M) (< 0 IF UNKNOWN) =
-1.0D0 -1.0D0 -1.0D0 -1.0D0 -1.0D0 -1.0D0 3.0D-2

* o(i) Throat opening of stator cascade (m) (< O IF UNKNOWN) =
-1.0b0 -1.0D0 -1.0DO -1.0DO -1.0DO -1.0DO -1.0DO

*  tmax(i) = Maximum thickness of stator blades (m) (<O IF UNKNOWN)
-1.000 -1.0D0 -1.0D0 -1.0D0 -1.0DO0 -1.0DO0 -1.0DO

*

*  tTE(i) = Blade thickness at trailing edge m *
5.0D-3 5.0D-3 5.0D-3 5.0D-3 5.0D-3 5.0D-3 5.0D-3
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EAAEAXEAAAAAEA AKX A AKX AAXA AL A AKX AA A AL AXAA AKX AAXAAXAEAAXAAAXAALAAAXAAXAXAAXAAXAXAAXAAAXAAAXAAAAAXALAXAAAXKx*X

*  tau(i) = Blade tip clearance to shroud m *
1.0D-3 1.0D-3 1.0D-3 1.0D-3 1.0D-3 1.0D-3 1.0D-3

R T

* kK * kK

* GEOMETRICAL PARAMETERS OF THE ROTOR SECTIONS

Kk Khk

* betal(i) = Rotor blades angle at Leading Edge (degrees) *
3.0D0 3.0D0 3.0D0 3.0D0 3.0D0 3.0D0

* beta2(i) = Rotor blades angle at Trailing Edge (degrees) *
70.5D0 70.5DO 70.5D0O 70.5DO0 70.5DO0  70.5DO

AE A A A AAA A A A A A A A AA A A A AA A A A AAA A AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA A AAAAAAAAhhX

* C(i) = True chord length of rotor blades m *
0.07D0 0.07D0O 0.07D0O 0.07D0O 0.07D0 0.07DO

* N(i) = Number of rotor blades in cascade *

80 80 80 80 80 80

AEEAEAAAA A A AAA A A AR A A A AA A A A AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAhX

* stagger = Stagger angle of rotor blades (degrees) (< 0O IF UNKNOWN) =*
-1.00 -1.0DO0 -1.0DO -1.0DO -1.0DO -1.0DO

* Z(i) = Location of maximum camber (m) (< 0 IF UNKNOWN) =
-1.0b0 -1.0DO0 -1.0DO0 -1.0DO -1.0DO -1.0DO

AEEAEAAAAAAAAAAA A AAA A A AR A AR AAA AR AAA A AAAALAAAAAAAAAALAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAX

* 0(i) = Throat opening of rotor cascades (M) (< 0 IF UNKNOWN) =

-1.00 -1.0DO0 -1.0DO -1.0DO -1.0DO -1.0DO

*  tmax(i) = Maximum thickness of rotor blades (m) (<0 IF UNKNOWN) *
-1.0b0 -1.0DO0 -1.0DO0 -1.0DO -1.0DO -1.0DO

*  tTE(1) = Blade thickness at trailing edge m) *
5.0b-3 5.0D-3 5.0D-3 5.0D-3 5.0D-3 5.0D-3

*  tau(i) = Blade tip clearance to shroud m *
1.0b-3 1.0b-3 1.0D-3 1.0D-3 1.0D-3 1.0D-3

E R
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APPENDIX E: SUBROUTINE TURBINE_INPUT

Please contact Sal Rodriguez at (505) 284-2808 (e-mail: sbrodri@sandia.gov), or Randall
O. Gauntt at (505) 284-3989 (e-mail: rogaunt@sandia.gov), or Gary Rochau at (505) 845-7543
(e-mail: gerocha@sandia.gov) for a request to use the FORTRAN subroutines.
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APPENDIX F: SUBROUTINE AXIAL_TURBINE

Please contact Sal Rodriguez at (505) 284-2808 (e-mail: sbrodri@sandia.gov), or Randall
O. Gauntt at (505) 284-3989 (e-mail: rogaunt@sandia.gov), or Gary Rochau at (505) 845-7543
(e-mail: gerocha@sandia.gov) for a request to use the FORTRAN subroutines.
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APPENDIX G:

INPUT FILE “COMPRESSOR.INP”

FHAAAkx INPUT FILE of the MULTISTAGE, AXIAL-FLOW COMPRESSOR FORTRAN MODEL *
* JAERI, 20-STAGE AXIAL-FLOW COMPRESSOR OF THE GTHTR300 (TAKIZUKA ET AL. 2004)*

*

KAk Khkkk

* Operating parameters of PRIMARY LOOP

1.00 =* X_He = Molar fraction of helium in He-Xe gas mixture *
301.0D0 * Tin = Gas Temperature at inlet of compressor (9] *
3.52D6 * Pin = Gas Pressure at Inlet of compressor (Pa) *
449.7D0 * FLRATE = Gas mass flow rate through compressor (kg/s) *
3600.D0 * Nshaft = Shaft rotational speed (rpm) *

* GEOMETRICAL PARAMETERS OF THE MULTISTAGE, AXIAL-FLOW GAS COMPRESSOR *
20 * Nstages = Number of rotor stages of axial-flow compressor *
0.837D0 * Rcas_in = Inner radius of compressor casing at inlet m *
0.837D0 * Rcas_ex = Inner radius of compressor casing at outlet m) *
0.7329D0 * Rhub_in = Hub radius at compressor inlet m *
0.7649D0 * Rhub_ex = Hub radius at compressor outlet m) *
2.7240D0 * XLcompres = Axial length of compressor rotor m) *
0.0040D0 * THICKcas = Thickness of metallic casing m *
0.3000D0 * EMISScas = Radiative emissivity of metallic casing *
300.0D0 * Tair = Ambient air temperature « *
0.0020D0 * deltaDisk = Clearance between housing and end-disks m) *

* kK

*hkxk

* GEOMETRICAL PARAMETERS OF THE STATOR SECTIONS,

INCLUDING Exit Guide Vanes *

*

0.0DO
58.0D0
58.0D0

58.0D0
58.0D0
58.0D0

58.0D0 58.0D0
58.0D0 58.0D0
58.0D0 58.0D0

betal(i) = Stator blades angle at Leading Edge (degrees)

58.0D0 58.0D0 58.0D0O
58.0D0 58.0D0 58.0D0O
58.0D0 58.0D0 85.0DO

E R

* beta2(i) = Stator blades angle at Trailing Edge (degrees)

48.0D0 48.0D0O 48.0D0 48.0D0 48.0D0 48.0D0O 48.0DO
48.0D0 48.0D0O 48.0D0 48.0D0 48.0D0 48.0D0 48.0DO
48.0D0 48.0D0 48.0D0 48.0D0 48.0D0 48.0DO 0.0DO
AEEAAAAAAAAAA A A AR A A A AAA A A AAA LA A AAA AR AAALAAAAARAAAAALAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAKX
* C(i) = True chord length of stator blades m *
0.06D0O 0.06DO 0.06DO 0.06DO 0.06DO 0.06DO 0.06DO
0.06D0O 0.06DO 0.06DO 0.06DO 0.06DO 0.06DO 0.06DO
0.06D0O 0.06DO 0.06DO 0.06DO 0.06DO 0.06DO 0.06DO
* N(i) = Number of stator blades in cascade
94 94 94 94 94 94 94
94 94 94 94 94 94 94
94 94 94 94 94 94 94
* stagger = Stagger angle of stator blades (degrees) (< O IF UNKNOWN) *
-1.00 -1.0DO0 -1.0DO -1.0DO -1.0DO -1.0DO -1.0DO
-1.000 -1.0D0 -1.0D0 -1.0DO0 -1.0DO0 -1.0DO0 -1.0DO
-1.0p0 -1.0DO0 -1.0DO -1.0DO -1.0DO -1.0DO -1.0DO

AAEAXEAAEAAAAAXAEAAXAAAA AKX A AXAAAXAAXAAAAAXAAALAAXAAAXAAAXAAXAAAXAAAXAAAAAXAAAXAALAAAAAAXAALAAAXAAAXAhk
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* Z(i) = Location of maximum camber (m) (< O IF UNKNOWN) =
0.036D0 0.024D0O 0.024D0O 0.024D0O 0.024D0  0.024DO 0.024D0
0.024D0 0.024D0O 0.024D0O 0.024D0O 0.024D0  0.024DO 0.024D0
0.024D0 0.024D0O 0.024D0O 0.024D0O 0.024D0  0.024DO 0.024D0

AEAEAAAAAAAA AR AR A AR AL A AR AR A AAA AR AAA AR AAALAAAAAAAAAALAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAKX

* O(i) = Throat opening of stator cascade (M) (< 0 IF UNKNOWN) =

-1.000 -1.0D0 -1.0D0 -1.0D0 -1.0DO0 -1.0DO -1.0DO
-1.0b0 -1.0DO0 -1.0DO -1.0DO -1.0DO -1.0DO -1.0DO
-1.000 -1.0D0 -1.0D0 -1.0D0 -1.0DO0 -1.0DO0 -1.0DO
*  tmax(i) = Maximum thickness of stator blades (m) (<0 IF UNKNOWN) *
-1.0b0 -1.0DO0 -1.0DO -1.0DO -1.0DO -1.0DO -1.0DO
-1.000 -1.0D0 -1.0D0 -1.0D0 -1.0DO0 -1.0DO0 -1.0DO
-1.0b0 -1.0DO0 -1.0DO -1.0DO -1.0DO -1.0DO -1.0DO

E R

* tTE(1) = Blade thickness at trailing edge m) *
4.0D-3 4.0D-3 4.0D-3 4.0D-3 4.0D-3 4.0D-3 4.0D-3
4.0D-3 4.0D-3 4.0D-3 4.0D-3 4.0D-3 4.0D-3 4.0D-3
4.0D-3 4.0D-3 4.0D-3 4.0D-3 4.0D-3 4.0D-3 4.0D-3
AEEAEAAAA A A AAA A A AR A A A AA A A A AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAhX
*  tau(i) = Blade tip clearance to shroud m) *
i1.0b-3 1.0D-3 1.0D-3 1.0D-3 1.0D-3 1.0D-3 1.0D-3
1.0b-3 1.0D-3 1.0D-3 1.0D-3 1.0D-3 1.0D-3 1.0D-3
i1.0bp-3 1.0D-3 1.0D-3 1.0D-3 1.0D-3 1.0D-3 1.0D-3
* GEOMETRICAL PARAMETERS OF THE ROTOR SECTIONS *
* betal(i) = Rotor blades angle at Leading Edge (degrees) *

42.0D0 42 .0D0 42 .0D0 42 .0D0 42 .0D0 42 .0D0 42 .0D0
42.0D0 42.0D0 42.0D0 42.0D0 42.0D0 42.0D0 42.0DO
42.0D0 42 .0D0 42 .0D0 42 .0D0 42 .0D0 42 .0D0
* beta2(i) = Rotor blades angle at Trailing Edge (degrees) *
10.0D0 10.0DO 10.0DO 10.0DO 10.0DO 10.0DO  10.0DO
10.0D0 10.0DO 10.0DO 10.0DO 10.0DO 10.0DO  10.0DO
10.0D0 10.0DO 10.0DO 10.0DO 10.0DO  10.0DO
AEEAAAAAA A A AAA A A AAA A A AA A A A AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAhX
* C(i) = True chord length of rotor blades m *
0.078D0 0.078D0 0.078D0 0.078D0 0.078D0 0.078D0 0.078D0
0.078D0 0.078D0 0.078D0 0.078D0 0.078D0 0.078D0 0.078DO
0.078D0 0.078D0 0.078D0 0.078D0 0.078D0 0.078D0

EE R R E e

* N(i) = Number of rotor blades in cascade *
72 72 72 72 72 72 72
72 72 72 72 72 72 72
72 72 72 72 72 72
AAEEAAAAAAAAAAA A A AAA AR AAA A A AAA AR AAA A AAAALAAAAAAAAAALAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAKX
* stagger = Stagger angle of rotor blades (degrees) (< O IF UNKNOWN) *
-1.00 -1.0D0 -1.0DO -1.0DO -1.0DO -1.0DO -1.0D0
-1.000 -1.0D0 -1.0D0 -1.0D0 -1.0DO0 -1.0DO -1.0D0

-1.0D0 -1.0D0 -1.0D0 -1.0D0 -1.0D0 -1.0D0

* Z(i) = Location of maximum camber (m) (< 0 IF UNKNOWN) =
3.12D-2 3.12D-2 3.12D-2 3.12D-2 3.12D-2 3.12D-2 3.12D-2
3.12D-2 3.12D-2 3.12D-2 3.12D-2 3.12D-2 3.12D-2 3.12D-2
3.12D-2 3.12D-2 3.12D-2 3.12D-2 3.12D-2 3.12D-2

E R

* O(i) = Throat opening of rotor cascades (m) (< O IF UNKNOWN) *
-1.000 -1.0D0 -1.0D0 -1.0D0 -1.0DO0 -1.0DO -1.0D0
-1.000 -1.0D0 -1.0D0 -1.0DO0 -1.0DO0 -1.0DO -1.0D0

-1.0D0 -1.0D0 -1.0D0 -1.0D0 -1.0D0 -1.0D0
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EAAEAXEAAAAAEA AKX A AKX AAXA AL A AKX AA A AL AXAA AKX AAXAAXAEAAXAAAXAALAAAXAAXAXAAXAAXAXAAXAAAXAAAXAAAAAXALAXAAAXKx*X

*  tmax(i) = Maximum thickness of rotor blades (m) (<0 IF UNKNOWN) *

-1.00 -1.0D0 -1.0DO -1.0DO -1.0DO -1.0DO -1.0D0
-1.0b0 -1.0D0 -1.0D0 -1.0DO -1.0DO -1.0DO -1.0D0
-1.00 -1.0D0 -1.0DO -1.0DO -1.0DO -1.0DO
*  tTE(1) = Blade thickness at trailing edge m)
4.00-3 4.0D-3 4.0D-3 4.0D-3 4.0D-3 4.0D-3 4.0D-3
4.0D-3 4.0D-3 4.0D-3 4.0D-3 4.0D-3 4.0D-3 4.0D-3
4.0D-3 4.0D-3 4.0D-3 4.0D-3 4.0D-3 4.0D-3
*  tau(i) = Blade tip clearance to shroud m) *

1.0D-3 1.0D-3 1.0D-3 1.0D-3 1.0D-3 1.0D-3 1.0D-3
1.0D-3 1.0D-3 1.0D-3 1.0D-3 1.0D-3 1.0D-3 1.0D-3
1.0D-3 1.0D-3 1.0D-3 1.0D-3 1.0D-3 1.0D-3

EAAEAXEAEAAAEAAXAEAAXAAAAAXAEAAXAAAXAAXAAAXAAXAAALAAXAAAXAAXAAXAXAAXAAAXAAXAAAXAAAXAAAAAAAAXAALAAAXAAAXAhkX
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APPENDIX H: SUBROUTINE COMPRESSOR_INPUT

Please contact Sal Rodriguez at (505) 284-2808 (e-mail: sbrodri@sandia.gov), or Randall
O. Gauntt at (505) 284-3989 (e-mail: rogaunt@sandia.gov), or Gary Rochau at (505) 845-7543
(e-mail: gerocha@sandia.gov) for a request to use the FORTRAN subroutines.
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APPENDIX I: SUBROUTINE AXIAL_COMPRESSOR

Please contact Sal Rodriguez at (505) 284-2808 (e-mail: sbrodri@sandia.gov), or Randall
O. Gauntt at (505) 284-3989 (e-mail: rogaunt@sandia.gov), or Gary Rochau at (505) 845-7543
(e-mail: gerocha@sandia.gov) for a request to use the FORTRAN subroutines.
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APPENDIX J: SUBROUTINE HE_XE

Please contact Sal Rodriguez at (505) 284-2808 (e-mail: sbrodri@sandia.gov), or Randall
O. Gauntt at (505) 284-3989 (e-mail: rogaunt@sandia.gov), or Gary Rochau at (505) 845-7543
(e-mail: gerocha@sandia.gov) for a request to use the FORTRAN subroutines.

269



270



APPENDIX K: INPUT FILE “HX.INP”
FOR HE/WATER PRECOLLER

**** INPUT FILE OF THE GENERIC HEAT EXCHANGER MODEL

* Test of a helium gas / liquid water pre-cooler heat exchanger
1 * IFLAG13=1 : GENERATE COMPLETE FILES "*.0OUT" FOR DEBUGGING *
1 * §COOLANT2 : FLAG FOR SELECTING HOT-LEG COOLANT (1=HELIUM) *
2 * iCOOLANT4 : FLAG FOR SELECTING COLD-LEG COOLANT (1=HELIUM, 2=H20) *
1 * IWALL - FLAG FOR STRUCTURAL MATERIAL (1=SS-304/316) *

X
X

*hkxk

* GEOMETRICAL PARAMETERS OF GENERIC HEAT EXCHANGER

*

1 * BCURRENT: 1=COUNTER-CURRENT, <>1 = PARALLEL FLOW HEAT EXCHANGER *
2.70D0 * XL : TOTAL LENGTH OF THE FLOW CHANNELS m *
4.4121D0 * AFLOW2 : FLOW AREA OF HOT-LEG COOLANT CHANNELS (m2) *
3.66D-3 * Dequ2 : EQUIVALENT DIAMETER OF HOT-LEG COOLANT CHANNELS (m) *
0.9651D0 * AFLOW4 : FLOW AREA OF COLD-LEG COOLANT CHANNELS (m2) *
8.00D-3 * Dequ4 : EQUIVALENT DIAMETER OF COLD-LEG COOLANT CHANNELS m) *
10.003D3 * XMASSwl :- MASS OF HOT-LEG OUTER WALLS (kg) *
40.227D3 * XMASSw3 : MASS OF HEAT-EXCHANGE WALLS (kg) *
100.0D0 * XMASSw5 :- MASS OF COLD-LEG OUTER WALLS (kg) *
8.00D-3 * DR1 : THICKNESS OF HOT-LEG OUTER WALLS (m) *
1.50D-3 * DR3 : THICKNESS OF SEPARATION WALLS BETWEEN COOLANT LEGS (m) *
8.00D-3 * DR5 : THICKNESS OF COLD-LEG OUTER WALLS (m) *
EAAEEAIAEA AKX A A XA AKX A AKX A A XA LA A A A A XA XL A XA A AXA A AKX AXAEAAXA A AKX ALAAAAAXAXAAXAAXAXAAXAXAAXAAXAXAAXAAAXALAXAXAXhKx*k
1.7915D3 * Sun2 - UNFINNED, TOTAL HEAT-EXCHANGE AREA ON HOT SIDE (m2) *
11.085D3 * Sfin2 : FINNED, TOTAL HEAT-EXCHANGE AREA ON HOT SIDE (m2) *
2 * 1FIN2 : HOT FINS TYPE (1=STACKED MATRICES, 2=ADIABATIC TIP) *
4.455D-3 * XLfin2 : LENGTH OF HOT-SIDE FINS m *
0.50D-3 * dFIN2 : THICKNESS OF HOT-SIDE FINS (RECTANGULAR FINS) (m) *
1.3029D3 * Sun4 : UNFINNED, TOTAL HEAT-EXCHANGE AREA ON COLD SIDE (m2) *
0.0D0 * Sfin4d : FINNED, TOTAL HEAT-EXCHANGE AREA ON COLD SIDE (m2) *
2 * 1FIN4 : COLD FINS TYPE (1=STACKED MATRICES, 2=ADIABATIC TIP) *
1.0D-2 * XLfin4 : LENGTH OF  COLD-SIDE FINS m *
0.8D-3 * dFIN4 : THICKNESS OF COLD-SIDE FINS (RECTANGULAR FINS) m *
10 * Nz  NUMBER of DISCRETIZATION NODES ALONG FLOW CHANNELS *
**** NUMERICAL SOLUTION PARAMETERS skttt ddddoboddddddsdotdohdddttx
* TYPE OF MOMENTUM CONSERVATION EQUATION APPROXIMATION *
1 * ISIMPLE : O=SIMPLE 1=SIMPLEC APPROXIMATION *
EAEAEEAXEAXAEAAEA AKX A AKX AAXA AL A AXAAAXAAXAAXAA AKX A AKX AXAEAAXAAAXAAXAAAXAAXAXAAXAAXAXAAXAAAXAAAXAAXAXAAXALAXAAAXKx*X
30 * IOKMAX = NUMBER OF TEMPERATURE-COUPLING INTERNAL ITERATIONS *
1.D-12 * CVGSIMPL = max|M®*] FOR CONVERGENCE OF SIMPLEC INTERNAL ITERATIONS *
3 * INTERMAX = MAXIMUM NUMBER OF SIMPLEC INTERNAL ITERATIONS *
1.0D2 * CVGenth = max]Sh] FOR CONVERGENCE OF ENERGY INTERNAL ITERATIONS
3 * ITERhMAX = MAXIMUM NUMBER OF ENERGY INTERNAL ITERATIONS *

B L S S = =

* EE R S

o S S S s =

*hKhkKkk

B e S S s =



* TOTAL NUMBER of CELLS in the TRANSVERSE DIRECTION *
* TOTAL NUMBER of CELLS in the AXIAL DIRECTION *

EAEAEEAIXEA AKX EAAEAAXA A AKX AAXA AL A AKX EAA XA AXAAXAA AKX A AKX AXAEAAXAAAXAAXLAAAXAAXAXAAXAAXAXAAXAAAXAAAXAAXAAAXALAXAAAXx*X

* CELLS TRANSVERSE POSITION (START FROM HOT LEG WALL) [DIMENSIONS in METER m] *

EAEAEEAXEAXEAAEAAXA A AKX AAXA AL A AAAA XA AL AKX A AXAEA AKX AXAXAAXAAAXAALAEAAXAAXAXAAXAAXAXAAXAAAXAAAXAAAAAXALAXAAAhKx*X

* CELLS AXIAL POSITION (START FROM HOT LEG ENTRANCE) [DIMENSIONS in METER m] *

EAEAEEIEAXAA X AKX A AKX AA XA LA A A A AA XXX A XA A AXA A AKX AXAEAAXAAAXAALAEAAXAAXAXAAXAAXAXAAXAXAAXAAXAXAAAAAXALAXAAKhKx*X

EAEAEEIEA AKX A A XA XA A AKX A A XA LA A A A A A A A XL A XA A A XA A XA XA AXA A AKX AL A XA AXAXAAXAAXAXAAXAXAAXAAAXAAAXAAXALAXAXAXKx%X

* PARAMETERS FOR OUTPUT DISPLAY *

B X s R R

1 * BIPRINT (STORAGE IN "##### _TIME™ FILES EVERY iPRINT ITERATIONS) *
**** COLD-LEG PRESSURE VARIATION WITH TIME **

4 * iLpress = i-COORDINATE OF THE POSITION CONSIDERED (PRESS.TIME) *
1 * jLpress = jJ-COORDINATE OF THE POSITION CONSIDERED *
2 * 1Vpress = i-COORDINATE OF THE POSITION CONSIDERED (PRESS.TIME) *
10 * JVpress = j-COORDINATE OF THE POSITION CONSIDERED *
**** TEMPERATURE VARIATION WITH TIME “asssokdststobdkrddttddx
4 * ITEMP = i-COORDINATE OF THE POSITION CONSIDERED (TEMP.TIME) *
1 * JTEMP = j-COORDINATE OF THE POSITION CONSIDERED *
2 * iUz = 1-COORDINATE OF THE POSITION CONSIDERED (GAXIAL.TIME) *
10 * juz = J-COORDINATE OF THE POSITION CONSIDERED *

E R e
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APPENDIX L: INPUT FILE “HX.INP”
FOR HE/HE RECUPERATOR

**** INPUT FILE OF THE GENERIC HEAT EXCHANGER MODEL
* Test of a helium/helium plate-fin recuperator (triangular stacked matrices)*

EE R e

*h K hkhdhkk

1 * IFLAG13=1 : GENERATE COMPLETE FILES "*_OUT" FOR DEBUGGING *
1 * BCOOLANT2 : FLAG FOR SELECTING HOT-LEG COOLANT (1=HELIUM) *
1 * 1ICOOLANT4 : FLAG FOR SELECTING COLD-LEG COOLANT (1=HELIUM, 2=H20) *
1 * IWALL : FLAG FOR STRUCTURAL MATERIAL (1=SS-304/316) *

X
X

*hkxk

* GEOMETRICAL PARAMETERS OF GENERIC HEAT EXCHANGER

*

1 * iCURRENT: 1=COUNTER-CURRENT, <>1 = PARALLEL FLOW HEAT EXCHANGER *
3.90D0 * XL : TOTAL LENGTH OF THE FLOW CHANNELS (m *
6.9995D0 * AFLOW2 : FLOW AREA OF HOT-LEG COOLANT CHANNELS — (m2) *
2.04D-3 * Dequ2  : EQUIVALENT DIAMETER OF HOT-LEG COOLANT CHANNELS  (m) *
6.9995D0 * AFLOWA : FLOW AREA OF COLD-LEG COOLANT CHANNELS — (m2) *
2.04D-3 * Dequ4  : EQUIVALENT DIAMETER OF COLD-LEG COOLANT CHANNELS  (m) *
4.530D3 * XMASSwWl : MASS OF HOT-LEG OUTER WALLS (kg) *
289.89D3 * XMASSW3 : MASS OF HEAT-EXCHANGE WALLS (k@) *
4.530D3 * XMASSW5 : MASS OF COLD-LEG OUTER WALLS (k@) *
2.00D-3 * DR1 : THICKNESS OF HOT-LEG OUTER WALLS (m *
0.80D-3 * DR3 : THICKNESS OF SEPARATION WALLS BETWEEN COOLANT LEGS (m) *
2.00D-3 * DR5 : THICKNESS OF COLD-LEG OUTER WALLS (m *
AAEEAEAAAAAAAAAA A A AR AL A AR A A A AAA LA A AAA AR AAALAAAAAAAAAALAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAKX
20.909D3 * Sun2 : UNFINNED, TOTAL HEAT-EXCHANGE AREA ON HOT SIDE  (m2) *
32.529D3 * Sfin2 :  FINNED, TOTAL HEAT-EXCHANGE AREA ON HOT SIDE  (m2) *
1 * iFIN2  : HOT FINS TYPE (1=STACKED MATRICES, 2=ADIABATIC TIP)  *
3.409D-3 * XLfin2 : LENGTH OF  HOT-SIDE FINS m *
0.50D-3 * dFIN2  : THICKNESS OF HOT-SIDE FINS (RECTANGULAR FINS) (m *
20.909D3 * Sun4  : UNFINNED, TOTAL HEAT-EXCHANGE AREA ON COLD SIDE  (m2) *
32.529D3 * Sfin4 :  FINNED, TOTAL HEAT-EXCHANGE AREA ON COLD SIDE  (m2) *
1 * iFIN4  : COLD FINS TYPE (1=STACKED MATRICES, 2=ADIABATIC TIP)  *
3.409D-3 * XLfin4 : LENGTH OF  COLD-SIDE FINS m *
0.50D-3 * dFIN4  : THICKNESS OF COLD-SIDE FINS (RECTANGULAR FINS) (m *
10 * Nz : NUMBER of DISCRETIZATION NODES ALONG FLOW CHANNELS *
xk NUMERICAL SOLUTION PARAMETERS kst seotstestskestshsteshse sk sekee ek e e e e
* TYPE OF MOMENTUM CONSERVATION EQUATION APPROXIMATION *
1 * iSIMPLE : O=SIMPLE 1=SIMPLEC APPROXIMATION *
AEEEAAAAAAAAAA A A AAA LA A AAA A A AAALAAAAAAAAAALAAAAAAAAAALAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAX
30 * JOKMAX = NUMBER OF TEMPERATURE-COUPLING INTERNAL ITERATIONS *
1.D-12 * CVGSIMPL = max|M*| FOR CONVERGENCE OF SIMPLEC INTERNAL ITERATIONS *
3 * INTERMAX = MAXIMUM NUMBER OF SIMPLEC INTERNAL ITERATIONS *
1.0D2 * CVGenth = max|Sh|] FOR CONVERGENCE OF ENTHALPY INTERNAL ITERATIONS
3 * ITERhMAX = MAXIMUM NUMBER OF ENTHALPY INTERNAL ITERATIONS *

S S = s = EE R S

o S S S s = *hKhkKkk

* ELEMENTARY CHECK-UP OF HEAT EXCHANGER GEOMETRY (DO NOT FILL IN THIS PART) *




* TOTAL NUMBER of CELLS in the TRANSVERSE DIRECTION *
* TOTAL NUMBER of CELLS in the AXIAL DIRECTION *

EAEAEEAIXEA AKX EAAEAAXA A AKX AAXA AL A AKX EAA XA AXAAXAA AKX A AKX AXAEAAXAAAXAAXLAAAXAAXAXAAXAAXAXAAXAAAXAAAXAAXAAAXALAXAAAXx*X

* CELLS TRANSVERSE POSITION (START FROM HOT LEG WALL) [DIMENSIONS in METER m] *

EAEAEEAXEAXEAAEAAXA A AKX AAXA AL A AAAA XA AL AKX A AXAEA AKX AXAXAAXAAAXAALAEAAXAAXAXAAXAAXAXAAXAAAXAAAXAAAAAXALAXAAAhKx*X

* CELLS AXIAL POSITION (START FROM HOT LEG ENTRANCE) [DIMENSIONS in METER m] *

EAEAEEIEAXAA X AKX A AKX AA XA LA A A A AA XXX A XA A AXA A AKX AXAEAAXAAAXAALAEAAXAAXAXAAXAAXAXAAXAXAAXAAXAXAAAAAXALAXAAKhKx*X

EAEAEEIEA AKX A A XA XA A AKX A A XA LA A A A A A A A XL A XA A A XA A XA XA AXA A AKX AL A XA AXAXAAXAAXAXAAXAXAAXAAAXAAAXAAXALAXAXAXKx%X

* PARAMETERS FOR OUTPUT DISPLAY *

B X s R R

2 * BIPRINT (STORAGE IN "##### _TIME™ FILES EVERY iPRINT ITERATIONS) *
**** COLD-LEG PRESSURE VARIATION WITH TIME **

4 * iLpress = i-COORDINATE OF THE POSITION CONSIDERED (PRESS.TIME) *
10 * jLpress = jJ-COORDINATE OF THE POSITION CONSIDERED *
2 * 1Vpress = i-COORDINATE OF THE POSITION CONSIDERED (PRESS.TIME) *
1 * JVpress = j-COORDINATE OF THE POSITION CONSIDERED *

**** TEMPERATURE VARIATION WITH TIME “asssokdststobdkrddttddx

3 * ITEMP = i-COORDINATE OF THE POSITION CONSIDERED (TEMP.TIME) *
5 * JTEMP = j-COORDINATE OF THE POSITION CONSIDERED *
4 * iUz = 1-COORDINATE OF THE POSITION CONSIDERED (GAXIAL.TIME) *
1 * juz = J-COORDINATE OF THE POSITION CONSIDERED *

E R e
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APPENDIX M: SUBROUTINE HX_INPUT

Please contact Sal Rodriguez at (505) 284-2808 (e-mail: sbrodri@sandia.gov), or Randall
O. Gauntt at (505) 284-3989 (e-mail: rogaunt@sandia.gov), or Gary Rochau at (505) 845-7543
(e-mail: gerocha@sandia.gov) for a request to use the FORTRAN subroutines.
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APPENDIX N: SUBROUTINE INITIALIZE

Please contact Sal Rodriguez at (505) 284-2808 (e-mail: sbrodri@sandia.gov), or Randall
O. Gauntt at (505) 284-3989 (e-mail: rogaunt@sandia.gov), or Gary Rochau at (505) 845-7543
(e-mail: gerocha@sandia.gov) for a request to use the FORTRAN subroutines.
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APPENDIX O: SUBROUTINE HEAT_EXCHANGER

Please contact Sal Rodriguez at (505) 284-2808 (e-mail: sbrodri@sandia.gov), or Randall
O. Gauntt at (505) 284-3989 (e-mail: rogaunt@sandia.gov), or Gary Rochau at (505) 845-7543
(e-mail: gerocha@sandia.gov) for a request to use the FORTRAN subroutines.
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APPENDIX P: SUBROUTINE COOLANT_PROPERTIES

Please contact Sal Rodriguez at (505) 284-2808 (e-mail: sbrodri@sandia.gov), or Randall
O. Gauntt at (505) 284-3989 (e-mail: rogaunt@sandia.gov), or Gary Rochau at (505) 845-7543
(e-mail: gerocha@sandia.gov) for a request to use the FORTRAN subroutines.
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APPENDIX Q: SUBROUTINE WALL_PROPERTIES

Please contact Sal Rodriguez at (505) 284-2808 (e-mail: sbrodri@sandia.gov), or Randall
O. Gauntt at (505) 284-3989 (e-mail: rogaunt@sandia.gov), or Gary Rochau at (505) 845-7543
(e-mail: gerocha@sandia.gov) for a request to use the FORTRAN subroutines.
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APPENDIX R: SUBROUTINE NUSSELT_NUMBER

Please contact Sal Rodriguez at (505) 284-2808 (e-mail: sbrodri@sandia.gov), or Randall
O. Gauntt at (505) 284-3989 (e-mail: rogaunt@sandia.gov), or Gary Rochau at (505) 845-7543
(e-mail: gerocha@sandia.gov) for a request to use the FORTRAN subroutines.
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APPENDIX S: SUBROUTINE UNM_KINETICS

Please contact Sal Rodriguez at (505) 284-2808 (e-mail: sbrodri@sandia.gov), or Randall
O. Gauntt at (505) 284-3989 (e-mail: rogaunt@sandia.gov), or Gary Rochau at (505) 845-7543
(e-mail: gerocha@sandia.gov) for a request to use the FORTRAN subroutines.
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APPENDIX T: SUBROUTINE GAUSSB

C +++
AEEAAAAAAAAAAAAAAAAAAAAAAAAAAAALAAAAAAALAAAAAAALAAAAAAXALAAXAAAAXAAAXAAAAXALAAXAAAAXAXX
C o+t * SOLUTION OF A BANDED LINEAR SYSTEM [A]1*[X]1=[B]

*

C +++ * USING THE GAUSS ELIMINATION WITH OPTIONAL PARTIAL PIVOTING

*

C +++

A A A A A A A A A A A A A A A A A A A A AA A A A A A AALAAAAAAAXTAAAAAALAAAAAAAITAAAAAAIAAAAAA A LA XhdhhX

SUBROUTINE GAUSSB(10,A,NN,B,X,N,p, IPIVOT,NORMROW,
& EPS, ISTATUS,, NPERMUT)

IMPLICIT DOUBLE PRECISION(A-H,0-Z) , INTEGER(I-N)

PARAMETER(Mcd=100)

(@)

DIMENSION A(NN,1) , B(1) , X(1)

INTEGER p,pl, jMAX(Mcd), iMAX(Mcd) , q

++++++++++++H+H++
+++ ===> INPUT PARAMETERS <
+++++++++H
+++ 10 : UNIT number of output file "KINETICS.OUT"

+++ [A] : BAND STORAGE OF A SQUARED-MATRIX OF DIMENSION N

+++ [B] : VECTOR SOURCE OF DIMENSION N

+++ NN - NUMBER OF ROWS OF [A] AS SPECIFIED IN THE MAIN PROGRAM
+++ (INSTRUCTION *"DIMENSION'™)
+++ p : UPPER & LOWER BANDWIDTH OF MATRIX [A]

+++ IPIVOT = 1 : PARTIAL PIVOTING (ROW PERMUTATION) ALLOWED
+++ IPIVOT = O : NO PIVOTING ALLOWED

+++ NORMROW = 1 : ROW NORMALIZATION

+++ NORMROW = O : NO NORMALIZATION

+++ EPS : ZERO PRECISION (EVERY NUMBER BELOW EPS IS CONSIDERED NUL)

e O

+++ ===> OUTPUT PARAMETERS <
L o

+++ [X] : VECTOR SOLUTION (DIMENSION N, CELL NUMEROTATION)

+++ NPERMUT : NUMBER OF PERMUTATIONS IF PARTIAL PIVOTING ALLOWED

+++ ISTATUS O : SOLUTION COMPLETED
+++ ISTATUS -1 - PIVOT BANDii IS NUL (SOLUTION NOT COMPLETED)
e

+++ Normally, the parameter iIFLAG13 = O:
iFLAG13 =0
+++ In the debugging mode, set iFLAG13 = 1 for more detailed printout

o0 eNoNe NN oo NoNoNoNoNoNoNoNo NN RO NN NONONONONONONONONONONONO NS (@)

IF (iFLAG13.EQ.1) THEN
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WRITE(10,*) " @0@@@@@ SUBROUTINE GAUSS 0000@EEE0"
WRITE(10,*) " IPIVOT=",IPIVOT," NORMROW=", NORMROW
WRITE(10,*) " EPS=",SNGL(EPS)

WRITE(I0,*) " NN =",NN," N =",N," p =".p
WRITE(10,*) = *

ENDIF
C
pl = p+l
NPERMUT = 0
C
DO 10 i=1,N
JMAX(i) = MINO( i+p,N)
iMAX(i) = JMAX(i)

10 CONTINUE

DO 20 i=1,N-1

C
C
C

PMAX = DABS(A(i,pl))

IF (IPIVOT.EQ.1) THEN
C +++ SEARCH OF PIVOT ON COLUMN BELOW PIVOT >
ipl = i+pl
KMAX = i
DO 30 k=i+1, iMAX(i)
PKkMAX = DABS(A(k, ip1-k))
IF (PKMAX_.GT.PMAX) THEN
KMAX
PMAX
ENDIF

I
=~

PKMAX
30 CONTINUE

IF (KMAX_NE.i) THEN
C +++ ====> PERMUTATION OF THE LINES KMAX and i
NPERMUT = NPERMUT+1
imKMAX = i-KMAX
IF (iFLAG13.EQ.1)
& WRITE(10,*) "11011 PERMUT i=",i," with k=",KMAX
DO 40 j=pl,MAXO( jMAX(i) , JMAX(KMAX) ) - i + pl

store = A(i,}))
AGiL]) = A(KMAX, j+imKMAX)
A(KMAX, J+imKMAX) = store
40 CONTINUE
C
store = B(i)
B(i) = B(KMAX)
B(KMAX) = store
C
jstore = JMAX(1)
JMAX(iD) = JMAX(KMAX)
JMAX(KMAX) = Jstore
ENDIF
C +++ ====> END OF PERMUTATION OF THE LINES KMAX and i
C

ENDIF

290



C +++
C
C

C +++

C +++

50

OO0

C +++

70
C +++

60

[eNe@!

C +++
20

[@N@)

C +++

C +++

END OF THE LOOP IPIVOT = 1 <

IF (PMAX_.LE.EPS) THEN

====> THE PIVOT 1S NUL ====> ERROR STATUS
ISTATUS = -i
WRITE(10,*) =11IIl KSTATUS=",ISTATUS
RETURN

ENDIF

IF (NORMROW.EQ.1) THEN

DIVIDE LINE i BY THE PIVOT A(i,p+l) ====>
t = 1.DO/A(i ,pl)
B(i) = B(i)*t

DO 50 j=p1,jMAX(i)-i+pl
A(T,J) = AT, J)*t
CONTINUE
ENDIF

GAUSS ELIMINATION >
DO 60 k=i+1,iMAX(i)
imk = i-k
t = -A(k, imk+pl) 7/ A(i,pl)
IF (DABS(t).GT.EPS) THEN
SUBSTRACT Aki * ROWi FROM ROWK : Lk = Lk - Aki*Li ====>
B(k) = B(k) + t*B(i)
JMAX(K) = MAXO( jMAX(K) , JMAX(i) )

DO 70 j=imk+pl+l , JMAX(i)+pl-k
A(k,3) = A(k,J) + TA(,j-imk)
CONTINUE
NOTE : THERE IS NO NEED TO PUT EXPLICITLY A(k,i) = O.
ENDIF
CONTINUE

CONTINUE

PMAX = DABS(A(N,pl))
IF (PMAX.LE.EPS) THEN

====> THE PIVOT IS NUL ====> ERROR STATUS
ISTATUS = -N
WRITECIO,*) "1IIIT KSTATUS=",ISTATUS
RETURN
ENDIF
IF (NORMROW.EQ.1) THEN
DIVIDE LINE N BY THE PIVOT A(N,p+l) ====>
B(N) = B(N)/A(N,p1)
A(N,pl) = 1.DO
ENDIF
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C +++ ====> SOLUTION OF THE RESULTING UPPER TRIANGULAR SYSTEM <====

ISTATUS = 0
IF (NPERMUT.GE.1) THEN
q = 2*p
ELSE
a=p
ENDIF
C
CALL UPPERB(A,NN,B,X,N,p,q)
C
IF (ISTATUS.LT.0) THEN
WRITE(10,*) " @@@@@@@ SUBROUTINE GAUSS 0000G@EE0"
WRITE(10,*) = ====> KSTATUS=", ISTATUS
ENDIF
C
RETURN
END
C +++ * END OF THE SOLUTION OF A BANDED LINEAR SYSTEM [A]*[X1=[B1] *
C +++ * USING THE GAUSS ELIMINATION WITH OPTIONAL PARTIAL PIVOT *
C +++ R T o R R S e
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+++
+++
+++
+++

OO0

20

10

C +++
C +++
C +++

APPENDIX U: SUBROUTINE UPPERB

R R R R R R R R R R R R R AR (AR AR R AR AR R AR R R R R R AR R R R R R AR R AR R AR AR AR R R R AR AR R AR R R R

* SOLUTION OF AN UPPER-TRIANGULAR LINEAR SYSTEM [A1*[X]=[B] *
* (THE MATRIX A as LOWER & UPPER BAND WIDTHS p & Q) *
R o o o e o o e R e e S S S e R e S A R S A R A R R A A A AR R A A
SUBROUTINE UPPERB(A,NN,B,X,N,p,q)

IMPLICIT DOUBLE PRECISION(A-H,0-Z) , INTEGER(I-N)

DIMENSION A(NN,1) , B(D) , X1

INTEGER p,q, pl

pl = p+1
X(N) = B(N)/A(N,pl)

DO 10 §=N-1,1,-1

impl = i-pl

S = 0.DO

DO 20 j=i+1,MINOCi+q,N)

S =8 + A(i,J-impL)*XA)

CONTINUE

X(1) = (B(i) - S) /7 A@,pl)
CONTINUE
RETURN
END
AEAEAAAAAAAAAAAAAAAAAXAAAAAAAXAAAAXAAAXAXAAAXAAAXALAAXAAAAXAAAXAAAAXAAAXAAAAXXX
* END OF THE SOLUTION OF AN UPPER-TRIANGULAR LINEAR SYSTEM *

AEAEAA A A AA A AAAAAAXAAAAXAAAXAAAAXAAAXAAAAXAAAXAAAAXAAAXAAAAIAAAAAAAAAAXAdddX
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