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Lay Abstract

This project aims to develop a initial training workbook for the use of RELAPS and
ASYST system codes in safety analysis. RELAP and ASYST are powerful tools used
for simulating the behavior of complex thermal-hydraulic systems, particularly in
nuclear power plants. But despite its widespread use in academia and industry, these
codes can be challenging for new users due to their complex nature and the multitude
of input options. The workbook will serve as a guide for users as it provides step-by-
step instructions on problem modeling, components descriptions and nodalizations,
input file development, and results analysis. Examples and analytical validation to
enhance new users’ understanding of the relationship of the simulations to the
theoretical solutions are also included. The development of the workbook stemmed
from the recognition of the need for accessible and structured educational resources

for RELAPS and ASYST.



Abstract

In the operation of nuclear reactor, proficient utilization of system code analysis tools
in predicting reactor behaviour is critical for ensuring safe operation and performance
optimization. However, the complexity inherent in these tools often poses a
significant challenge for new users, hindering their ability to navigate and utilize these
systems effectively.

This workbook aims to address this challenge by presenting a comprehensive
training package specifically designed for new users delving into system code
analysis. It provides consistent examples, analytical solutions and results for two
major nuclear reactor system codes (RELAPS5 and ASYST), different models, and
analysis techniques into a single, user-friendly platform. The overarching objective is
to provide prospective nuclear engineers, researchers, and operators with a versatile
and efficient tool that streamlines the process of initial training for reactor system
analysis.

This work provides the much needed structured and accessible training
methodologies to facilitate skill acquisition among new users in nuclear power
engineering. The methodology employed involves description of basic required
components, theoretical background, and simulation results. Essential components of

this training package include the procedural steps, input file development, practical



hands-on exercises and simulated flow cases of reactor components with analytical
validation. Each example provides detailed inputs for modelling steady and transient
conditions for both single, multi-channels, connecting components and systems.

The results of simulations were validated by presenting respective analytical
calculations which show good agreement. Sensitivity studies are also included so
new users can begin gaining intuition on the impact of some of the inputs of
simulation results. Finally conclusions and recommendations for future work are also

included in the final chapter.
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Chapter 1

Introduction

To address the increasing energy demand and cutting down on carbon emission, 22
countries signed a declaration supporting tripling nuclear energy capacity by 2050 at
the 28th Conference of the Parties to the original 1992 United Nations Framework
Convention on Climate Change (COP28, 2024). Presidents and/or senior officials
from several country including Bulgaria Canada, the Czech Republic, Finland, France,
Ghana, Hungary, Japan, South Korea, Moldova, Mongolia, Morocco, the Netherlands,
Poland, Romania, Slovakia, Slovenia, Sweden, Ukraine, the United Arab Emirates,
the UK and the USA signed the document [1]. The Paris Agreement in 2015 promised
to meet the increasing demand using clean and sustainable sources in conjunction
with the Net Zero Emission commitment [2].

To meet this demand, nuclear power generation technologies and assessment
requires constant improvement. Many countries such as the USA, Canada, Russia,
and Japan played a pioneering role in the development of nuclear systems and the
computer codes to support their development [3]. However, accidents at Three Mile
Island, Chernobyl, and Fukushima have proved that continuous improvement of

safety and in the tools to model such events is still needed [5][6][7][67].
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These accidents led to the development of safety principles to ensure safe
operation, and as part of this development the application and validation of systems
codes is important to simulate the plant response to upset conditions [8]. The
application of the safety analysis methods becomes a crucial part of both the plant
design and operation, providing safer yet more efficient solutions to remain
competitive in the market all while complying with regulatory rules [9].

The accurate analysis of system behavior and response in the realm of nuclear
engineering and reactor safety is vital in ensuring the safe and efficient operation of
nuclear power plants [10]. However, since nuclear accident simulations can involve
very extreme conditions, complex geometries, and control system inteventions,
sophisticated software involving a mixture of physical laws and empirical
relationships is needed to accurately simulate such events [11].

Reactor system codes are computational tools used in nuclear engineering to
simulate the behavior of nuclear reactors cooling under normal and adverse conditions
and include models capable of simulating the primary heat transport system,
secondary side and other supporting hydraulic systems, safety system response, and
control logic under various conditions [12]. These codes play a crucial role in reactor
design, safety analysis, operation, and optimization and utilize mathematical models
to simulate the complex physical phenomena occurring within a reactor system,
including thermal-hydraulics, neutronics, and structural mechanics. System analysis
codes employ empirical correlations to close the physical formulation which often
have more unknown variables equations available for the conservation of mass
momentum and energy [13]. Correlations are also used to describe some physical

phenomena which are too complex to model on first-principles (e.g., CHF) [10].
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Reactor system codes find applications across various stages of a reactor's lifecycle,
including design, licensing, operation, and decommissioning [12].

The motivation behind this research stems from the limitations and complexities
inherent in the current state of reactor analysis tools and how new users can begin to
understand such codes. These tools typically requiring extensive expertise and time-
consuming efforts to navigate and integrate information across multiple platforms.
Furthermore, the need for a more accessible and unified training framework becomes
evident with the increasing complexity of reactor designs, coupled with the demand
for quality assurance in safety evaluations and regulatory compliance [12][15]. While
formal training courses exist, there is still a need for less formal and self-led tutotrials
to get new users up and running in their work.

This thesis provides a Reactor System Code Analysis Workbook that aims to
overcome these challenges by offering a cohesive platform of sample problems of
gradually increasing complexity. It provides the specific inputs for two of the popular
thermal hydraulics system code and models, allowing users to perform multifaceted
analyses covering different aspects of reactor behavior, transient scenarios, and safety
assessments.

The anticipated outcomes of this research endeavor include the creation of a
versatile, user-centric, and robust platform for reactor system analysis. This workbook
will not only simplify the analysis process for users but also foster better decision-
making, improved safety assessments, and optimization of reactor designs. By
facilitating a more holistic understanding of reactor behavior through comprehensive
analysis, the Reactor System Code Workbook seeks to advance the field of nuclear

engineering and contribute to safer and more efficient nuclear power generation.
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1.1 Overview of RELAPS and ASYST System Codes

1.1.1 The Reactor Excursion and Leak Analysis Program (RELAP 5)

RELAPS (Reactor Excursion and Leak Analysis Program) is a computer code widely
used in the nuclear engineering field for the simulation and analysis of nuclear reactor
systems which solves the overall steady state and transient behaviour of the systems
through a finite-volume approximation to the conservation of mass, momentum and
energy [12]. It also includes capability to analyze the control system, point kinetic
neutronic behaviour, and general heat structures (i.e., heat transfer to solid bodies).
Originally developed by the United States Nuclear Regulatory Commision (NRC) is
has the capability to analyze light water and heavy water nuclear reactors, including
pressurized water reactors (PWRs), boiling water reactors (BWRs), and advanced
reactor designs. Over its history it has undergone several modifications and the
version used in this thesis is independently maintained and developed by ISS based in
Idaho Falls, USA [17].

Although developed for light water reactors (PWR/BWR), the code is a flexible
tool for large reactor nuclear system simulations, SMRs, and also for small scale test
facilities [17]. It provides advanced thermal hydraulic modeling capabilities to
simulate the behavior of coolant flow, heat transfer, phase changes and transient
conditions such as reactor startups, shutdowns, power maneuvers, loss-of-coolant
accidents (LOCAs), and other abnormal operating scenarios within reactor system
[12]. In addition, RELAP has the capability to model complex phenomena such as
two-phase flow, thermal stratification, boiling, condensation, and heat exchange in

various reactor components, including reactor cores, steam generators, pumps, and
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heat exchangers. Users can model entire nuclear reactor systems, including primary
and secondary coolant loops, reactor cores, steam turbines, and balance of plant
components.

Computational method in RELALP employ advanced numerical analysis to solve
the governing equations of fluid dynamics and heat transfer, including finite
difference methods (FDM) for discretizing the solid domain and implicit time
integration schemes for solving transient problems. It uses a two-fluid, six-equation
formulation to model two-phase flow and phase change phenomena accurately (i.e.
mass-momentum-energy are conserved for each of the fluid phases with additional

equations to handle phase-to-phase exchange)[12].

1.1.2 RELAP for CANDU Reactor

The design peculiarities of CANDU type reactors, especially the horizontal fuel
channel and the moderator separated from the coolant do not allow a straightforward
application of the advanced core degradation models. But the analysis of design basis
accidents and the modelling of experiments in specially designed facilities can be
successfully perform [18, 19]. The major thermal hydraulic phenomena for the key
CANDU events and the modeling limitation of the RELAPS has been improved and
developed as RELAP/CANDU for CANDU application in the (1) Critical Flow
Model: This was adapted to better represent the flow characteristics in CANDU
reactor systems (2) Nuclear Kinetics Model: The decay heat model was updated to
include the ANS94-4 model, which accounts for the Pu241 contribution, making it
more suitable for CANDU reactors (3) Critical Heat Flux Model: This was improved

to better represent the heat transfer in CANDU's horizontal fuel channels (4) Reactor
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Core Control Model: A digital sampling model was implemented in the control
function to enhance reactor core control simulations (5) Valve and Spray Model: The
motor-operated valve model was improved, and a pressurizer spray model was
implemented (6) Improvement of Horizontal Flow Regime Map: This was specifically
enhanced to model the unique horizontal fuel channels in CANDU reactors(7) Heat
Transfer Model in Horizontal Channel: A CANDU-specific 37-element fuel bundle
heat transfer model was implemented to better represent heat transfer in the horizontal
fuel channels [20][21]. Additionally, the channel model was improved, which
enhanced the applicablity of the code for CANDU fuel channel analysis where flow
stratification phenomena become important [20]. These adaptations allow for more
accurate modeling of CANDU reactor behavior, particularly in accident scenarios and
safety analyses [19]. This code is based on the REIAP5/MOD3.2.2 gamma version,
presented in FORTRAN90 language [20] which offers more advanced programming
features compared to earlier FORTRAN versions, potentially leading to improved

code organization and readability .

1.1.3 Adaptive SYStem Thermal hydraulics (ASYST)

Similar to the RELAPS, Adaptive SYStem Thermal hydraulics (ASYST) is a
computer code developed for the simulation and analysis of thermal hydraulic
behavior in nuclear reactor systems. ASYST is a new code that combines the
capabilities of RELAP for design basis transients with the tools SCDAPSIM and
SAMPSON for beyond design basis analysis[22][23]. The ASYST-THA thermal
hydraulic module has replaced the previously used US NRC-developed RELAPS code

in RELAP/SCDAPSIM/MOD3.x and the THA code in SAMPSON. It introduces new
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system-level hydrodynamic options, including advanced multi-dimensional and multi-
fluid models initially developed by the Institute of Safety and Security (ISS) and the
Institute of Applied Energy (IAE). ASYST provides reactor-specific modeling options
that include modules for (a) core and fuel assembly structures, (b) late-phase debris
and melt relocation, (c¢) containment systems including melt spreading and
interactions between molten core and concrete, and (d) fission product release and
transport[22]. The module for core/fuel assembly behavior is based on derivatives of
SCDAPSIM/MOD3.x models and correlations. The late-phase debris/melt relocation
module combines 2D models from SCDAPSIM/MOD3.x with 3D models from

SAMPSON MCRA, DCA, and DSA.

The fission product release and transport module integrates models from both
SCDAPSIM/MOD3.x and SAMPSON. The core-concrete interaction module
combines a SCDAPSIM-based porous media model with SAMPSON's Debris-
Concrete Interaction (DCRA) models and correlations. ASYST-THA describes the
thermal hydraulic behavior of the reactor vessel, coolant system, and containment,
incorporating SAMPSON's modules for hydrogen combustion (HYNA), hydrogen
detonation (DDOC), and steam explosions (VESUVIUS). The development of
ASYST is supported by funding and technical contributions from the international
SCDAP Development and Training Program (SDTP). This tool is designed to offer
advanced modeling capabilities for analyzing both transient and steady-state
conditions across various reactor types, including pressurized water reactors (PWRs),
boiling water reactors (BWRs), heavy water moderated reactors, and advanced reactor

designs.



M.A.Sc. Thesis — S. Bello; McMaster University — Department of Engineering
Physics

The development of ASYST is supported by the international SCDAP
Development and Training Program (SDTP)[23][24] and aims to offer advanced
modeling capabilities for both transient and steady-state analyses across various
reactor types, including PWRs, BWRs, heavy water moderated reactors, and advanced
reactor designs. It is worth noting that ASYST is described as a detailed integral
BEPU (Best Estimate Plus Uncertainty) accident analysis code, which aligns with the
SDTP's focus on advanced safety analysis methods including uncertainty assessment
capabilities. ASYST incorporates advanced thermal hydraulic modeling capabilities
to simulate the behavior of coolant flow, heat transfer, and phase changes within
nuclear reactor systems. Its models complex phenomena similar to RELAP such as
two-phase flow, thermal stratification, boiling, condensation, and heat exchange in

reactor components.

The adaptive mesh refinement (AMR) techniques aid to dynamically refine and
coarsen the computational mesh based on the local flow and thermal conditions. AMR
allows for increased spatial resolution in regions of interest, improving the accuracy
and efficiency of simulations by focusing computational resources where they are
most needed. Supports multi-physics coupling, allowing for the simultaneous
simulation of fluid dynamics, heat transfer, neutronics, and other relevant physical
phenomena[22]. This capability enables comprehensive analysis of reactor behavior
under coupled thermal hydraulic and neutron kinetics effects, facilitating more

realistic and integrated simulations.

Similar to RELAPS, ASYST is typically used in conjunction with a graphical

user interface (GUI) that provides a user-friendly environment for defining input data,
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running simulations, and visualizing results undergoes rigorous verification and
validation (V&V) against experimental data, benchmark problems, and operational
experience to ensure its reliability and accuracy. The code's predictive capabilities are
validated for a wide range of reactor designs, operating conditions, and transient
scenarios, providing confidence in its use for safety analysis and design assessment
[27]. It is employed by nuclear power plant operators, regulatory agencies, research
institutions, and engineering firms for analyzing reactor behavior under normal and
abnormal operating conditions, assessing safety margins, and optimizing reactor

performance.

1.2 Objectives

The motivation behind developing a workbook for RELAPS and ASYST stems from
the need for structured and accessible educational resources. The primary objective is
to provide a comprehensive guide for new users on their initial training in the use of
RELAPS for thermal hydraulic analysis and serve as reference material for existing
users. The workbook aims to model and simulate several cases of fluid flow and heat
transfer starting with a simple 1-D pipe flow to a more complex multiple connected
pipe and loop with heated and non-heated structures and branches. It is our objective
to ensure new user are equiped with the basic knowledge of components in the system
code. A step by step approach to develop input file for simulation will be outline and
simulation results presented while sensitivity analysis of each cases model and
simulated are carried out to assure the workbooks fidelity and to provide new users
with an opportunity to gain intuition on the importance of some of the key input

parameters..
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1.3 Thesis Structure

The thesis is divided into 6 chapters, which will be briefly described below:

Chapter 1: This chapter serves as the introduction to the thesis. It briefly outlines
the structure of the thesis, emphasizing the motivation behind the work and the
proposed objectives. It provides a short overview of RELAPS and ASYST
System Codes which will be expatiated on in the remaining part of the thesis..
Chapter 2: In this chapter the historical background of system codes early
development are presented. The system codes are then classified in a more
practical approach.

Chapter 3: An extensive literature review is presented in this chapter starting with
a historical development as well as a general overview of nuclear reactor types,
components, and classification while outlining their respective distinct
technologies and safety. This chapter concludes with the need for a consolidated
workbook for reactor system codes analysis.

Chapter 4: This chapter provides general approach to the development of the
system code workbook beginning with the theoretical concepts essential for the
subsequent analysis in the thesis. Understanding the fundamental theory and
governing principle (principle of fluid flow and heat transfer) employed by these
codes is necessary to ensure users are qualified. The hydrodynamic and heat
equations were solved analytically to verify the sample simulated cases results.
This is followed by description of the essential components of the systems code

that’s is adopted in the thesis.
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Chapter 5: This section presents the components modeling of several cases
presenting each cases nodalizations and detailed line-by-line input file
development for each case modeled. Cases include simple pipe to a more
complex multiple pipe connections, and loops with heat structures. Efforts are
directed towards designing a guide that allows for customization according to
user-specific needs.

Chapter 6: Presentation of the simulation results are present for the 25 cases
modeled coupled with the sensitivity analysis. This covers both steady and
transient simulations, heated and non-heated structures, pump simulation, and
loops powered by both pump and TDJ.

Chapter 7: This chapter presents the conclusions drawn from the research and
recommendation for future studies.

The Reactor System Code Analysis Workbook aspires to serve as an invaluable

asset in enhancing safety, and advancing the field of nuclear engineering by

promoting efficient and self-taught usage of the system codes.
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Chapter 2

Background

2.1 Early Development

The initial development and use of reactor system analysis codes, known as the first
generation of reactor analysis tools, marked significant milestones in the history of
nuclear engineering. These early achievements laid the foundation for the
sophisticated computational tools we now use for reactor design, safety analysis, and
operation. Below are some key developmental milestones from the early history of
reactor system analysis [28].

Significant developments took place across the 1960s in the growing ability to
simulate reactor system behaviour using computer-based simulations — paving the
way for future generations of reactor system codes. FLASH-1 (Fast Linear Analysis
and Simulation of Hydraulics), the direct predecessor of RELAP, was the first in this
series of codes, and was only able to use a three-volume simplified model (three
zones with mixing) due to the limited computational power available at the time [28].
FLASH-1 was developed at the Idaho National Laboratory (INL) and the NRC, the

aim being to create a program to manage these fluid dynamics and heat transfer
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processes in reactor system behaviour, especially those under transient and accident
conditions.

RELAP Development: RELAP (Reactor Excursion and Leak Analysis Program,
RELAP) code was developed in the US late 1960s by researchers at the INL to
simulate reactor transients and accidents in pressurised water reactor (PWR). It was
one of the earliest generalised thermal hydraulic system codes for PWRs, containing
two-phase flow models, and state-of-the-art numerical methods (at the time) for
simulating reactor behaviour for a variety of operating conditions.

RELAPSE-1 (RELAP1) was written in FORTRAN IV in 1966 on IBM-7040 and
CDC-660 machines; RELAP2 was developed next in 1968, and was one of the first
dedicated reactor analysis codes (including point kinetics and thermalhydraulics, but
largely using the same three-volume system as RELAP1) [28]

In the 1970s, advanced numerical methods, more representative physical models
and faster computers contributed to system codes maturity. RELAP4 development
included one-dimensional fluid flow modelling and modelling of the cross-flows
important to NPP systems. The Level Swell experiment series of General Electric
(GE), started in the same period, became of high importance for code validation.
Three main thermal hydraulic system codes were developed in the 1980s namely
RELAPS, CATHARE and ATHLET [29][30][31], and CATHENA in Canada,
covering all reactor types and many transient run scenarios.

RELAPS series began with the original RELAP5/MODO in 1979, continued
through the 1980s and the 1990s, with modified versions (MOD1, MODI1.5, MOD?2,
etc.) that were released during those years and included ever-expanding capabilities.

Some of the most advanced versions of the RELAPS5 series, such as the

13
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RELAPS5/MOD3, emerged in the 1990s and represented a major innovations in
geometric flexibility. For instance, in 1996 a three-dimensional three-phase
hydrodynamics code RELAP5-3D was released — it is a fully three-dimensional
hydrodynamics code but was only available through the INL version of RELAPS and
also included inegrated neutron kinetic modelling capabilities characterises the
Reactor-to-Environment and Hydrothermal LOop/Gravity Inclined Flow (REHLI/GIF)
code and includes features such as full three dimensional hydrodynamics, including
piecewise constant cross-sectioning of the control volume — resulting in rectangular,
cylindrical and spherical geometries; variable gravity to model moving systems;
integration with the NESTLE neutron kinetics code that provides volumetric energy
deposition and heating source formulation in the full recirculation transient, and
consistent in terms of grid density and time step lengths; and, the ability to model
alternative boundary conditions for the control volume surfaces at the outlet, where
the energy and mass balances are solved. In the late 1990s, the International RELAP
Users Group (IRUG) was formed to ensure the development of RELAPS5-3D provide
license support and distribute the code. [28][31]

Starting in the 2000s, new multi-physics neutron kinetics, thermal hydraulics, fuel
behaviour and structural mechanical models started to become available for holistic
simulations. RELAP-7 (Reactor Excursion and Leak Assessment Program) code
developed by Idaho National Laboratory (INL) for systems safety analysis was one of
the pioneering codes for multiphysics modelling for the next-generation reactor
systems. The Consortium for Advanced Simulation of Light Water Reactors (CASL)
tools also began developing multiphysics models for next-generation reactor safety

analysis code [32].
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In the 2010s and beyond, we see a large increase in the use of High-Performance
Computing (HPC) resources for system code analysis[32], especially for applications
where the problem is too large and complex to perform a simulation of sufficient
accuracy in an acceptable amount of time. The remarkable pace of computational
developments in the early years of nuclear engineering provided the bases for modern

approaches, some of which still have value for education and research today.

2.2 Key Milestones Achieved by Reactor System Codes

Advanced codes like RELAP-7, developed by Idaho National Laboratory, represent a
new generation of nuclear reactor system safety analysis tools. These codes provide
more accurate and reliable simulations of reactor behavior under both normal and
accident conditions[33]. However a vast majority of safety and operational analysis
are still performed with the RELAPS variant, or other codes of the same vintage (e.g.,
CATHENA).

These codes all incorporate conservation equations, flow regime models, and
advanced numerical methods to predict reactor system performance. A rigorous
verification and validation process has been developed for each reactor analysis code
including comparisons to relevant experiments and code-to-code validation. To ensure
code accuracy and dependability across a range of physical phenomena and accident
scenario, there is the need to performing sensitivity analysis, validation of
experiments, and the creation of validation matrices [34].

Modern codes combine thermal-hydraulics, neutronics, and fuel behavior models
to provide a more comprehensive analysis of reactor systems. This integration allows

for more realistic simulations of complex reactor phenomena. They have been adapted
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and applied to various reactor designs, from low-power research reactors to high-flux
reactors, demonstrating their versatility and importance in reactor safety analysis [34].
The International Atomic Energy Agency (IAEA) has outlined specific milestones for
nuclear power program development, including the establishment of regulatory
frameworks. System codes play a crucial role in meeting these regulatory

requirements and ensuring reactor safety[35][36].

2.3 Classification of Reactor System Codes

According to the NRC[37], the nuclear analysis codes can be categorized based on
discipline such as: Safety Analysis codes, Fuel Behavior Codes, Reactor Kinetic
Codes, Thermal Hydraulics Codes, Severe Accident Codes, Containment Analysis
Codes, Structural Analysis Codes, Probabilistic Safety Assessment (PSA) Codes and
Multiphysics Codes. Expanding on the above classification, this project has provided

an approach to classify reactor system codes based on the following factors;

2.3.1 Based on Physics Model

(a) Neutronics Codes: Employ for the calculation of neutron transport, nuclear
reactions and neutron flux distribution in the reactor core (e.g., MCNP [Monte Carlo
N-Particle Transport Code]; Serpent [68], SCALE [Standardized Computer Analyses
for Licensing Evaluation][38], NESTLE< and PARCS.

(b) Thermal Hydraulic Codes: Thermal hydraulic codes simulate the thermal
hydraulic transients of nuclear reactor plants, ie, they calculate single and two-phase
flow using a 1-dimensional approach to solve the governing equations, the heat

transfer and the entire thermodynamic processes. Examples include: RELAPS
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(Reactor Excursion and Leak Analysis Program); TRACE (Transient Reactor
Analysis Code); CATHARE [30].

() Fuel Performance Codes: These codes model the behavior of nuclear fuel
during reactor operation, including thermal, mechanical, and chemical processes.
Examples include FRAPCON (FRAPCON Nuclear Fuel Performance Code),
FRAPTRAN (Fuel Rod Analysis Program — Transient), and BISON [33].

(d)  Multi-physics Codes: Integrate multiple physics phenomena, such as
neutronics, thermal hydraulics, fuel performance, and structural mechanics, into
comprehensive simulations. Examples include RELAP-7, coupled neutronics thermal
hydraulics codes within CASL (Consortium for Advanced Simulation of Light Water
Reactors), and OpenFOAM-based codes for multi-physics simulations. In addition
flexible finite-volume codes such as GOTHIC are used extensively for containment
analysis where steam flows, temperature, flow paths, and hydrogen migration are all

considered [40].

2.3.2 Based on Computational Methods

(a) Deterministic Codes: Deterministic codes solve the governing equations of
reactor behavior using deterministic methods, which rely on predefined mathematical
models, discretization techniques, and closure equations (if needed). These codes
typically use finite difference, finite volume, or finite element methods to discretize
the spatial domain and explicit or implicit time integration schemes to solve transient
problems. This includes the RELAP, Dynamic 3-Dimension Core Model (DYNED),
Coolant Boiling in Rod Arrays - Two Fluids (COBRA-TF), and Purdue Advanced

Reactor Core Simulator(PARCS) [41].
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(b) Stochastic Codes: Stochastic codes employ probabilistic methods, such as
Monte Carlo simulations, for solving neutron transport and other stochastic processes
in nuclear reactors. These codes use random sampling techniques to simulate the
behavior of neutrons and other particles, providing accurate solutions to complex
reactor problems involving neutron transport. Examples include MCNP (Monte Carlo

N-Particle Transport Code), OpenMC, and Serpent [42].

2.3.3 Based on Application Area

(a) Safety Analysis Codes: The Safety analysis codes are computational tools
specifically designed to assess the safety of nuclear reactors under various operating
conditions and transient scenarios. These codes play a critical role in assessing
nuclear reactor system performance, in evaluating design safety margins, and in
meeting licensing requirements. In safety analysis codes, one evaluates the behaviour
of a nuclear reactor system in accident and abnormal conditions scenarios by
following all features, including changes, of the reactor response and safety systems
during normal operating conditions and in accident and abnormal conditions. Trace
Operational Support Codes TRACE (Transient Reactor Analysis Code): A thermal
hydraulic system code maintained by the U.S. Nuclear Regulatory Commission (NRC)
for safety analysis and associated operational support and licensing of light water

reactors (LWRs)[35][39].

(b) Serve Accident or Beyond Design Basis Codes: These codes are used to
model and analyse beyond the normal design and operational conditions of a nuclear

reactors. They are vital for understanding and mitigating the impact of extreme
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accidents that can lead to a core melt down, containment failure, and release of
significantly radioactive materials. These codes are integral part of the ongoing efforts
in enhancing nuclear reactor safety. Examples of these are MELCOR (Methods for
Estimation of Leakages and Consequences of Releases), ASYST, ATHLET-CD
(Analysis of Thermal-hydraulics of LEaks and Transients with Core Degradation) and
MAAP (Modular Accident Analysis Program) [43].

(©) Design Optimization Codes: These are computational tools used in nuclear
engineering to optimize the design of nuclear reactors for enhanced performance,
safety, and efficiency. These codes minimize (or maximise) an objective function that
represents some performance metric or engineering objective function of reactor
design conditioned on some set of inputs that is a function of some set of inputs
(reactor design) called a design vector (the design variables: parameters or variables
reflecting the design of the reactor, for example, arrangements of fuel assembly,
positions of the control rods, flow rates of coolant, dimensions of the reactor core,
enrichment of fissile fuel atoms) which are usually continuous but can be discrete.[44]
Some commonly used algorithms for optimisation problems in nuclear reactor design
include gradient-based methods (for example, gradient descent and Newton’s method),
evolutionary algorithms (such as genetic algorithms and particle swarm optimisation)
and stochastic optimisation methods. Examples includes, Dakota, GATUNA (Genetic
Algorithm for Time-Dependent Optimization and Nonlinear Analysis) and CONDOR
(Core Optimization by Differential Evolution and Reactor analysis) [45]

(d) Operational Support Codes: Operational support codes provide real-time or
near-real-time monitoring and analysis of reactor performance during normal

operation, assisting operators in optimizing reactor operation and diagnosing
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operational issues. They are computer simulation codes used by nuclear power plant
operators and engineers to assist them during reactor operation. Various operational
scenarios are simulated with their codes, which provide real-time or near-real-time
monitoring of reactor behaviour and data analysis at the operational site during
normal operation to aid operators in optimising reactor operation and diagnosing
operational problems. RETRAN, a simple 1D approach to system analysis using drift
flux models, is often used in the USA to perform operational assessments and
optimization.

(e) Research and Development Codes: Research and development (R&D) codes
in nuclear engineering are computational tools used for advanced studies, innovation,
and technology development in the field of nuclear energy supporting the
development of new reactor technologies and methodologies. These codes are
designed to investigate fundamental physics phenomena, explore novel reactor
designs, develop advanced fuel cycles, and evaluate innovative safety features.
Examples are SCALE (Standardized Computer Analyses for Licensing Evaluation)
and ORIGEN developed by Oak Ridge National Laboratory for nuclear reactor
physics analysis and isotopic inventory and decay heat calculations in nuclear fuel and
materials [46] are examples of codes used in R&D, but also have licensing and
operational support uses as does RELAP, TRACE and other thermal hydraulic codes.

® Commercial Codes: Commercial reactor system codes are proprietary
software packages developed and sold by commercial vendors for use in the nuclear
industry. Commercial and research codes in nuclear engineering serve different
purposes and are developed with distinct objectives, target users, and characteristics.

The primarily purpose are such as licensing support, engineering design, operational
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support, and safety analysis in the nuclear industry. These codes often have a wide
range of features, capabilities, and modules to support various applications in nuclear
reactor analysis, thermal hydraulics, neutronics, fuel performance, and safety analysis
as discussed in previous sections. These may include codes like FLUENT and
StarCCM in the CFD realm, and RELAP5-3D from Idaho National Labs in the system

thermal hydraulic area.

2.3.4 Based on Specific Reactor Types

The CANDU Codes are computational tools specially developed for the analysis,
simulation and optimisation of CANDU-type nuclear reactors. CANDU’s utilize
natural uranium fuel, heavy water moderator and coolant, and have on-power
refuelling capability. They also offer exceptional flexibility in terms of fuel cycles
with options to burn natural uranium, spent fuel from LWR reactors, MOX fuels and
even thorium based fuels. The flexibility emanates from CANDU’s reactor design, its
control and instrumentation system, the fuel management scheme and the operating
strategy. CANDU Industry Standard Toolset (IST) codes is a collection of codes
combined to form a computerised design and analysis system for reactor physics,
thermal hydraulics, fuel management and safety analysis in CANDU reactors. Some
examples are: CATHENA (Canadian Algorithm for Thermal Hydraulic Evaluation of
Nuclear Applications): AECL’s thermal hydraulic code for safety analysis and
thermal hydraulic evaluation of CANDU reactors [47], WIMS-AECL for neutronic
lattice calculations, and ELOCA for CANDU fuel behaviour modelling.

PWR-specific codes are targeted at simulating pressurized water reactors behaviour

which include PWR core models, primary and secondary coolant loops, and safety
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systems for a wide range of steady-state and transient scenarios. BWR codes centered
on modeling the characteristics of BWRs, such as two-phase flow dynamics, void
fraction effects, and recirculation loop behavior (e;.g. TRAC-G from General
Electric). Advanced reactor codes are tools used to simulate the behaviour of the next
generation of reactor designs — small modular reactors (SMRs), high-temperature gas-

cooled reactors (HTGRs) and molten salt reactors (MSRs)[61][63].

2.4 Significance of Reactor System Codes Analysis

Nuclear reactors are producing essential electrical power to the world, is reliable, and
does not release significant CO2. So the analysis of nuclear reactor system codes is
playing an important role in nuclear engineering field for reliability and safety of the
complex reactor systems. The following are some of the significant uses of reactor

system codes.

2.4.1 Design Optimization

Reactor system analysis is performed early on as part of the design of a nuclear
reactor. At this stage, the reactor engineer performs thermal hydraulic (flow of heat)
simulations at the detailed level to understand how different reactor core
configurations, coolant flow paths and distributions of heat across the reactor can be
optimised to generate the most energy with the least amount of thermal stresses and
adequate safety margins. Neutronics simulations are also performed to optimise the
design of the reactor core, the arrangement of nuclear fuel, the power profile, and
various control mechanisms so as to produce the required power level with the

required fuel burnup. These codes are used during the design phase of nuclear reactors

22



M.A.Sc. Thesis — S. Bello; McMaster University — Department of Engineering
Physics

to optimize system performance, safety, and efficiency [48]. By simulating different
design configurations, operating conditions, and control strategies, engineers can
identify design improvements, enhance thermal hydraulic performance, and optimize

reactor operation for maximum efficiency.

2.4.2 Reactor Operation

Reactor system analysis is involved in the effective operation of nuclear reactors by
analysing data from online monitoring systems, performing diagnostics and predictive
analysis. These systems integrate the reactor instrumentation-data with the predictive
models and analyse them to evaluate the reactor’s performance, diagnose anomalies,
and optimise the operational parameters to get the maximum output. Advanced
control systems utilize reactor system models to regulate reactor power levels, control
reactivity, and maintain reactor stability under varying load conditions [49]. Training
simulators for licensed operating staff also utilize the modelling capabilities in order
to virtually assess operators performance to anomalous conditions. Finally, power
plant data can be used for integral-level validation of various aspects of the TH code
being assessed. Operational simulations can also assists the operators in optimising
the reactor conditions like fuel burnup, diagnosing operational problems and creating

operational procedures for safe and efficient reactor operation (50).

2.4.4 Safety Assessment

Reactor system codes analysis is essential for evaluating the safety of nuclear reactor
designs and operations under various transient and accident conditions, and are an

important part in the reactor licensing process. It allows engineers to simulate and

23



M.A.Sc. Thesis — S. Bello; McMaster University — Department of Engineering
Physics

analyze potential scenarios such as loss-of-coolant accidents (LOCAs), control rod
ejections, reactor startups, and shutdowns to assess safety margins and identify
potential safety vulnerabilities [52]. Severe accident analysis simulations assess the
consequences of core meltdown scenarios, containment integrity, and radioactive
release pathways to inform emergency planning and mitigate radiological hazards
[51]. Licensing applications of the codes are numerous and also include validation

steps to ensure code accuracies are well quantified.

2.4.5 Accident Management

Reactor system codes (RSC) development is also aimed at improving accident
management strategies and for responding to abnormal and emergency conditions in
real time for reactors. In other words, engineers can improve accident mitigation
strategies and emergency response procedures by simulating the accident under

various scenarios and analysing the possible consequences [53].

2.4.6 Licensing Support

Notably, reactor system codes analyses are part of licensing efforts for new reactor
designs and for proposed changes to operating reactors. The rationale is
straightforward: as stated by the US Nuclear Regulatory Commission, for safety
analyses of reactors to constitute an adequate basis for licensing, ‘it must be shown
that the analyses were performed using validated codes and methods’. The Agency’s
safety requirements ‘were established to satisfy nuclear safety standards for the

protection of the public health and safety’ [54].
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2.4.7 Training, Research and Development

Reactor system analysis drives innovation and advancements in nuclear reactor
technology through training, research and development activities. Training and
education to familiarize nuclear engineers, operators, and regulators with reactor
behavior and safety principles. This provides a valuable tool for conducting virtual
simulations and training exercises to improve understanding of reactor dynamics,
transient behavior, and safety protocols. The analysis supports efforts in nuclear
engineering by providing a platform for studying new reactor designs, advanced fuel
cycles [55], and innovative safety features. This facilitates the evaluation of new
technologies, materials, and operational strategies to enhance reactor safety,
performance, and sustainability [56].

Advanced modeling techniques, computational methods, and simulation tools
enable researchers to explore novel reactor concepts, advanced fuel designs, and
innovative safety systems to improve reactor performance and sustainability.
Experimental validation studies, benchmarking exercises, and collaborative research
initiatives facilitate the validation and verification of reactor system models and

promote knowledge sharing within the nuclear engineering community.
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Chapter 3

Literature Review

3.1 State of the Art on System Code Analysis

System code analysis for nuclear reactor simulation is characterized by the continuous
progress in computational capabilities, modelling methods and validation approaches
[54]. This progress is the outcome of the increasing requirement for more accurate,
efficient and higher reliable analyses for the design, safety assessment, and
operational decision-making for nuclear installations. In line with the changing
application requirements, the high data volume generated and associated
computational time for complex simulations calls for advanced resource facilities
such as high-performance computing to obtain results on acceptable timescales.

In recent years, conventional single computer simulation models have been
enhanced and replaced by parallel programming approaches that enable simulation
runs with comparatively high accuracy, large spatial and temporal resolution by
enabling scalability and distribution of code modules on a large number of computing
devices [55]. Modern HPC platforms using parallel programming frameworks, are
able to increases the computation performance by leveraging the work sharing

approach using suitably optimized algorithms. The enhanced computational power
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allows engineers to explore wider ranges of operating conditions, scenarios and
quicker responses to accidents [56].

Over the last 2 decades, more emphasis is put on uncertainty quantification and
sensitivity analysis in system code analysis to calculate how uncertainty and
sensitivity in input data and model assumptions propagate into simulation results [55].
Probabilistic methods are also used, such as Monte Carlo simulations and Bayesian
inference, to quantify uncertainties and conduct uncertainty quantification of reactor
performance and safety.

Rigorous validation and benchmarking processes are carried out, to verify the
performance of system codes against test-case problems, experimental data,
operational data of the nuclear power plants, and analytical solutions [53] In particular,
international benchmark exercises are carried out, bringing the developers and users
of various codes together — the OECD/NEA International Standard Problem (ISP)
series, and various IAEA sponsored Coordinated Research Projects (CRPs), provide
opportunities to compare the predictions and to find the gaps, weaknesses and

encourage the code developers and users to further validate modelling capabilities.

3.2 Overview of Nuclear Reactor Types, Components, and

Operational Principles

A nuclear reactor is designed to exploit controlled nuclear reactions in order to
produce heat energy, which is subsequently converted to useful electrical energy
based on the energy available at the sub-atomic electromagnetic-interaction scale.
They are an excellent base load electricity generation option and have very low

carbon emissions per MWh of energy produced [56, 57]. As a consequence, a
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combination of large reactor designs (Monark, AP1000,) with some set of Small
Modular Reactors might be able to succeed to provide the demand of low-carbon
energy in the future. They also have applications in assisting electricity generation,

propulsion systems and research. [58].

3.2.1 Nuclear Reactor Technology

Since the first appearance of nuclear reactors, many reactors have been designed both
for peaceful and military purposes [59] . Besides electric power production purposes,
nuclear reactors have been employed for the propulsion of vessels, rockets, and
satellites and for medical use and research [60]. During the WWII era, nuclear
projects were conducted under top-secret conditions which created different designs
in different nations [61]. Some examples of these reactors are the popular PWRs
which stand for Pressurized Water Reactor, the BWRs which stands for Boiling Water
Reactors (BWRs) both are referto Light Water Reactors (LWRs), Others are the
CANDUs (Canadian Deuterium Uraniu), The RBMK (Soviet Reactor Bolshoy
Moshchnosti Kanalniy), and the russian VVERs (Voda Vodyanoi Energetichesky
Reactor (VVERs)..

There are numerous methods to classify the nuclear power plants. A classification
might be made by the type of fuel used, the generation of reactor, kind of moderator
material, coolant, reactor scale and so on. According to [61][62][63], reactors can be
studied according to five groups: Pressurized Water Reactors (PWRs), Boiling Water
Reactors (BWRs), Pressurized Heavy Water Reactors (PHWRs), Gas-Cooled
Reactors (GCRs), Liquid-Cooled Graphite Reactors (LGRs), Liquid Metal Fast

Breeder Reactor (LMFBRs).
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(a) Pressurized Water Reactors (PWRs)

Pressurized water reactors (PWRs) are the most common type of nuclear reactors used
in the nuclear power stations across the globe specially for production of electricity.
They are part of the larger group of LWR (light water reactor). 'LWRs', as their name
states, use an ordinary kind of water as coolant and moderator. PWRs are nuclear
reactor where pressurized water is employed both as coolant and moderator.

The heat from the chain reaction in the reactor core is passed to the secondary coolant
loop in the steam generator for driving the turbines to produce electricity.The

schematic of the this type of reactor is displayed in Figure 3.1a
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Figure 3.1 Schematic of (a) Pressurized Water (b) Boiling Water Reactors

adopted from [61][63]

(b) Boiling Water Reactors (BWRs)

BWRs are like PWRs, but use the single-loop design where coolant water is allowed
to boil in the reactor core as depicted in Figure 3.1. Steam thus formed directly in the
reactor core drives turbines. There was an attempt to reduce the number and
complexity of the components (envisioning a simplification of ‘piping, pumps and

purification arrangements’) and a considerable cost savings expected as there is no

29



M.A.Sc. Thesis — S. Bello; McMaster University — Department of Engineering
Physics

cost of the boilers. Because of the void fraction in the core and its affect on
neutronics, BWRs can undergo unique transients such as oscillatory behaviour which
are not as common as in PWRs.

(¢) Pressurized Heavy Water Reactors (PHWRs)/CANDU Reactors

PHWRs are the third most common type of nuclear reactor in the World [64] and
typically used in Canada where they are called CANDU (CANada Deuterium
Uranium) reactors. It is also used in India, Argentina, Romania, India, Pakistan and
China. PHWRs enjoy the advantage of having online refueling that enables more
flexible and efficient operation. In this design, deuterium oxide (D20), or heavy water,
serves as the coolant as well as a moderator. This arrangement permits the use of
natural uranium in fuel, hence they are cost effective in countries that possess

abundant deposits of natural uranium and where fuel enrichment is not desired.
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Figure 3.2 (a) CANDU Reactor (b) Gas-Cooled Reactor adopted from [61][63]

(d) Gas-Cooled Reactors
Gas-Cooled Reactors (GCRs): GCRs use gas (eg, carbon dioxide or helium) as the

coolant instead of water, and are usually graphite-moderated and with enriched U235
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fuels. Using a gas-based coolant makes it possible to achieve a significantly higher
coolant temperature, which is essential for obtaining a high-efficiency steam cycle.

(e) Fast Neutron Reactors:

Fast neutron reactors use only fast neutrons to maintain the chain reaction with little
or no moderator..The advantage of these designs is that they produce significantly less
actinides, they can burn existing actinide wastes from other thermal fission reactors,
and they can potentially breed new fuels from U238 or thorium.

® Liquid Cooled Graphite Moderated Reactor:

STEAM CONCRETE SHIELD STEAM

FUEL RODS

STEAM DRUMS
(to steam
separation)

GRAPHITE
MODERATOR

FUEL
ELEMENTS

<\

WATER

WATER PRESSURE TUBES
Figure 3.3 Liquid-Cooled Graphite Reactor adopted from[61][63]
The Liquid Cooled Graphite Reactor (like the RBMK) is also one of the nuclear
reactors operated by using a graphite block for moderation. Fuel elements loaded in
pressure tubes similar to that of the PHWR are passed through vertical holes in the
graphite core. Graphite has excellent moderating property, has remarkably high
efficiency and a compact design. Light water used for cooling purpose flows upwards
over the fuel and within the tubes. Boiling of water takes place over the fuel and the

steam which is generated is separated from the water in an external drum. The water

31



M.A.Sc. Thesis — S. Bello; McMaster University — Department of Engineering
Physics

is recirculated until saturation, and is sent to the turbine for generation of
electricity[61].

(2) Liquid Metal Cooled Reactors

Liquid metal cooled reactors are unique in thtat it uses a liquid metal, usually sodium,
as the primary coolant. This means that the heat of the fission products is removed by
the primary coolant and transferred to a secondary sodium circuit via a heat exchanger.
The secondary circuit transfers the heat to the steam circuit in another heat exchanger
called a steam generator. Using sodium as the coolant has several advantages. First, it
does not need to be pressurised like water, so one could build the sodium circuit with
thinner-walled pressure vessels. Secondly, since it does not boil like water, the
coolant does not need to pressurized greatly reducing the potential for a LOCA.
Ultimately, the combination of these features makes the whole cycle more efficient,
allows for more uses of high temperature heat in industrial applications, and through a

fast-neutron-spectra can be used as part of a fuel recycling strategy.
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(h) MOLTEN Salt Reactor

A Molten Salt Reactor (MSR) is a type of nuclear reactor that utilizes a liquid fuel
mixture of carrier salt and fissile material, where the molten salt serves both as a fuel
and a coolant simultaneously. The concept of MSR involves dissolving the nuclear
fuel in a molten fluoride salt coolant, offering several advantages over traditional
solid-fuel reactors [77]. MSRs are characterized by their design flexibility, safety
advantages, and high-temperature operation, typically running at temperatures around
700-750°C, leading to enhanced thermal efficiency. MSRs have gained attention due
to their potential for efficient utilization of thorium resources. They are considered a
promising future nuclear reactor concept included in the Generation IV roadmap,
offering significant versatility supported by their design flexibility, safety advantages,

and unique salt chemistry characteristics [78]

3.2.2 Nuclear Reactor Components

Each nuclear reactor type and design has its own individual characteristics and unique
operational processes. The following section provides a list of the most common
components one might encounter in a nuclear power plant system.

(a) Reactor Core: the core of the reactor where the fuel assemblies are located
and the nuclear reactions take place. The core is fed with coolant which transports
heat from the fuel to other components in the system. The core typically also contains
the control rods that are inserted into the core (along with other reactivity control
devices such as shut off rods). Some cores include a separate moderator (like

CANDUEs), while others the moderation function is performed by the coolant (like in
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PWR and BWRs). Finally, a core could be surrounded by a reflector or moderator to
reduce the numbers of neutrons leaking from the core.

(b) Primary Coolant System: A coolant (e.g., water, liquid metal or molten salt,
or gas) is circulated through a thermally conducting medium in the reactor core to
remove the heat of nuclear reactions, transport it to the heat sink, then return the
cooled fluid back to the core. The system usually contains pumps, piping, valves,
heat exchangers, and coolant treatment systems.

() Moderator: The moderator slows down fast neutrons produced during nuclear
reactions, increasing the probability of fission in the fuel and thereby continuing the
chain reaction. Moderators are most commonly water or graphite and could either be
separate systems (like in CANDU), or the moderation process could be done by the
coolant itself.

(d) Control Systems: This system is comprised of several subsystems including
reactivity control system, pressure and inventory systems, boiler pressure control etc.
The reactivity control systems controls reactor power by moving control rods and
other mechanisms (like liquid zone controllers in CANDU) to vary the neutron
absorption (loss) in the core. By lowering (or increasing) the amount of absorption
the reactor power can be increased or decreased as needed. Other control systems
feature active or passive components to ensure primary side pressure and inventory,
secondary side pressure and inventory, and other systems remain within specifications.
The control systems keep the reactor in a stable state and ensure that it can be
properly run under a wide range of operating conditions.

(e) Steam Generator (no relevant for BWRs): Heat carried by the primary

coolant loop of the reactor is transferred to the secondary coolant loop of the reactor
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which is at a lower pressure, and causes the secondary side to boil inside the steam
generators. This steam goes to the turbine to drive the turbines, is condensed and then
returns to the boiler through boiler feedpumps.

) Turbine and Generator: The turbine converts the internal energy in the
steam to mechanical energy and translates this to the rotor of the electrical generator;
the generator in turn translates its mechanical energy into electrical energy, which is

sent to the electrical grid.

3.2.3 Unique feature of the CANDU type Reactor

The key components of a CANDU reactor are the reactor core, the reactor vessel
(pressure vessel), heavy water as the moderator with a separate high pressure heavy
water coolant, the Calandria, horizontal fuel channel arrangement, and the heat
transport system. The reactor core contains 100s of separate fuel channels, each with
12 natural uranium fuel bundles and the high-pressure coolant. Each of these fuel
channels can be opened up by the CANDU fueling machine, and separately refueled
while at power.

The Calandria, cylinder encircles the reactor core and holds the low pressure
heavy water moderator. Each of the fuel channels passes through the calandria and is
sperated by the concentric calandria tube and pressure tubes. These fuel channels run
through the Calandria and house the fuel assembly in which the coolant flows. The
concentric calandria/pressure tube arrangement (with a gas annulus between the two
tubes) minimizes heat loses from the primary circuit to the moderator system. .

CANDU are fueled by natural uranium, which does not need to be enriched.

Natural uranium is composed of 0.7 per cent uranium-235 (235U) and 99.3 per cent
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uranium-238 (238U). CANDU operate at a lower pressure and temperature regime
compared with PWRs while slightly higher than the BWRs. Typically the pressure of

CANDU reactor is 8-10 MPa and the coolant temperatures are around 285-300°C [64].

3.2.4 Operational Principles

The key feature that enables a nuclear chain reaction is the fission of uranium or
plutonium nuclei that produce a number of neutrons with enough energy to induce
further fission of nearby nuclei[65][66]. Hence, controlling the rate at which neutrons
are produced during certain reactions and absorbed during others is one of the key
aspects of reactor control. This is accomplished by the insertion or removal of
specially designed neutron-absorbing materials that bind with neutrons and control the
resulting nuclear reactions.

More generally, reactor control systems are multi-layered and contain an
assortment of automatic processes that monitor a variety of reactor parameters
(neutron flux, coolant flow, temperatures and other variables) and trigger mechanisms
to intervene and maintain reactor stability and (eventually) achieve desired power
output. In addition to these control system, independent and redundant safety systems
are employed to mitigate the risks of accidents or a failure of any of the control

elements.

3.3 Nuclear Reactor Safety

Nuclear power plants benefit from the energy arising from the fission reactions. The
process, control and safety systems are design to ensure that the risks involved in

power reduction are acceptably low. Regardless of how robust and reliable these
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systems are, various irregularities in the rector’s behavior may arise in expected and
unexpected circumstances. The goal of Safety Analysis is to demonstrate, using
computational methods, that the design meets all safety requirements for a wide range
of postulated failures or events.

At a nuclear power plant, events can be identified and classified into categories
primarily based on the frequency of the occurrence such as Normal Operation,
Anticipated Operational Occurrences, Design Basis Accidents and Beyond Design
Basis Accidents [61][67]. According to IAEA “the protection of employees, the
public, and the environment from the harmful radiological effects that the nuclear
facilities can cause could be ensured by establishing the highest safety standards.” [5].
Measures to achieve the highest standards of safety include;

e Limiting radiation exposure of workers and those in the public; limiting the

release of radioactive materials to the environment.

e Decrease the probability of events leading to loss of control of the reactor
core, fission chain reaction, radioactive material, depleted radioactive fuel, or
nuclear waste.

¢ Minimizing the impacts of such events in case they were to happen.

The fundamental safety objective forms the basis of the safety requirements,
and therefore applies to all phases of design, construction, commissioning, licensing,

operation, decommissioning as well as management and disposal of nuclear waste

3.3.1 Defence in Depth Concept

NPPs must have multiple layers of safety both in plant design and management

procedures. One of the key concepts of safety in NPP design is the Defence-in-Depth
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Method. This concept’s application extends to all safety-related activities. It
encompasses organizational, behavioral, and design aspects across various operational
states. This comprehensive approach ensures that all safety-related activities have
multiple independent layers of protection. If a failure occurs at one level of protection
or barrier, subsequent levels or barriers are in place to provide continued safety
assurance [61]. The IAEA classifies these levels of defence [68] as:

Level 1: Prevention of abnormal operation and failures. The foundation of nuclear
safety lies in preventing issues before they occur. This level emphasizes the
importance of robust design and meticulous operation. It includes utilizing high-
quality components that meet stringent industry standards, Implementing regular,
comprehensive maintenance schedules, and adhering to strict operational protocols.
By focusing on these elements, we aim to maintain normal operations and minimize
the risk of equipment failures.

Level 2: Control of abnormal operation and detection of failures. Despite best
efforts, abnormalities can occur. The second level focuses on early detection and rapid
response to potential issues. Key features include: Advanced automatic control
systems Sophisticated alarm networks, trained operators ready to take swift, and
appropriate action. These measures help ensure that minor deviations are quickly
identified and corrected before they escalate into more serious problems.

Level 3: Control of accidents within the design basis. Some incidents, while
uncommon, are anticipated in the plant's design. This level addresses such scenarios
through; Engineered safety features (e.g., emergency core cooling systems),

Containment structures and Predetermined emergency procedures. These systems and
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protocols work in concert to manage design-basis accidents effectively, maintaining
plant safety.

Level 4: Control of severe plant conditions, including prevention of accident
progression and mitigation of the consequences of severe accidents. In the
unlikely event of beyond-design-basis accidents, this level comes into play. It
involves: Robust containment structures capable of withstanding extreme conditions,
Additional safety systems for managing severe accidents and Strategies to prevent
accident progression and mitigate consequences. The goal here is to regain control of
the plant and minimize potential impacts, even in severe circumstances.

Level 5: Mitigation of radiological consequences of significant releases of
radioactive materials. The final level addresses the potential release of radioactive
materials. It encompasses: Comprehensive emergency response plans, Evacuation
procedures for surrounding areas and Clear communication channels with the public
and authorities. These measures aim to protect people and the environment in the
event of a significant radiological release.

These layers of defence work together to prevent, control, and mitigate incidents,

ensuring the safety of nuclear plants at all times.[68]

3.3.2 Safety Assessment Methods

Adequacy of the safety barriers to minimize the amount of radioactive material
released while maintaining their integrity is demonstrated by the means of a range of
varied quantitative studies for assessing and addressing potential safety risks using
both deterministic and probabilistic methodologies [69]. The safety analysis is

required to ensure that the defense-in-depth approach has been integrated into the
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plant’s design. It must demonstrate that the nuclear power plant can comply with
acceptable limits on radioactive releases and adhere to the dose limits across all
operational states, as well as maintain acceptable limits during accident scenarios.
Providing satisfactory answers and supporting materials for this fundamental
safety discipline may require calculations, experimental measurements, and
simulations which are demanding in terms of time, funding, and manpower. Computer
codes are valuable pieces of nuclear analysts’ tool sets for the assessment of various
operating and accident conditions. The results obtained from these studies help
scientists and operators to predict the system behavior under real and anticipated

reactor conditions [69].

3.4 The need for a Consolidated Reactor System Code

Analysis Workbook

The field of nuclear engineering relies heavily on reactor system code analysis to
understand reactor behavior under various conditions. While multiple specialized
software platforms exist for thermal hydraulics, neutronics, and structural mechanics
as discussed in previous chapter, their use presents significant challenges.

Interoperability issues, inconsistent modeling assumptions, and limited multi-physics
integration often hinder comprehensive analysis. These problems can lead to divided
understanding and potential errors in reactor system evaluation [70]. In addition,
existing tools face usability and accessibility hurdles. Many require extensive training,
have unintuitive interfaces, and lack customization options. High costs of commercial
packages and substantial computational requirements further limit access, especially

for academic institutions and smaller organizations.
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To address these issues, there's a growing need for a unified Reactor System
Code Analysis Workbook. This platform would allow for improved self-directed
learning as part of an individual’s training plan and can also help improve analysts
intuition in regards to dynamic events. The proposed workbook aims to serve as a
foundation for future development, potentially standardizing approaches for self-
directed learning in the field.

The development of a more accessible, integrated platform could significantly
advance reactor analysis capabilities by improving the training time and level of
understanding of student being training in systems analysis. However, balancing
comprehensive functionality with user-friendliness remains a key challenge. As the
field evolves, addressing these issues will be crucial for enhancing nuclear reactor

safety and efficiency.

3.4.1 Challenges of existing code and user guide

Limitations in usability, accessibility, integration and interoperability coupled with a
complex and non-intuitive user interfaces are common challenges associated with
existing tools used in nuclear reactor analysis. These can hinder the efficiency,
effectiveness, and widespread adoption of these tools. Many nuclear reactor analysis
tools and their user guides require extensive training and expertise to use effectively,
resulting in a steep learning curve for new users.[71][73]

Commercial software packages may have better training platforms and tutorials,
but often come with high licensing costs and authorization limiting access for
academic institutions, small organizations, and researchers with limited budgets and

background. [72]. Many existing tools lack flexibility in customization, making it
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difficult to adapt them to specific research needs or reactor designs. High
computational resource requirements posses another challenge as some tools may
have high computational resource requirements, including memory [71], processing
power, and storage, limiting their accessibility for users with limited computing
resources.

Among suggested approach to address this challenges includes to focus on open-
source initiatives, enhanced flexibility and customization, improved computational
efficiency and focus on user-friendly interfaces which this workbook supports to

emphasize improved user interfaces and experiences to reduce the learning curve[74].

3.4.2 Impact of the Reactor System Code Analysis Workbook

The development of a Reactor System Code Analysis Workbook is essential to

address the challenges associated with disparate codes and software platforms in

nuclear reactor analysis. The workbook would support enhanced user training and

awareness, reliability, and efficiency in reactor system analysis, thereby advancing

safety, performance, and innovation in the field of nuclear engineering.

a. Integrated Example and Solutions: By consolidating various computational
codes and software platforms into a single workbook, users would have access to
a comprehensive suite of tools for reactor system analysis. This integrated
platform would facilitate seamless data exchange, interoperability, and
consistency across different simulation domains.

b. Standardized Workflows and Templates: The workbook would provide
standardized workflows, templates, and guidelines for initial learning in the area

of reactor system analyses. This would ensure consistency in modeling
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assumptions, numerical methods, and validation practices, thereby enhancing the
accuracy and reliability of analyses.

c. Training and Education Resource: The workbook would be a
training/education resource for undergraduate and graduate students of nuclear
engineering, and for practicing engineers and researchers in industry and
academia. It would provide tutorials for current and future reactor system analysis
techniques, computational codes and development platforms.

d. Validation and Verification Framework: The workbook shall include a concise
verification and validation framework to enable end users to perform their own
due diligence and maintain confidence in the results generated from the computer
simulations. It would provide standardized validation datasets, benchmarking
exercises, and verification processes for assessing the performance of

computational codes and software platforms.
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Chapter 4

Methodology

4.1 Workbook General Approach

The essential components of the training package comprises the procedural steps such
as problem definition, modelling, clear representation based on the dimensions and
geometry of the design object. The hydrodynamic components of the models were
divided into nodes and represented in block diagrams as Nodalization to simulate the
operating characteristics of the system, input file development, practical hands-on
exercises and several simulated flow cases of reactor components in steady and
transient conditions for both single, multi-channels, bends, and pipe loops.

The number of nodes for the pipes components; heat structures (HS), and other
components were defined accordingly. The pipes (PIPE) are modeled as series of
control volumes with moderate node sizes, Branches (BRANCH) are modeled as 1
Junction IN and 2 Junctions OUT or vice versa of a single volume. The source and
sink volumes are modeled as Time Dependent Volumes (TMDPVOL) to provide
pressure boundary conditions to the required problems. Components were connected
using single junctions (SNGLJUN), time-dependant junctions (TMD-J) or valves

(VALVE) depending on the need. Heat sources were modeled using thermal
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components (HEAT STRUCTURE) which are the primary heat source attached to the
required pipe components and uniform and/or non-uniform heats is created along the
axial direction with a constant heat flux. Pipes representing the hot side of HX is the
right side of the HS serving as the heat sink (Pipe 200P) of the heat exchanger (HX)
to the second Pipe (Pipe 150) by natural circulation and heat conduction. The heat
transfer in the components are modeled by a heat structure, which is attached on the
respective components. The close loop model operates under forced circulation by use
of pump components, and also model as a TDJ another loop as an optional solution.
All cases modeled and simulated were analytically validated based on
fundamental theory of thermodynamics, fluid flow and heat transfer and sensitivity

analysis of each cases performed.

4.2 Theory

The study of fluid flow and heat transfer (Thermodynamics) remains a vital
component in the development of new technologies, ranging from nanotechnology
resistors to large-scale nuclear power plants. Engineers and scientists continually push
the boundaries of possibility to achieve enhanced performance and efficiency.

Prior to the scientific study of heat transfer began to take shape in the 18th
century.o this, the prevalent theory of heat transfer was based on the concept of
"caloric," proposed by Antoine Lavoisier in 1783 and further bolstered by the work
of Sadi Carnot in 1824 which the Scientists adhered to in the early 19th century.
However, Benjamin Thompson challenged Lavoisier's theory, demonstrating how

heat could be generated through work, ultimately discrediting the caloric theory [18].
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About the same time, Joseph Fourier laid down the foundations of continuum
mechanics in his work on heat conduction in solids, known as Fourier's Law started in
1807 to 1822. Another significant contribution was made by James Clerk Maxwell
when he identified heat as a form of molecular motion between 1831 and 1879. In his
research, Maxwell elucidated the mechanism by which energy is transferred among
gas molecules in contact. Standing on the shoulders of giants that these pioneers were,
a number of scientists including William Henry Bragg, Osborne Reynolds, Carl
Ludwig and Ludwig Prandtl published their seminal works for what is now known as

heat-transfer..

4.2.1 Fluid Flow in Pipes

This is a fundamental aspect of thermal-hydraulic systems analyzed by RELAPS and
ASYST governed by the Navier-Stokes equations, it describes the conservation of
momentum for a fluid. For simplicity, these codes often use simplified forms of these
equations appropriate for the conditions encountered in thermal-hydraulic systems.
These equations govern fluid flow and heat transfer in pipes, which serve as the basis
for computer-based thermal hydraulic analysis in RELAP5 and ASYST.
Understanding these fundamental principles of fluid flow, heat transfer, and steady-
state analysis, user can gain proficiency in using this codes for thermal-hydraulic

simulations in engineering analysis.

The continuity equation describes the conservation of mass in the fluid flow. It

states that the mass flow rate (mass per unit time) in a pipe remains constant:

do

=+ (V) =0 (4.1)

Where is the fluid density, is the time ans is the velocity vector.
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In steady-state conditions, where the fluid properties don't change with time, this
simplifies to:

.(pV) =0 (4.2)

The momentum equation, or Navier-Stokes equation, describes the motion of the

fluid and the forces acting upon it:
dv
p(G+ (V. )V)=— P+ .T+pg (4.3)
Where P is pressure, is the stress tensor representing viscous forces, and s

the acceleration due to gravity. For steady-state, incompressible flow with no body

forces, this simplifies to:
(V. JV=—2 P+v 2V (4.4)

Where is the kinematic viscosity
4.2.2 Pipe Flow Equations

The behavior of fluid flow in pipes can be described by several important equations
and principles. First, the continuity equation expresses the principle of conservation
of mass for fluid flow. The equation for an incompressible fluid is the statement that
the product of the density of the fluid (p) and the velocity of the flow (V) is constant.
For incompressible pipe flow:
AV =AV, 4.5)
Where A is the cross-sectional Area of the pipe.
Secondly, in thermal-hydraulic system, determination of the pressure drop and
heat transfer rate along the piping system is vitally important for performance and

safety. Julieus Weisbach developed a relation based on the Bernoulli principle to
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determine the pressure drop as a function of the pipe diameter, material type, and fluid
velocity. The formula that is used to calculate the pressure drop (AP) from frictional
losses in a pipe is called Darcy-Weisbach:

L pngg
D 2

AP, = (4.6)

Where L = length of the pipe, D = diameter of the pipe and is the Darcy friction

factor, which is function of the Renold’s Number..

_ 64
Re

(4.9)

For turbulent flow, the friction factor is usually determined through an empirical
correlation, or formula, because the friction is complex and depends on the flow
conditions. An example of such a formula is the Colebrook-White equation, which

predicts the friction factor from the Reynolds number (Re) and the relative roughness

of the pipe (k/D)

F=—2 ,(L+2 (4.10)

Where fis the Darcy-Weisbach friction factor, D is the diameter of the pipe, Re
is the Reynolds number and.k is the roughness height of the pipe. For fully turbulent
flow in pipes with high roughness, the Haaland equation can be used instead:

3 ; \L11 69
L=—18 10[(3_7) ++ 82 4.11)

This equation provides a more straightforward, though approximate, calculation
of the friction factor. Accurate description of pressure loss and heat transfer rate
strongly related to the determination of frictional losse . In fully developed laminar
flow, the friction factor is solely dependent on the Re number which is a
dimensionless number (Re) (ratio of inertial forces to viscous forces) proposed by
Osborne Reynolds use in determining the flow regime.
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Re = L2 4.12)

\Y
Where v represents the kinematic viscosity of the fluid, V,,y is the average
velocity of the fluid in the pipe, and D is the diameter of the pipe. For the Re values
lower than 2300 flow regime is considered to be laminar. In contrast to laminar flow,
turbulent flow is characterized by its chaotic and irregular behavior. This turbulence is
attributed to the increased heat transfer coefficients resulting from the mixing action
within the flow. According to the literature, the flow in a pipe is turbulent for a

Reynolds number of Re above 4000, and fully turbulent when Re is above 10000. [17].
4.2.3 Pressure Drop Analysis

Pressure drop analysis allows optimization of the piping system design by selecting

appropriate pipe diameters, minimizing pipe lengths, and reducing unnecessary

fittings to achieve desired flow rates with minimal pressure drop. The following

factors affects the pressure drop in pipe flow analysis

a. Frictional Losses: Longer pipes generally result in higher frictional losses due to
the increased surface area in contact with the fluid. This leads to a greater
pressure drop along the length of the pipe. Frictional factor also plays a vital role.

b. Flow Velocity: Pressure drop is directly proportional to the square of the flow
velocity. Therefore, longer pipes may require higher flow velocities to maintain
the desired flow rate, resulting in higher pressure drops.

c. Pipe Diameter: The diameter of the pipe also affects pressure drop. Larger
diameter pipes generally experience lower frictional losses and, therefore, lower

pressure drops compared to smaller diameter pipes for the same flow rate.
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d. Fluid Properties: The properties of the fluid being transported, such as viscosity
and density, also influence pressure drop. Higher viscosity fluids experience
higher frictional losses, leading to higher pressure drops.

e. Pipe Roughness: The roughness of the pipe's interior surface affects frictional
losses and, consequently, pressure drop. Rougher surfaces result in higher
frictional losses and higher pressure drops.

f.  Piping System Layout: The arrangement of pipes in the system, including bends,
fittings, and valves, can contribute to additional pressure drop. These components
introduce additional resistance to flow, which increases pressure drop.

g. Energy Considerations: Pressure drop results in a loss of energy in the system.
Understanding the magnitude of pressure drop helps in evaluating the energy

requirements for pumping or circulating the fluid through the pipes.

4.2.4 Heat Transfer Equation

Heat transfer in thermal-hydraulic systems, such as those simulated by RELAPS,
plays a crucial role in determining system behavior. For example, in thermal hydraulic
systems, fluids are typically transported through pipes and Fourier’s law governs heat
transfer through the pipe walls, taking into account the temperature difference
between the fluid inside the pipe and its environment. The rate of heat transfer (q)
through the wall of the pipe due to conduction is described by Fourier’s law:

The rate of heat transfer (q) through a material (where q per second is equivalent
to q / seconds, with seconds having units of time) is proportional to the negative

gradient of temperature (-V T) in the direction in which heat flows:
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T1—T2

L adT _
gq= kAdX—kA -

(4.13)
Where q is the heat transfer rate (in watts, W), k is the thermal conductivity of

the pipe material (in watts per meter per Kelvin, W/mK), A is the surface area of the
pipe wall, and — is the temperature gradient (in Kelvin per meter, K/m).

While conduction releases heat into a cold fluid, a conduit can also lose heat
through convection, when the surrounding fluid moves with the heat. We characterize
this convective heat loss through the heat transfer coefficient (4):

Oconv = hAAT (4.14)

Where is the heat transfer rate due to convection (in W), 4 is the convective
heat transfer coefficient (in W/m?K), and AT is the temperature difference between

the fluid and the pipe wall (in K).

4.3 Sensitivity Analysis and Uncertainties

In order to promote new-user knowledge of the flow phenomena, for each case in the
Workbook, a series of sensitivity analysis is performed to demonstrate the
dependency of the solutions on key input parameters. One-at-a-Time (OAT)
Sensitivity Analysis of RELAPS Simulation was adopted to evaluate the sensitivity of
our models’ output to changes in individual input and/or output parameters while
keeping the other parameters constant. We first identify the input parameters in the
codes that may have a significant impact on the output variables of interest. These
include parameters such as geometries, dimensions, fluid properties, boundary

conditions, and component characteristics.
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We further established a base case scenario with set nominal values for all input
parameters. For basic flow in a pipe model, inlet pressure was first set with known
flowrate to determine the variation in temperature and possible pressure loss
depending on the pipe orientation and geometry. In other cases, we set pressure at
both ends at a predetermined values to compute the flowrate. These values are then
varied (from -10 to +10 % of set nominal value) to evaluate the changes in parameter
and analyzed the corresponding effects on fluid flow and heat transfer such as time of
convergence, curve trends. Above process was repeated 3 to 5 times for each input

parameter of interest.

4.4 Code Components Description

Components are organized collections of volumes and junctions and, to a lesser extent,
the program is organized on components. Components are designed for either input
convenience or to specify additional specialized processing. A pipe component is an
example of a component designed for input convenience, since by taking advantage of
typical features of a pipe, several volumes and junctions can be described with little
more data than for one volume.

Components are numbered with a three-digit number, 001 - 999 as in Table 4.1.
Components need not be in strictly in consecutive order so that changes to a model of
a hydrodynamic system requiring addition or deletion of components are easily made.

Volumes and junctions within a component are numbered by appending a six
digit number to the component number, CCCXXYYZZ. The CCC is the component

number.At this scale, YYZZ are zeroes and XX is numbered sequentially starting at
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01 for the volumes and junctions in the one-dimensional components presently
defined [19].

Table 4.1 Code Component Numbering

Card Item Format
Control options 100-199
Time step options 200-299
Minor edits 301-399
Plot requests 20300XXY
Hydrodynamic

components CCCXXNN

4.4.1 Common Features of the Code Components

Each volume’s flow area, length, and volume must be supplied as input. Each one
dimensional volume has a x-coordinate direction along which fluid flows in a positive
or negative direction, and may have y- and z-coordinate directions if cross-flow
connections are made to the volume. The x-volume flow area is the volume cross-
sectional area perpendicular to the x-coordinate direction. The x-volume length is the
length along the x-coordinate direction and similarly for the y- and z-coordinate
directions. The hydrodynamic numerical techniques require that the volume be equal
to the volume flow area times the length for each coordinate direction.

This requirement is easily satisfied for constant area volumes, but poses

difficulties for irregular shaped volumes. Since it is very important that such a system
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code conserves mass and energy, with momentum being an important but lesser
consideration, it is recommended that an accurate volume be used. The component
input routines permit the volume, flow area, and length of each volume to be entered
as three nonzero positive numbers or two nonzero positive numbers and a zero. The
volume horizontal angle specifies the orientation of the volume in the horizontal plane.

The code numerics have no requirement for this quantity; they were entered so a
graphics package could be developed to show isometric views of the system as an aid
in model checking. The horizontal angle is checked to verify that its absolute value is
less than or equal to 360 degrees, but no further use is made of the quantity. The
volume vertical angle specifies the vertical orientation of the volume. This quantity
would also be used in the graphics package and, in addition, specifies the vertical
orientation of the volume coordinate direction important for calculating hydrostatic
head. The vertical angle must be within the range 90 to -90 degrees.

The angle 0 degrees means the x-coordinate direction is in the horizontal plane; a
positive angle means that the coordinate direction is directed upward; a negative angle
means it is directed downward. Slanted vertical orientation, such as an angle equal to
45 degrees, is permitted. Note that as the vertical angle changes from zero, the y-
coordinate is always in the horizontal plane, and that the x- and z-coordinates, and
their associated faces move out of their original horizontal and vertical planes,
respectively. The direction of fluid flow is indicated by the sign of the velocity
relative to the coordinate direction. A junction connects a specified end of one volume
to the specified end of another volume. This, in turn, establishes relative positioning
of the volumes. Because of gravity heads, the relative position is important to any

volume with a nonzero vertical component of a volume coordinate direction. If the
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coordinate direction in a volume with a vertical component is reversed but no other
changes are made, the inlet and outlet ends of the volumes are also reversed.

RELAP and ASYST are both fundamentally transient-based solvers wherein the
system of equations, initial conditions, boundary conditions and component
information are used to solve the governing equations. For problems involving
steady-state, code inputs are such that nothing (boundary conditions, valve positions,
etc.) change throughout the simulation. Therefore, the code should predict the
response of system starting from the initial conditions and then approaching steady
(invariant) conditions as time progresses. If the initial conditions specified in the
component input files are close or equal those of the end-steady-state, then RELAP
outputs would show little change in time. If the initial conditions specified in the
input files are far from the steady-state, then a large ramp can occur.

The user should be aware that poor definition of the initial conditions in the input
file can cause large oscillations in code results, which may in turn cause a code crash
with little or no warning. Some examples include non-physical flows direction or
magnitude, non-physical temperatures, and thus while the code is attempting to
resolve these discrepancies and produce physically consistent results, for some time
steps oscillations can cause variable to go out of range (i.e., fluid properties outside of
the available database). One path forward when starting a new model where initial
conditions are not known, a user can start with simple initial conditions and make
other components as “favorable” as possible. This would include initially setting the
power to zero, or valve positions to fully open, ect..., and then running the code with
input cards that gradually adjust and control the simulation towards the desired end-

state.

56



M.A.Sc. Thesis — S. Bello; McMaster University — Department of Engineering
Physics

For example one might start at zero, or very low power, and then gradually ramp
the power up to the desired power level over 10s of seconds. Then a user can write a
restart file, and for all subsequent simulations use the restart file which now should
include physically accurate initial conditions. Finally, before implementing a
transient (such as a valve opening to atmosphere to simulate a LOCA, the user should
simulate period of constant conditions prior to the valve position change. The
purpose is to establish a steady state prior to the transient of interest such that the
effects of inconsistent initial conditions do not influence the actual transient under

consideration.

4.4.2 Time-Dependent Volume

A time-dependent volume must be used wherever fluid can enter or leave the system
being simulated. The geometry data required are similar to system volumes, but
during input processing the volume’s length, elevation change, and volume are set to
zero. With the staggered mesh, the pressure boundary would be applied in the center
of the time-dependent volume. Setting these quantities to zero moves the boundary to
the edge of the system volume.

The state conditions as a function of time or some time-advanced quantity are
entered as a table, with time or the time-advanced quantity as the independent or
search variable. The table must be ordered in increasing values of the search variable,
and each succeeding value of the search variable must be equal to or greater than the
preceding value. Linear interpolation is used if the search argument lies between

search variable entries.
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End point values are used if the search argument lies outside the search variable
entries. If constant state values are desired, only one set of data consisting of any
search value and the associated constant data needs to be entered. The program
recognizes when only one set of data is entered, and computer time is saved since the
equation of state is evaluated only once rather than every time advancement. Step
changes can be accommodated by entering two adjacent sets of data with the same
time or an extremely small time difference. The default search argument is time. If no
trip number is entered, or if the trip number is zero, the current advancement time is

used as the search argument.

4.4.3 Single Volume

A single-volume component is simply one system volume. A single-volume can also
be described as a pipe component containing only one volume. This single-volume
component uses fewer input cards and fewer data items than does a pipe component.
However, if the single-volume might be divided into several volumes for nodalization

studies, we suggest the pipe component, since such changes are quite easy for pipes.

4.4.4 Time-Dependent Junction

Time-dependent junctions can be used whenever the phasic velocities or phasic mass
flow rates are known as a function of time or other time-advanced quantity. Time-
dependent junctions can connect any two system volumes, or a system volume and a
time-dependent volume. Phasic mass flow rates are converted to phasic velocities
using the upstream phasic densities. Examples of their use would be to model a

constant displacement pump in a fill system, a pump or a valve (or both), by using an
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associated control system or measured experimental data. Time-dependent junctions
are also used frequently in test problems to check code operation.

In a simple pipe modeling application, a time-dependent volume and junction
can be used to specify the inlet flow. Likewise, a time-dependent volume and junction
can model the feedwater flow into a reactor steam generator. Controlling the fluid
flow out of the pipe or controlling the water/steam flow out of the steam generator

through a time-dependent junction is not recommended.

4.4.5 Single-Junction

A single-junction component is simply one system junction. It is used to connect other
components such as two pipes. Initial junction conditions can be phasic velocities or

phasic mass flow rates.

4.4.6 Pipe

A pipe component is a series of volumes and interior junctions, the number of
junctions being one less than the number of volumes, and the junctions connect the
outlet of one volume to the inlet of the next volume. Pipe components can be used for
those portions of the system without branches. Pipe components offer input
conveniences, since most characteristics of the volumes and junctions in a pipe are
similar or change infrequently along the pipe, and input data requirements can be
reduced accordingly. Because of the sequential connection of the volumes, junctions
are generated automatically rather than being individually described.

Although the input is designed to assume considerable similarity in volume and

junction characteristics, any of the volume and junction features (such as flow area,
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orientation, pipe roughness, or control flags) can be changed at each volume or

junction.

4.4.7 Branch

Branch components are provided to model interconnected piping networks based on
one-dimensional fluid flow, which is adequate for most cases of branching and
merging flow. Such situations include parallel flow paths from upper and lower
plenums, and any branch from a vessel of large cross-section. A branch component
consists of one system volume and zero to nine junctions. The limit of nine junctions
is due to a card numbering constraint. Junctions from other components, such as
single-junction, pump, other branch, or even time-dependent junction components,
may be connected to the branch component. Use of junctions connected to the branch,
but defined in other components, is required in the case of pump and valve
components and may also be used to attach more than the maximum of nine junctions

that can be described in the branch component input.

4.4.8 Pump

The pump component model can be separated into models for hydrodynamics, pump-
fluid interaction, and pump driving torque. The pump component input provides
information for the hydrodynamic and pump-fluid interaction models and may
optionally include input for an electric motor to drive the pump. The hydrodynamic
model of a pump component consists of one volume and two associated junctions.
The coordinate directions of the junctions are aligned with the coordinate

direction of the volume. One junction is connected to the inlet and is called the
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suction junction; the other junction is connected to the outlet and is called the

discharge junction. The pump head, torque, and angular velocity are computed using

volume densities and velocities. The head developed by the pump is divided equally

and treated like a body force in the momentum equations for each junction. With the

exception of the head term, the hydrodynamic model for the pump volume and

junctions is identical to that for normal volumes and junctions.

a.

Pump Performance Modeling

Interaction of the pump and the fluid is described by empirically developed
curves relating pump head and torque to the volumetric flow and pump angular
velocity. Pump characteristic curves, frequently referred to as four-quadrant
curves, present the information in terms of actual head (H), torque (t), volumetric
flow (Q), and angular velocity (o or N). These data are generally available from
pump manufacturers. For use in RELAPS, the four-quadrant curves must be
converted to a more condensed form, called homologous curves, which use
dimensionless quantities. The dimensionless quantities involve the head ratio,
torque ratio, volumetric flow ratio, and angular velocity ratio, where the ratios are
actual values divided by rated values. The rated values are also required pump
component input and correspond to the design point or point of maximum
efficiency for the pump.

Pump Characteristic Curve

A pump characteristic curve is a graphical representation of the performance
characteristics of a pump, showing the relationship between its operating

parameters and its capacity to deliver fluid at various conditions[19]. The curve
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typically plots the pump's head (pressure) against its flow rate under different

operating conditions.
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Figure 4.1: Typical Single Stage Curve adopted from [79 ]

The key components of a pump characteristic curve is described as in Figure
4.5 as follows;

i. Pump Head (Pressure): The vertical axis of the curve represents the head or
pressure generated by the pump. Head is typically measured in units such as
meters (m) or feet (ft) of fluid column, or pressure units like Pascals (Pa) or
pounds per square inch (psi). It indicates the pump's ability to overcome
resistance and lift fluid to a certain height.

ii. Flow Rate: The horizontal axis of the curve represents the flow rate of fluid
through the pump, usually measured in units such as cubic meters per hour (m?*/h),
gallons per minute (GPM), or liters per second (I/s). It indicates the volume of

fluid the pump can deliver over a given time period.
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iii. Operating Points: The intersection of the pump characteristic curve with system

curves as depicted in Figure 4.6a represents the operating points of the pump

under different system conditions (e.g., varying flow resistance). The actual

operating point depends on the system's resistance (e.g., friction losses, elevation

changes) and the pump's performance.

Shut-off Head Run-out point FE e
point Operating Point 90 —m s Fe 8§ ¥ oo | 1750 RPMI_
) i ] D Pl
PUMP CURVE 20 =2 J\ TR0 i
o'

o 8.5 \ﬁ N
) 70 = /\‘ Yy - INA £
2 TOTAL - - \L\M\ A o
= Heap o T S NN 3
; N s0p7 TQ_ \"‘“\ o >b°'" &

N %,
BHP CURVE FEET =1 X X 2;& N
8 40 &‘\ - 40
= SYSTEM % é’\) % 30 NPSHR
EFFICIENCY CURVE, 3 IN
CURVE 20 % g 20 FEET
2
10 — 10
0 > 0 0
FLOW RATE , Q 0 100 200 300 400 500 600 700 800

Figure 4.2: Pump Curve
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(a) Best Operating point (b) The efficiency adopted from [ 79]

iv. Efficiency: Some pump characteristic curves also include information about

pump efficiency, showing how efficiency varies with flow rate (see Figure 4.6b).

This provides insights into the pump's energy consumption and overall

effectiveness in converting mechanical power into hydraulic power.

Understanding the pump characteristic curve is essential for selecting, operating, and

troubleshooting pumps in various engineering applications.
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Chapter S

Code Components Nodalization and Input File

Development

5.1 Nodalization

Nodalization and input file development are crucial aspects of reactor system
modelling, involving the creation of computational models and input data required for
running simulations using reactor system analysis codes. This section provides an
overview of nodalization and input file development in the context of reactor system
analysis. Nodalization refers to the process of discretizing the physical domain of the
reactor system into a set of interconnected nodes or control volumes. Each node
represents a specific volume element within the reactor system, such as reactor core
regions, coolant channels, heat exchangers, and other components. This involves
defining the geometric boundaries, material properties, and boundary conditions for
each node to accurately represent the thermal hydraulic behavior of the system.

The nodalization scheme should capture important flow paths, heat transfer
mechanisms, and phenomena of interest within the reactor system. Nodalization

should be designed to capture the spatial and temporal variations of flow, temperature,
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and other relevant parameters within the reactor system accurately. It is essential to
strike a balance between model fidelity and computational efficiency by choosing an
appropriate level of detail in nodalization. Factors such as resolution of features inside
each component, nodal volume sizes, and boundary conditions should be carefully
considered to ensure the accuracy and convergence of simulations.

In addition the impact of nodalization on code convergence, phenomena
interactions, and linkages to multi-physics code-to-code coupling represent advanced

user issues not covered in this work.

Junction 1
Volume 2 | - Volume 1 Junctions
[ =——  Junction?2 : Connectors, also describe
characteristics of connections
Volume 3

<« Junction 3

Volumes

Volume 4 Describe the physical

characteristics of flow volume

Figure 5.1 Basic Building Blocks for Fluid Network
Basically, the models considered in this project are composed of control volumes
as defined by the user in a way that best gives proper and reasonable analysis.
Therefore, the process of creating the control volumes is called nodalization. The
following factors govern the choice of reasonable node size: numerical stability, run
time, and spatial convergence/resolution. To achieve numerical stability, node length
to diameter ratio should be unity or greater[16]. Generally, when simulating large and

complex systems, nodes should be defined as large as possible without compromising
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spatial convergence of the results. That is because node size directly influences run
time; the smaller the node, the smaller the maximum time step size to remain
numerically stable.

However, suitable nodalization is problem dependent, and the modeller must
exercise some judgment as to where in the model, nodalization sensitivity studies are
required[16]. Researchers found that node sizes positively or negatively affect
RELAPS prediction results. A. Mangal et al found that RELAPS predictions are very
sensitive to nodalization. They found that predictions based on coarse and fine
nodalisations differed significantly from the experimental data whereas for the base
nodalisation (moderate node size), the predictions are relatively close to the measured

results[64]

5.2 Pipe Flow Nodalizations

Pipe are divided into numbers of internal volumes. The code assigns internal volume
numbers added to the component numbers. As illustrated in Figure 5.2, junction
arrows directions define assumed flow direction (however the code will compute
negative flows if the assumed direction was inconsistent with the final solution). The
angle of inclination to both horizontal and vertical orientation is also a factor to

determine flow direction. Negative flows will be to the opposite direction.

- 5 —
Azimuthal Angle 0 or 360° Azimuthal Angle -180°
Inclination angle 0° Inclination angle 0°
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Azimuthal Angle 0 or 360° Azimuthal Angle -180°
Inclination angle 30° Inclination angle 30°
Azimuthal Angle 0 or 360° Azimuthal Angle -180°
Inclination angle -30° Inclination angle -30°

Figure 5.2 Volume Orientation

In this workbook, several model have been analyzed, simulated and result
compared with analytical calculation. Below are the Nodalization for the models

presented.

5.2.1 CASE #1 : Single Pipe Flow (1-D ) Nodalization

The simulation input data and results for the nodalization of Figure 5.9 are presented

in section 6.4.2 while the input file is presented in Appendix VI

120T
1otV 125p

—

12711 110

TNV

(a)
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(b)

Figure 5.3 1-D Single Pipe Model (a) Horizontal (b) Vertical Orientation

11 {TDV

120TDJ i “— Time Dependent Junction

125P

127J

4— Single Junction

13QTDV

<+ Time Dependent

“— Time Dependent Volume

<+ Pipe Component

For the above models, the pipe is divided into 6 internal volumes, The volume

numbers assigned by the code are 12501, 12502, 12503, 12504, 12505 and 12506The

inlet of the pipe (Fig a) is considered to be from the left to right (12501 to 12506)

while for the vertical arrangement (Fig b), the inlet of pipe is from the top to bottom

based on the junction arrow direction.

5.2.2 CASE #2: Series Pipes Connection

The simulation input data and results for the nodalization of Figure 5.4 are presented

in section 6.4.2 while the input file is presented in Appendix VI

TDJ
TDV110py

120

125P

127]

130P

129

DV1

B 5

Figure 5.4 Series Pipe connection
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5.2.3 CASE #3: Parallel Pipe (Multichannel) Nodalization

110TDV

5.2.4 CASE #4: Elbows/Bends Nodalization

f

150B

3 SnglJun(s), Sngl Vol Branch

I

I

Figure 5.5 Branch Representation

1403 210J
— 120P >
pd [\®)
120 % L 127
© —’TDJ 200TDV
TDJ
: 130P

Figure 5.6. Parallel Connection using Branch

The simulation input data and results for the nodalization of Figure 5.9 are presented

in section 6.4.2 while the input file is presented in Appendix VI

TDJ
110 >
TDV

125P

SnglJu
12;

SnglJun |, 129

Figure 5.7 A 90 Degree Bend/Elbow
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5.3 Heat Structure Nodalization: Single and Multi-pipes

Flow

Heat structures represent the selected solid portions of the thermal-hydrodynamic

system. Being solid, there is no flow, but the total system response depends on heat

transferred between the structures and the fluid, and the temperature distributions in

the structures are often important outputs of the simulation (E.g. fuel temperature).

System components that are simulated by heat structures include fuel rods, pipe walls,

core barrels, pressure vessels, and heat exchanger tubing.

The following are to be noted when modelling a Heat Structure

Temperatures and heat transfer rates are computed from the one-dimensional
form of the transient heat conduction equation.

A heat structure is identified by a number, CCCGONN. The subfield, CCC, is the
heat structure number and is analogous to the hydrodynamic component number.
Heat structures are usually closely associated with a hydrodynamic component, it
is suggested that the hydrodynamic component number and the CCC portion of
the attached heat structures be the same number. Since different heat structures
can be attached to the same hydrodynamic component, such as fuel pins and a
core barrel attached to a core volume, the G portion can be used to distinguish the
different types of heat structures connected to a common fluid volume.

The combined field, CCCG, is the heat structure-geometry number, and input
data are organized by this heat structure geometry number.

Up to 99 individual heat structures may be defined using the geometry described

for the heat structure geometry number.
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e The individual heat structures are numbered consecutively starting at 01; this

number is the sub-field, NN, of the heat structure number.

e The heat structure input requirements are divided into input common to all heat

structures with the heat structure geometry number, Cards 1CCCGO000 through

1CCCG499, and input needed to uniquely define each heat structure, ICCCG501

through 1CCCG999.
110 <+
T——TMDPVOL
120 v \
Heat Structure 7 SNGLJUN
representing the wall ~ [@%%-------
of the pipe \/ _______
é 125 4 PIPE
7 N
‘T _ SNGLJUN
127y
= TMDPVOL
. 130
Right Boundary

Figure 5.8 Schematic of Heat Structure on Pipe Component

5.3.1 CASE #5: Nodalization of Heat Structure on Single Pipes/Test sections

127
110T 120TD 125P 130
DV TDV
(a) 130 HS
125P Heated
Pipel 135P Non-Heated
Pipe2
120TD] 127) 129]
TDV |l — » TDV
/ /] Jf _/ N/ / A 4 /
77T
(b) Iq

Figure 5.9 Schematic of Heat Structure on Single Pipe
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The simulation input data and results for the nodalization of Figure 5.9 are presented

in section 6.4.2 while the input file is presented in Appendix VI

5.3.2 CASE #6: Nodalization of Heat Structures on Multi-pipes

140HS
i H ted ha
. ftsp "

120 150 127
110TDV==P> . >50B »1200TDV
TDJ TD]

Heated
12/6P

150HS

Figure 5.10 Heat Structure on Parallel Pipes
The simulation input data and results for the nodalization of Figure 5.10 are presented

in section 6.4.2 while the input file is presented in Appendix VI

5.4 Heat Exchanger (HX) Nodalization

The simulation input data and results for the nodalization of Figure 5.11 are presented

in section 6.5 while the input file is presented in Appendix VI and Appendix VII

5.4.1 CASE #7: Parallel Flow HX

150TDV
20(
130TD]J < 125 230]
205TDJ 300P 210J
(a) 110TDV 200TDV
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5.4.2 CASE #8: Counter Flow HX

150TDV

t 125P
130J | | | l 230TDJ

205TD;| 210
A

(b) 300P

110TDV 200TDV

Figure 5.11 Heat Exchanger Nodalization (a) Parallel and (b) Counter Flow

5.5 Pump Nodalization

5.5.1 CASE #9: Pump Component Connecting 2 Pipes

120J 129
110TDV 125P @ 130P J/135TDV
.\
PUMP

Figure 5.12 Series pipes connection with a Pump

The simulation input data and results for the nodalization of Figure 5.12 are presented

in section 6.4.2 while the input file can be seen in Appendix VI

5.6 Loop Nodalization

The loop is simulated with both a pump component and with a TMJ, as such the
nodaliation diagrams of Figure 5.13a and 5.13b represent loop with a pump

component and with TMJ respectiviely.
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5.6.1 CASE #10: With Pump

The simulation input data results for the nodalization of Figure 5.13a are presented in

section 6.5.2 while the input file is presented in Appendix VI

130J 130J

P3 140P 170B P3 140P 1708
200)__I o0 __| —
150P Each Pipe is divided 100P 150P Each Pipe is divided 100P
into 2 vol, 1 jun into 2 vol, 1 jun

N

Figure 5.13 Loop Model with (a) Pump (b) Time Dependent Junction

5.6.1 CASE #11: With Time Dependent Junction

The simulation input data results for the nodalization of Figure 5.13b are presented in
section 6.5.3 while the input file of Appendix VI is modify by replacing the Pump

input lines with the TDJ commands as seen in Appendix VII

5.7 Code Development

5.7.1 Input File Description

Input file development involves creating a structured ASCII file containing all the

necessary input data and parameters required to define the simulation setup,
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geometries, and conditions for running the reactor system analysis code. The input
file typically uses and the nodalization and information including boundary conditions,
initial conditions, material properties, control settings, and simulation options in a
language suitable and acceptable by the system code. They are written in a specific
format specified by the reactor system analysis code, often using markup languages or
structured text formats.

The input file serves as a blueprint for the simulation, providing instructions to the
code on how to perform the analysis and what scenarios to simulate. Input files should
be structured and organized to facilitate ease of use, readability, and reproducibility of
simulations. Careful attention should be paid to input parameter definitions, units, and
formatting to ensure consistency and accuracy, thoroughly documented with clear
descriptions of input parameters, assumptions, and modeling choices to facilitate code

validation, verification, and peer review.

5.7.2 Guide on Input deck organization

The Control Format: Input is described in terms of input records or cards, where an
input record or card is an 80-character record. With many terminals allowing only
80tcharacters per line, it is convenient to limit the data record to 72 characters so that
the data and editor supplied line numbers fit on one line (eight columns for line
number and separator, 72 columns of data). To avoid this, either request the editor to
store line numbers starting at character position 81, put a terminating character before
the line number, or don’t store the line numbers. The line numbers, if saved, are listed

in the output echo of the input data.
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5.7.3 Data Deck Organization

RELAPS input deck consists of at least one title card, optional comment cards, data
cards, and a terminator card. The order of the title, data, and comment cards is not
critical but it is recommended that for a base deck, the title card be first, followed by
data cards in card number order. Comment cards are optional and should be used
simply to explain or add additional information to the input or line.

a. Title Card: The remainder of the title card is printed as the second line of the
first page following the list of input data.

b. Comment Cards: An asterisk (*) or a dollar sign ($) appearing as the first non
blank character identifies the card as a comment card. Blank cards are treated as
comment cards. Comment cards may be placed anywhere in the input deck
except before continuation cards.

c. Data Cards: Data cards may contain varying numbers of fields that may be
integer, real (floating point), or alphanumeric. Blanks preceding and following

fields are ignored.

5.7.4 Basic Components Input

The RELAPS input file development involves specifying the parameters and
conditions that define the initial state and behavior of a system in a text software such
as notepad, notepad++. The input file is written in LINES and each line is made up of
items in that row denoted as WORDS (W). Each line must begin with a unique CARD

Number.
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Presented below is a general step by step line items/outline of a typical RELAPS input
file using one of our model/problem solved in this project: We will analyse each line
of the code for better understand of the file components and structure.
Parameters requirement for input file

— Component dimension (Length, height and radius)

— hydrodynamic parameters (Flow rate)

— Material/s

— Boundary conditions

— Initial (P,T or T,Q) conditions

a. TITLE:
Title Card: Provides a title for the simulation. A title card must be entered for each
problem and identified by an equal sign (=) as the first non-blank character.Identify

and title the model of interest

1 = Simulating Flow in a Heated Horizontal Pipe
*This model investigates the pressure drop, mass flow rate and temperature
*difference along a uniformly heated pipe.

) D

b. INITIAL CONDITIONS (Optional):
It is advisable to list the initial and boundary conditions to guide the input of
parameters in the deck as shown below. Don’t forget to comment them as they are not

the executable line for the simulation.
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*Mass flow rate= 6kg/s

*Pipe diameter = bcm = 0.05m
: *Pipe Length = fcm = 6ém
10 *Inlet temp = 323K

11 *Pipe roughness= 0.00001 (denote a smooth pipe with min friction loss effect)

c. PROBLEM TYPE AND OPTION

14 L . T Mty g S Ry Ry iy . Ry . O
15 | *crdno

16 100 new transnt

1 [ 102 si =i

Card 100: Word 1 (W1) is Problem type, user is to choose the problem type either,
NEW, RESTART, PLOT, IN-COND, STRIP, or CMPCOMS. NEW specifies a new
simulation problem while RESTART specifies file. These word is chosen according
to the specific problem type with the NEW and RESTART mostly used.

Card 102: Problem Option (W2). Enter either STDY-ST or TRANSNT to specify the

type of simulation.

d. CPU TIME REMAINING

il s T o W e W WA e W W . W e W~ W) e SR S W . W, o W .o o S e W ")
21 *crdno
M 105 5.0 6.0 500.0
110 air
24 | 1050 10

Card 105: This card controls termination of transient advancement based on the CPU

time remaining for the job. The user can therefore use the card to limit the
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computational time to some pre-determined amount even if the entire transient has not
yet been finished.

W1= CPU remaining limit 1 (s).

W2 =CPU remaining limit 2 (s).

W3= CPU time allocated (s) (optional).

Card 110 This card is required for problems having non-condensible gas. Pick one or
up to a maximum of 5 from any of the following non-condensible gas types: argon,
helium, hydrogen, nitrogen, xenon, krypton, air or sf6. Cannot be entered on a
RESTART problem

Card 115 is a function of Card 110. It defines the mass fraction of the number of

gases entered in card 110. if one gas then 1.0 is entered as in the sample file.

e. TIME STEP CONTROL CARDS

28 *crdno end time min dt max dt control minor ed major ed restart

| 201 2000.0 1.0e-6 20 3 1 50 2000
Card 200: Initial Time Value (optional): If not entered, the simulation time start at
Zero.

Card 201: Time Step Control

W1=Time end for this set (s).

W2= Minimum time step (s). This quantity should be a positive number < 1.0E-6.

W3= Maximum time step (s). This is the requested time step.
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W4=control option: This word is a conditional word in the format of ssdtt. Used to
control the printed content of the major edits.

W5= Minor edit and plot frequency. The number of maximum or requested time
advances per minor edit and write of plot information.

W6= Major edit frequency. This is the number of requested time advances per major
edit.

W7= Restart frequency. This is the number of requested time advances per restart

information

f. HYDRODYNAMIC COMPONENT

Describes the components in the system (pipes, pumps, heat structures, etc.) and their
initial conditions. The hydrodynamic card numbers is in the form CCCXXNN and
are divided into fields, where CCC is the component number (the component numbers
go with the nodalization component number), XX is the card type, and NN is the card
number within type. Referencing the reference problem’s nodalization diagram
presented in Section, the number of components identify includes,

e The Source Volume (Time Dependent Volume),

e Connector 1 (Time Dependent Junction)

e The Pipe

e Heat Structure

e Connector 2 (Single Junction)

e Sink Volume (Time Dependent Volume 2)

e Plot Request and

e End
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g. THE SOURCE VOLUME.

It is used wherever flow can enter or leave a hydrodynamic system.

3 1100000 "inlet" tmdpvol
34 * fa(sg.m) length (m) wol(m3) azi wert dz rough hyd.d flags
35 1100101 0.00196 1.0 0.0 0.0 0.0 0.0 0.0 0.0 0000000
x*
x ebt (fluid, boron, initial thermodynamic state)

1100200 101
*

.. o

Card 1110000: Present the component Name (limit is eight character in W1 and the
component type in W2 indicated by TMDPVOL

Card 1100101: Presents the Volumes properties as labeled. Flow area of inlet volume
is selected the same as the flow area of pipe. After initiation the program sets the the
rest values to zero since they are only required to initiate the flow into the actual pipe
component. Refer to figure for the Azimuthal and vert orientation.

Card 1100200 is the data control that sets the thermodynamic state for fluid type, if
boron is present or not, initial thermodynamic state of the TMDPVOL using the
control term “ebt”. The digit ¢ specifies the fluid. € = 0 is the default fluid, € = 1
specifies H20, and € = 2 specifies D20. The digit b specifies whether boron is present
or not. The integer specification, b = 0, specifies that the volume fluid does not
contain boron; b = 1 mean there is boron concentration in the liquid water. The input t
specifies how the words of the time-dependent volume data in Cards CCC0201
through CCCO0209 are to be used to determine the initial thermodynamic state.
Entering t equal to 0 through 3 specifies one component (steam/water). Entering t

equal to 4 through 6 allows the specification of two components (steam/water and

noncondensible gas).

82



M.A.Sc. Thesis — S. Bello; McMaster University — Department of Engineering
Physics

Card 1100201: W1 is the search variable such as time. W2 and W3 are dependent of
the control variable in ‘t” in 200. If t=1I in as previously mention in card 1100200, then
W2 and W3 will be the time dependent data of pressure and temperature, if t=3 the

TD data for W2 and W3 will be pressure and temperature.

h. TIME-DEPENDENT JUNCTION:
This component is the Inlet connector Component indicated by TMDPJUN numbered
as CCC000000. In the expanded format (for the most recent versions of RELAP for
example), the connection code is CCCVVO0ON, where CCC is the component
number, VV is the volume number, and N indicates the face number. A nonzero N
specifies the expanded format, while a zero can be placed to indicate original RELAP
input formats. The number N equal to 1 and 2 specifies the inlet and outlet
faces/volumes, respectively, or the volume’s (x) coordinate direction. The number N

equal to 3 through 6 specifies crossflow.

45 | *hydro name type

16 1200000 "inlet" tmdpjun

47 *hydro from vol to wvol f.area

48 I 1200101 110010002 125010001 0.00196

4C *hydro vel/flow Erap

5C 1200200 1 0

51 *hydro search (time) lig.mlow wvap.mflow int.face.vel
52 1200201 100.0 6.0 0.0 0.0

Card 1200101 refer component name (W1) and type (W2) indicated by TMDPJUN
Card 1200101 refer to Time-Dependent Junction Geometry
W1 refers to the component and volume from which the junction coordinate direction

originates.
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W2 refers to the component and vol to which the junction co

W3 refers to Junction flow area (m2 , ft2 ). If zero, the area is set to the minimum
flow area of the TMDPVOL

Card 1200200: This card is optional. If this card is missing, W2 and W3 of cards
CCC0201 are velocities.

W1 is Control word. If = 0, W2 and W3 of cards CCC0201 are velocities. If =1, they
are replaced with mass flows as in the problem we modelling. In both cases, W4 is
interface velocity and should be zero.

Card 1200201: W1 consists of a set of search variable (e.g., time) followed by W2

the required data indicated by control Word 1 on Card 1200200

1. THE PIPE COMPONENT.

String of volumes with interior connecting junctions: Presented in the format Card
CCCO0001 with CCC being the component number,

Card 1250000: As we already know, W1 is the component name and W2 is the
component type.

Card 1250001: W1 = number of vol (recall in the nodalization, the component is
divided into equal vols. This number must be greater than zero and less than 100.
Card 1250101: W1 = the Volumetric flow area while W2 = the volume number

Card 1250301: W1= the Pipe or annulus volume length (m, ft) and W2 = the volume
number

Card 1250501: W1 = the Azimuthal angle in degrees. Refer to Figure. W2 = Volume

number.
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Card 1250601: W1 = Vertical angle in degrees. Again refer to Figure. W2 = Volume
number. 90.0 degrees means that the inlet is starting from the top to bottom and
inverse for -90.

Card 1250801: W1= The Wall roughness (m, ft). if not applicable enter a very low
value as in the current problem. W2= Hydraulic diameter (m, ft) referto the theory
section for the formular. W3=Volume number.

Card 1250901: Presents thee energy loss coefficients.

W1= Forward energy loss,

W2=Reverse energy loss coefficient,

W3 = Junction number (recall the number of junction from the nodalization diagram
Card 1251001: W1 = Volume control flags and W2 = the Vol number.

Card 1251101: W 1= Junction control flags and W2 = Junction number.

Card 1251201: W1 = Control word in the packed form of ebt same as in Card
1100200

W2-W6 are quantities based on W1. Five quantities must be entered, and zeros  for
unused quantities as seen in the working code.

Card 1251300: W1 is a control word as explain in Card 1200200

Card 1251301: W1= Initial liquid velocity or mass flow. Based the choice in card
1200200, Mass flow is appropriate choice

W2= Initial vapor mass flow

W3= Interface velocity. Enter zero.

W4=Junction number.
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j HEAT STRUCTURE

These cards are used in NEW and RESTART type problems and are required only if
heat structures are described. The heat structure number is represented in the format
ICCCGO00 having different fields as: CCC representing the heat structure
number(same as the pipe = 100 in this case, to indicate to other users its association
with pipe #100), it is suggested that the heat structures be numbered same as the
hydrodymanic volume (pipe( it is attached to as will be noticed in the problem we are
considering. G is a geometry number. The combination CCCG is a heat structure
geometry combination referenced in the heat structure input data. X is the card type
and NN is the card number within a card type.

Card 11000000: W 1= Number of axial heat structures with this geometry.

W2= Number of radial mesh points for this geometry.

W3= Geometry type. 1 for a rectangular, 2 for cylindrical, and 3 for spherical. Our
current model is a cylindrical reason why 2 is selected.

W4=5 initiate Steady-state initialization flag. Zero is selected as the desired initial
condition temperatures are entered on input cards 1CCCG401 through 1CCCG499;
use one if a steady-state initial condition temperatures are to be calculated by the code.
WS5=Left boundary coordinate (m, ft).

Card 11000100: W1=Mesh location flag: 0 means the geometry data including mesh
interval data, composition data, and source distribution data are inputed. Non zero
means the the information is taken from the heat structure geometry.

W2=Mesh format flag. This word is needed only if Word 1 is zero.

Card 11000101: These cards are required if Word 1 of Card ICCCG100 is zero in the

following format,
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I rAxxxAkkxAHeoat Structure added to Pipe 100+*kdxikaitiikrid

*

ke NVOL NP Geo Stdy In.Rad.
11000000 2 5 2 6 G.B25

¥ M.Loc Form

11000100 O 1
11000101 4 0.05
11000201 100 4

30 I * Power curve

31 11000301 1.0 4*flat power profile assumed
132 i in.temp. NP
133 11000401 350.0 5
134 x left incr. typ area NH
30 11000501 100010000 010000 1 1 2.0 2
136 A right incr. typ area NH
=51 11000601 0 0 0 il 2400 2
138 * power peaking factor
1139 * src.table src.mltp. mod.multp. NH
140 11000701 100 1.0 1.0 0:0 2
141 i ht.hyd.d. heated length grid boil.fctr NH
142 11000801 0.0 10.0 10.0 0.0 0.0 0.0 0.0 1.0 2
144 * stainless steel
145 20110000 tbl/fctn 1 1 * stainless steel
146 *

147 ki temperature  thermal conductivity
148 20110001 2713415 42.5578

149 20110002 11599.8166667 §2.3129

150 =

i . temperature heat capacity

152 20110051 273.1500 3827850.0

153 20110052 422.0389 3962160.0

154 20110053 477.5944 4096471.0
155 20110054 533.15 4230782.0
156 20110055 588.7056 4331514.0
157 20110056 644,261l 4432113.0
158 20110057 699.8167 4495403.0
159 20110058 810.9278 4633713.0
160 20110059 1366.483 5372421.0
161 20210000 power
162 20210001 0.0 0.0
163 | 20210002 0.0 20000.0

W 1= Number of intervals.

W2= Right coordinate (m, ft).

Card 11000201: These cards are enter only if W1 of Card 1ICCCG100 is zero
W 1= Composition number

W2=Interval number

Card 11000301: Same condition as above.
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W1=Source value.

W2= Mesh interval number.

Card 11000401: W1=Temperature (K, °F).W2= Mesh point number

Card 11000501: Defines the Left Boundary Condition for the heat structure

W1 = Boundary volume number of the form CCCNNOOOF used to specify the sink
temperature. If zero, no volume or general table is associated with the left surface of
this heat structure. We already defined the format aside F. If F is 2 or 1, volume
coordinate associated values are taken from the y- or z-axes, respectively.These
numbers define the flow direction parallel with tube bundles

W2= specify the increment (normally 10000) is added to Word 1, which results in
the hydraulic cell number associated wiW3= Boundary condition type. If 0, it means
zero temperature gradient is used at the boundary. But 1 indicates that a convective
boundary condition where the heat transfer coefficient obtained from Heat Transfer
Package 1 is used.

Card 110006011 are the same as Cards 1CCCG501 through 1CCCG599, except for
the right boundary. The left and right surface areas must be compatible with the
geometry.

Card 11000701: W1 defines the source type. If zero, no source is used. If a positive
number less than 1000, power from the general table starting from line 116 in our
sample input deck is used with this number as the power source. If above 1000, the
number has the form 100t and the source is taken from a reactor kinetics
calculation.The field t = 0 specifies total reactor power, t = 1 specifies total decay

power, t = 2 specifies fission power, t = 3 specifie sfission product decay power, and t
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= 4 specifies actinide decay power. If 10001 through 19999, the source is the control
variable whose number is this quantity minus 10000.

W2 refers to the Internal source multiplier. These values are helps to obtain the total
power generated in this heat structure by multiplying it by the power in the general
table.

W3 = Direct moderator heating multiplier for left boundary volume, 1 in this and
most cases unless moderator heating in a reactor simulation is needed.

W4 is same as in W3 but for the right boundary.

W5 denotes the Heat structure number.

Card 11000801 is a nine-word format that is required if or when the left boundary

shares energy with the is expected to share energy with the left hand fluid volume.

C 4XFlowA
W1 denotes the Heat transfer hydraulic diameter (&
Heated perimeter

). If 0.0, the volume
hydraulic diameter is used.

W2 is the Heated length forward (m, ft). Distance is from the heated inlet to the center
of this slab. This quantity will be used when the liquid volume velocity is positive or
zero. This is used to get the hydraulic entrance length effect. This is used only for the
CHF correlation. It must be > 0. To ignore the length effect, put in a large number (i.e.,
<10.0).

W3(R) Heated length reverse (m, ft). Distance is from the heated outlet to the center
of this slab. This is used only for some of the CHF correlations (if invoked through
other user inputs). It must be > 0. To ignore the length effect, put in a large number
(i.e., <10.0).

W4 - W7 is the Grid (spacer length and loss coefficient) parameters in used only for

the CHF calculation.
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WB8(R) Local boiling factor. 1.0 if there is no power source in the heat structure
meaning liquid is subcooled and void is zero. This number is greater than 0.0.

W9 is the Heat structure number.

Material Property: This section specifies the Heat structure thermal conductivity and
heat capacity per time. In this model, the information is inserted in the code from line
147 - 169 of our input deck being analysed.

Power Distribution Table: This section (Lines 170 - 172) specifies the power
distribution. W1 = Time while W2 = Power at that specific time of run. It could go
beyond line 172 depending on simulation details and complexity of the power input

table..

(k)  SINGLE JUNCTION

The single Junction is a basic connection for hydraulic system and is often used with
PIPE components. It’s a string of volumes with interior connecting junctions. Cards
are similar to the Time-deendent Junction as previously discussed, except that user

should specify the “from” volume and the “to”

532 AxAxkxAkrdxAQut]l et Single Junctiomihataik

34 1270000 "sngljuno" sngljun

55 % from vol to vol fa f.loss r.loss flag
1270101 125120002 130010001 0.0 0.0 0.0 0000100

37 * flag lig.mflow vap.mflow int.vel.

3.8 | 1270201, 1 6.0 0.0 0.0

Card 1200000 refer component name (W1) indicated by SNGLJUN and type (W2)
same as in TMDPVOL

Card 1270101 as explained in TMDJUN
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Card 1270201 refer component name (W1) and type (W2) same as in TMDPVOL
Card 1270101: W1 refers to the Search variable (e.g., time).

W2 refers to the Liquid velocity or mass flow depending on the control W 1

W3 is the Vapor velocity or mass flow.

W4 is the Interface velocity (m/s, ft/s). usually zero

(1)  SINK VOLUME

Sink volume is also a time dependent Volume with same Card details as describe
earlier. The difference is that this serves as the sink/outlet fixed parameter/boundary
condition (Line 96, Card 1300101) and also the component number should be
differentiated from other components. In addition, note in this example, that Card
1300200 condition in W1 is changed to “102” to assign the pressure and quality at the
outlet of the pipe, as well as the temperature distribution due to the attached heat

structure (room temperature in this case).

92 1300000 "sink" tmdpvol
93 * fa 1 vol azi vert dz rough hyd d flags
94 1300101 5.0 1.0 0.0 0.0 0.0 0.0 0.0 0.0 0000000

*Time dependent data to be pressure and temperature
1300200 102

- time pressure (Fa) Quality

1300201 0.0 500000.0 0.00001

Card 1300201 defines the exit boundary condition,

W1 is the search variable such as time.

W2 and 3 are dependent of the control variable in Card 1100200 of the source volume
component. If t=1 in as previously mention in card 1100200, then W2 and W3 will be

the time dependent data of pressure and temperature, if t=2, W2 and W3 will be
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Pressure and Quality while t=3 amounts to W2 and W3 being flowrate and

Temperature.

(m) PLOT REQUEST

The plot request information for each graphical output is made on cards 20300NNM.
Where NN is the graph number and may range from 1 through 39, but the total
number of graphs must be less than 40. M specify the trend number in the plots. The
information for each graph consists of one or more sets of three Was shown un the
sample file.. One set for each variable to be shown on the graph. The sets may be
entered on one or more cards, using m ranging from 0 through 4.

Cards number are in the form 20300NNM: W1 denotes the plot number and the
parameter trend added to the plots.

W2 is the Parameter part of variable name.

W3 is the Axis number and scale indicator

E3

* plot regquests
*

11 20300011 mflow] 100010000 1
12 20300012 mflow] 150010000 1
1 20300013 mflow] 140010000 1
14 20300014 mflow] 160010000 1
5 *
16 20300031 httemp 100000201 1
17 20300032 httemp 150000201 1
*
1 20300021 r 100020000 1
2 20300022 =] 150020000 1
2 20300023 =] 140020000 1
22 20300024 o 160020000 1
> *
2 20300041 tempf 100020000 1
25 20300042 tempf 150020000 1
26 20300043 tempf 140020000 1
27 20300044 tempf 160020000 1

The final line of the code is the ending command which is written as;

2R
.

50 . End of input
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(n) BRANCH COMPONENT

Branch is simply a single volume having more than one junction connections on one
side. The BRANCH component is used in other problem solved in this project. The
input deck for the BRANCH component as used here is analyse below. This could be
1 inlet with 2 outlet or vice versa. the Card numbers are in the forms of CCC0001
where CCC is the component number. More than one junction may be connected to

the inlet or outlet. If an end has no junctions, that end is considered a closed end.

64 e S s e e ep e el e el e e e e s S s e e G e G e g e S e
165 * component 120

= "
167 *crdno name type
168 1200000 bndbrnch branch
169 *crdno no.juns. ctl
170 1200001 3 1
L *crdno area length volume h-ang v-ang delz rough dhy ctl
12 1200101 0.019 2.0 0.0 180.0 0.0 0.0 0.0 0.0 0
173 *crdno ctl pressure temp
174 1200200 3 1.5+6 3500
175 *crdno from to area floss rloss flag
176 1201101 100020002 120010001 0 0 0 100
177 1202101 120010002 140010001 0 0 0 100
178 1203101 120010006 130010001 0 0 0 100
1779 *crdno flowf flowg velj
180 1201201 0.0 0.0 0

Card 1200000: W1 defines the component name and W2 states the component type
Card 1200001: W1 defines the Number of Junctions, “nj”.

Card 1200101 defines the components geometry

W1 is the Volume flow area in the x-coordinate direction (m2, t2).

W2 is the Length of volume in the x-coordinate direction (m, ft).

W3 is the Volume of volume, W3 = W1-W2. If one of the quantities is  zero, it will
be computed from the other two.

W4 is the Azimuthal angle. The absolute value of this angle must be > 360degrees.
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W5 is the Inclination angle. The absolute value of this angle must be > 90 degrees.
The angle 0 degrees is horizontal, and positive angles have an upward inclination.

W6 is the Elevation change (m, ft). A positive value is an increase in elevation.

W7 is the Wall roughness (m, ft).

W8 is the Hydraulic diameter (m, ft).

W9 is a control word as define in Card

Card 1200200: Wis a Control word in the format €bt as defined in Card.

W2-W6 are Quantities as described under Word 1 which is depending on the control
word. (Refer to Card)

Card 1201101 is the “from” card and refers to the component where to the
connection junction originate and where it connect to the Branch

Card 1202101 and Card 1203101are the “to” cards and refers to the component

where the Branch junction is connected to.

(o) PUMP COMPONENT

Pump components provide the direct motive force for fluid movement in a system and
the head provided directly affects the flow achieved through the fuel assemblies, and
can affect other phenomena such as cavitation and/or flow runout. The pump
characteristic curve is a vital input for system simulations, as such the code user

should understand how the pump characteristic curve works as described in Section 2

of Chapter 3.
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20 S S S e S e B g e S S S e e S T e S S e g S o S S S e

31 sk AL L PG Properbiogrhabdas

32 * westinghouse homologous pump curves

33 = flow area = 0.07 sqgm, volume = 0.14 cum

34 * ratings: speed = 369 rpm flow = 0.81 cum/sec

35 4 head = 27.5 m torque = 500.0 nm

36 & mom.i. = 1.43 kg*sqgm density = 614.0 kg/cum

37 * actual speed = 369 rpm

38 *crdno name type

39 2000000 "pump” pump

40 *crdno area length volume h-ang v-ang delz ctl

41 2000101 0.0019%6 2.0 0 0 0.0 0.0 0

42 *crdno from area floss rloss flag

43 2000108 100010002 0 0 0 0

44 *crdno to area floss rloss flag

45 2000109 300010001 0 0 0 0

46 *crdno ctl temp stc.qlty

47 2000200 104 450.0 0.000001

48 *crdno ctl flowf flowg vel]j

49 2000201 1 13110 0.0 0

50 2000202 1 131:0 0.0 0

51 *crdno id 2faz 2fazd tork pvel ptrip rvrs

52 2000301 =2 = =3 =1 =i 0 0

53 *crdno rpvel initv rflo rhead rtork momi rdens

54 2000302 369.0 1.8 0.81 27.5 500.0 1.43 614.0

55 *crdno rmotk  tf2 tfo 15 t£3

56 2000303 g 153.00 0.003 14.5 0

57 Fesme s o o e e e s e s s s s s s
Other Used Components

There are other components that may be required to model an entire nuclear power
plant system. These includes the Separator, Jetmixer, Turbine, ECC Mixer, or Vessel
components. The all are begin in the format CCCVVO0ON, where CCC is the
component number, VV is the volume number (always 01 for these components), and
N is the face number. Given its importance in generic modelling of systems the Pump
component is briefly described below, while the other components are more advanced

and are not covered in this Workbook.
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Chapter 6

Simulation Results and Sensitivity Analysis

The chapter presents the simulation result of each scenario discussed in the previous
chapter and included in the Workbook Based on the each input model, repeated
simulations were carried out to extensively evaluate the result and its validity,
offering insights into its accuracy, reliability, and applicability to real-world scenarios.
The sensitivity analysis is based on varying the input parameters and a comparative
analysis carried out with results directly extracted from RELAP and ASYST
simulation outputs to demonstrated what to expect to new user.

New users can also post-process the outputs to extract the code output file into a
CSV file, then using any of python, MS Excel and other data processing program, plot
the graphical results. Let us start off with this exercise and work around it with

varying parameters

6.1 1-D Single and Connected Pipes Flow Cases
Sample question: Water at 15°C (p = 999.1 kg/m* ? and p = 1.138x1073 kg/m.s) is

flowing steadily in a 30 m long and 6 cm diameter horizontal pipe made of stainless

steel at a rate of 10 L/s. Determine the pressure drop across the pipe.[75]
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Figure 6.1 Schematic of exercise 8-32 problem adopted from [75]

6.1.1 CASE #1: Single Pipe Flow (1-D)

Case 1.1: Pressure difference in a flow of single horizontal pipe

This case is the solution to the above exercise adopted from [75] used as reference for
the 1-D single pipe flow and its sensitivity analysis . In this case we provide an
example of boundary condition inputs that represent known flow rate, pipe’s
dimensions, temperature and unknown pressure differentials.. The Nodalization
diagram is given in Figure 4.1 and sample input file for the reference case is provided

Appendix I

*

Tk h ket Input Data**********

*

*Mass flow rate = 10.0 kg/s

*Pipe diameter=6cm = 0.06 m

*Length=30 m

*Roughness = 0.0018

*Inlet temp = 288 K

Pressure drop is calculated by the code and presented in Figure 6.2 while the plot of
set flow rate is present in Figure 6.3. Analytically validation is further carried out in

section 6.1.1.2
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AP =150 kPa

(a)

200000

160000

— 5 i
120000 —eo— Pressure P125 (inlet)

—eo— Pressure P125 (outlet)

80000

Pressure (Pa)

40000

N

0 10 20 30 40 50
(b) Time (s)

Figure 6.2 Plot of pressure at both end of single horizontal

pipe (a) Code output (b) Processed data

The RELAPS result is then post-process using the strip file in Figure 6.3 to extract the
parameter of interest in CSV format and then re-plot using MS Excel (lower graph).
The exercise of post-processing and verifying the results to ensure outputs were
correctly extracted is a good skill for new users and hence is included in the

Workbook.
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1 | = Title

i 100 strip csv

3 103 0

i

5 1001 tempf 125010000
6 1002 tempf 125060000
7 1003 mflowj 125010000
8 1004 mflowj 125060000
9 1005 p 125010000

10 1006 p 125060000

1(0) . End of input.

Figure 6.3 Strip file input for single pipe

12

10

—@®— Flowrate
6 P125 in

Flowrate (kg/s)

2
d
(a) i (b)’ 10 20 30 40 50
=, - Time (s)

Figure 6.4 Graphs of set Flow rate (a) RELAP Plot (b) Processed Data

From both results (Code output and post-processed plots), pressure drop was
experienced as the fluid flow from the pipe inlet to its outlet which is expected due to
pipes length and internal friction between the fluid and pipe surface roughness. It is
also expected that as the roughness increases the pressure difference will increase.
Another factor that will lead to increase pressure drop will be an increased pipe length

as presented below for accuracy and dependability of our model simulations.
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6.1.1.1 Analytical Verification

Based on the given parameter stated above in case la Simulation, we recall and

employ the Equation 4.6 to solve for the Pressure Drop, AP as defined in section 4.1

o =(£)(p%)

Given,Q=101/s=0.01m3/s and D =6cm = 0.06 m,

=222 j0sm
r = > =— =0
b= -9

A mr?
o001
V= Soooer 3.54 m/s

Since f'is a function of the Renold Number, Re, as defined in equation 4. we will first

. D
solve for Re using Re = %

p =999.1 kg/m3, p= 1.139X1073

_999.1x3.54x0.06

Re 1380103 = 186475
Re = 1.86x10°
Moody Disgram

0.05
0.04
0.03
0.02
0.015
0.01

0.047+

0.03}4

0.002
0.001
5x10-4
2x10~4

Friction Factor
{ g
t :sauqﬁno}] ad1 ] eangeY

_=— ENGINEEREXCEL

10° 10t 10° 10° 107 10°
Reynolds Number, Re = &‘:—4

Figure 6.5 The Moody Diagram adopted from [76]

100



M.A.Sc. Thesis — S. Bello; McMaster University — Department of Engineering
Physics

The above Re denotes a fully developed turbulent flow. Referencing the Moody
diagram in Figure 6.10 we can deduce the friction factor, f, for this range of Re and
Pipe’sroughness s;

= 0.049

Substitutingl parameters, we have;

AP = (0.049 X 30) (999.1 X 3,542)

0.06 2
6260.16078
Thus at /= 0.049,
AP =153373.93 = 153 kPa
The pressure drop between the inlet and outlet of the pipe is calculated to be about
1563 kPa. Comparing with the simulated pressure drop where P_inlet amounts to
8590 Pa and P_outlet is 8760 Pa, we can deduce that the pressure difference will be
AP = -
AP=167 - 15 kPa
AP = 152 kPa
In summary, simulated result shows that the AP_simulated = 152 kPa while the

analytical calculation agrees closely at AP_analytical = 153 kPa.

6.1.1.2 Sensitivity Analysis

Case 1.1 Increased Pipe Roughness (0.0018 - 0.0058)

The Nodalization diagram for this sensitivity analysis case is same as Figure 4.1 and
only Word 1 of CARD 1250801 in the sample input file for case #1 APPENDIX I

change from 0.0018 to 0.0058 to reflect the change

101



M.A.Sc. Thesis — S. Bello; McMaster University — Department of Engineering
Physics

8 x rough hyd wvol no.
5 | 1250801 0.0058 0.0 ©

AP =215 kPa

[ P 125010000 » 125060000

Figure 6.6 Pressure difference for rougher pipe
As the pipe roughness was increased from 0.0018 to 0.058 keeping other
parameters constant, the equivalent pressure head sufficient to push the desired flow
rate from the pipe inlet to outlet as been determined. This pressure difference is
expected to be higher due to the increased roughness. From the simulation results of
Figure 6.4 we can confirm that the pressure is 9.24 MPa at inlet compare to the
8.76MPa at the inlet of the smoother pipe of figure 6.1 and for the outlets we observed

an increase of 8.64 MPa for rough pipe to 8.59 MPa of the smooth pipe.

300000.00
250000.00
__200000.00
5 —@— Pressure P125 (inlet)
o 150000.00 @ Pressure P125 (outlet)
2
;d 100000.00
50000.00
leeeee@ee@eeeee@eee@eeeeeee@
0.00
0.00 10.00 20.00 30.00 40.00 50.00
Time (s)

Figure 6.7 Processed pressure difference for rougher pipe
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Case 1.2 Increased Length on Rough Pipe by 6m
The Nodalization diagram for this sensitivity analysis case is the same as Figure 4.1
but Word 1 of CARD 1250301 in the sample input file for case #1 provided in

APPENDIX I was change from 5.0 TO 6.0 to reflect the change.

2 * lengh vol no.
S 1250301 6.0 6

|t on

The expectation of an elongated pipe is to have additional pressure drop as compared
to the equivalent case with a shorter length. The figure below shows that for a 36m
long case there is a higher pressure drop of 317 kPa compared to the 215 kPa pressure
drop for30m that was observed in previous case. Additional analytical validation is

further carried out next.

>
-~
R\

Figure 6.8 Pressure difference for the Increased length on

400000
300000 '
E —o— Pressure P125 (inlet)
o —0—
g 200000 Pressure P125 (outlet)
A
g
A< 100000
0 Vooo—o—o—o—m—o—o—m—o—o—o—w—o—o—o—w—o—o
0 10 40 50

20 Time (50

Figure 6.9 Processed pressure difference for the Increased length on
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Case 1.3: Flow rate determination in a pipe at a set pressure drop

For this case we provide an example of boundary condition inputs that represent
known pressure differentials and an unknown flow rate. To simulate this case, we
recall the Source Vol input file description in section 5.11111, when we explain the
control term of ebt. When pressure is unknown, t=1 then W2 and W3 will be the time
dependent data of temperature and static quality but , flowrate is to be determine, then
t=3 where the TD data for W2 and W3 will be pressure and temperature. Thus we will
edit the (ebt) of WORD 1 CARD 1100200 from 101 to 103 and values of known
pressure and temperature be entered in WORDS 2 and 3 of CARD 11002010of

APPENDIX I that resulted in the input file in APPENDIX III.

29 % ebt (fluid type, no-boron, initial thermodynamic state)
1100200 103

* time Pressure(pa) temp (K)

2 1100201 0.0 1160000.0 288.0

The case inputs are summarized as:

*

***********Input Data**********
*

*Pipe diameter=6cm = 0.06 m
*Pipe Length=30 m

*Inlet temp = 288K

*Roughness = 0.00001

*Inlet Pressure, P1=1.16 MPa
*Qutlet Pressure, P2 = 1.06 MPa

= Flow rate determination in Single horizontal pipe
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Code computed flow rate = 14

" ko/s

14
12 f
10 —e— Flowrate P125 in

)
Bn
=
o 8
=
‘% 6
m 4
ol
0
(b) 0 20 40 60 80 100

Time (s)
Figure 6.10 Computed flow rate (a) Code output (b) Process data

Figure 6.10 shows the flow rate in the pipe when the inlet and outlet pressure
boundary are known. This is the flow rate required to transport the fluid through a

30m pipe from the inlet volume at 1.16MPa to the last volume at 1.06 MPa of the pipe.

2000000
1800000
1600000
1400000
1200000
1000000

800000 ~—e— Pressure P125 (inlet)

PI=1.160kPa |
\

P2 =1.060 kPa

Pressure (Pa)

600000 —=&— Pressure P125 (outlet)
400000
200000

0

0 5 10 15 20 25 30 35 40 45 50
Time (s)

Figure 6.11 Set Pressure difference (a) Code output (b) Process Data
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Case 1.4: Flow rate in a Reduced Pipe Length

The nodalization diagram for this sensitivity analysis case is same as Figure 4.1. To
reflect the reduced pipe length, WORD ...of CARD.. in line of the sample input file
for CASE #1 provided in Appendix I is modified to 2.5 from 5.0. This will change the
length was from 30 m to 15 m (having a vol number of 6.0, the Cell size of 5.0 is
adjusted to 2.5 which when multiply by the vol. Number of 6.0 will give the required

length of 15m to reflect the case.

*

LR R o T R Input Data Khhddehdk
*

*Pipe diameter=6cm = 0.06 m
*Pipe length=15 m

*Inlet temp = 288K
*Roughness = 0.00001

*Inlet pressure, P1=1.16 MP

*Qutlet pressure, P2 = 1.06 MP

0. T T T T T T T T T T T T
0. 10. 20. 30. 40. 50.
(a) time (s)
nflowj 125010000 § 125050000
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25

20
2 15
> —e— Flowrate P125(Inlet)
‘q"é 10 —— Flowrate P125(outlet)
z
o
= 5

04
0 10 20 30 40 50
(b) Time (s)

Figure 6.12 Code computed flow rate at reduce pipe

Again, as length of pipe reduces with same value of pressure drop, flow rate is
observed to increase as expected as shown in Figure 6.13 (both the code output result
and post-processed code data are shown so that new users can practice plotting in
RELAP and in a third party-code).

The flowrate of the 30m length pipe presented in earlier Figure 6.10 shows a flowrate
of 14.0 kg/s while the flowrate of shorter pipe in Figure 6.12 indicates a flow rate of
20.0 kg/s. The simulations results shows an increase in the flowrate of the shorter pipe
than as observed in the longer pipe and comparing this result with the analytical result,

they show agreement..

a. Case #2.2: Increased pipe’s roughness on the reduced Pipe

The Nodalization diagram for this sensitivity analysis case is same as Figure 4.1.
Word ...of Line in CARD of the sample input file for case #1 provided in Appendix I.
The roughness was change from 0.0018 to 0.0058 (WORD # of 0.0018 is adjusted to

0.0058 to reflect the case.
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The sensitivity analysis of the flow calacultion to roughness is conserved below.

%

sk sk sk sk sk skeosk skok Input Data sk sk sk skeosk skosk sk
%

*Pipe diameter=6cm = 0.06 m,
*Pipe Length=15 m

*Inlet temp = 288K
*Roughness = 0.0050

*Inlet Pressure, P1=1.16 MP

*Qutlet Pressure, P2 = 1.06 MP

//"

Drop in flow rate = 8.32 kg/s

(a | 5 PR R
‘ £1 aflo 1 S —
9
8
7
56
e 5 —— Flowrate P125
s +
5 3
B 2
1
.
®) 4 10 20 30 40 50
Time (s)

Figure 6.13 Reduced flowrate due to increased pipe roughness
(a) code output (b) Processed data
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me (s)

Figure 6.14 Pressure Difference at reduced length of single horizontal

A significant reduction in flowrate for the increased roughness relative to the reduce
length pipe with minimal roughness is shown in Figure 6.13.which agrees well with
the analytical check. The set pressure in the inlet and outlet of the pipe is shown in

Figure 6.14.

6.1.2 CASE #2: Connecting pipes

Nuclear power plant systems usually involve series of interconnected branches with
some regions having parallel flow paths, while other regions having serries connected
pipes. The following sections provide examples, sensitivity studies, and comparison
to theoretical calculations so that new code users will have a complete set of

simplified models to learn from.
Case 2.1: Series Connection with Set Flowrate

In this case we provide an example of boundary condition inputs that represent known
flow rate, pipe’s dimensions, temperature and unknown over all pressure drop in 2
horizontal pipes connected in series. The Nodalization diagram is given in Figure 5.4
and sample input file for the reference case is provided APPENDIX II. The case

inputs are summarized as:
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%

sk ke sk skeosk sk skokosk sk Input Data sk sk skosk sk skosk
%

*Mass flow rate = 10.0 kg/s
*Pipes diameter= 0.06 m
*Pipes Length=30m each
*Inlet temp = 288K

*Roughness = 0.00001(Very Smooth Pipe)

P
oo, :
o ]
R I
s, —1—
1 4
1 - .
- ;“t’}‘ ¢ AP_Pipel|= 150
Y :t AP_Pipe2 = 15(
0. o 5 G e 15 P e | | ) e [ e I e e | ) [ e o o B e |
0. 10. 2. 30. 40. 50. 60. 0. 80. 90. 100.
time (s)
—p 125010000 p 125060000 p 135010000 ---=p 135060000
Figure 6.15 Combined pressure trend in both pipes
1200000
1000000 ‘
. | —— Pressure 125 in
- AR ? —— Pressure_125 out
) | —— ;
& ‘ —— Pressure 135 out
=
A< 400000
200000

0 10 20 30 40

50 60 70 80 90
Time (s)

Figure 6.16 Processed pressure drops in both pipes
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The results in Figure 6.15 and 6.16 above shows that the converged steady-state
solution after about 10s of iterations within the code (prior to this time the code has
several fluctuations as it converges to steady state). Using the file in Figure 6.17 to
strip the ASCII data from the RELAP output file the user can plot the output in MS

Excel following the same step as in section 6.1.1

i = Title

2 100 strip cswv
2 103 0
A *,

5 * pipe 1 data of interest
6 1001 tempf 125010000
i 1002 tempf 125060000
8 1003 mflowj 125010000
9 1004 mflowj 125060000
10 1005 p 125010000
2 1006 p 125060000
12 * pipe 2 data of interest
: 1007 tempf 135010000
4 1008 tempf 135060000
5 1009 mflowj 135010000
6 1010 mflowj 135060000
i 1011 p 135010000
8 1012 p 135060000
. End of input.

Figure 6.17 Strip file input for connecting pipes

20.00

18.00

16.00 —— Flow_125P1

14.00 —— Flow_135P2

12.00
10.00 pry
8.00

Flowrate (kg/s)

6.00

4.00

|

2.00

0.00
0.00 20.00 40.00 60.00 80.00  100.00

Time (s)

Figure 6.18 Plot of Set Flow rate for both Pipes

Figure 6.15 and 6.16 show the pressure drop between the inlet of pipe 1 to the

outlet of pipe 2. The result is extracted from the mentioned Figures of the pressure in
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each of the pipes. From the extracted result, the inlet of pipe 1 shows a pressure of
346 kPa and a drop in pressure at the outlet to 196 kPa. Similarly. Inlet of pipe2 as

166 kPa to an outlet drop of 16 kPa. The simulated pressure drop of both pipes is;

APTotal = AP1 + AP1

=150+ 150 =300 kPa

6.1.2.1 Analytical Validation

Calculating the total pressure drop in both pipes will be the sum of the pressure drop
in Pipe 1 and that of pipe 2. Given the length of both pipe to be 30 m each while at

same temperature and flow rate as calculated in section 6.1.1.1. using;

w = 5)(e%)
D 2
AP _Pipel =153 kPa
The combined pressure drop, AP_Total can be determined as
AP Total = AP_Pipel + AP_Pipe2
Note that AP_Pipel = AP _Pipe2 = 153 kPa

AP _Total = 153 + 153 =306 kPa

From the analytical result of the total pressure drop across both pipes 1s close to the
simulated result of 300 kPa, with the small differences likely arising from differences

in the friction factor correlations used in the code.

6.1.2.2 CASE #2 Sensitivity Analysis

e Case 2.2: Reduced Length Simulation (Flow rate comparism)
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In this case we provide an example of boundary condition inputs that represent known
flow rate, pipe’s dimensions, temperature and unknown over all pressure drop in half
the length (15m each) of the 2 horizontal connected pipes presented in Case 2.1.

The nodalization diagram for this sensitivity analysis case is same as Figure 5.4.
To reflect the reduced pipe length, WORD 1 of CARD 1250301 and CARD 1350301
of the sample input file for CASE #1 provided in Appendix I is modified to 3.0 from
6.0. This will change the length from 30 m to 15 m (having a vol number of 5.0, the
Cell size of 6.0 is adjusted to 3.0 which when multiply by the vol. Number of 5.0 will

give the required length of 15m to reflect the case.

1250301
*>

1350301

The case inputs are summarized as:

*

LR R o T R Input Data Kk hhk
*

*Mass flow rate 10.0 kg/s

*Pipes diameter=6cm

*Pipes length=15 m each

*Inlet temp = 288K

*Roughness = 0.00001

The simulation was carried out in both RELAP5 and ASYST. Inlet and outlet
Pressures of both pipes are calculated analytical for validation purposes

Temperature and flowrate rate are kept constant in both simulations.
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0. s. 10, 15, 20, 25, 0. . {0, 5.

time (s)
| P 125010000 » 125050000 » 135010000 .= p 135050000 ‘

Figure 6.19 RELAPS Output of the combined pressure drop.

(Pa)*1.0E-03

time (s)

(e tasouom B 1M L) —* 1N |
Figure 6.20 ASYST plot of pressure drop in both Pipe
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120000
100000
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20000

0
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Figure 6.21 Processed pressure drop of both pipes.
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Figure 6.19 - 6.21 shows the pressure drop between the inlet of pipe 1 to the
outlet of pipe 2. The result is extracted from the mentioned Figures of the pressure in
each of the pipes. From the extracted result, the outlet of pipe 2 shows a pressure of
175 kPa and a drop in pressure at the outlet to 10 kPa. This amount to a total of 165
kPa of pressure drop in both pipes. We shall be validating this result analytical but its
agrees with the previous 30m long case that also had a pressure drop of 165 kPa

Analytical Validation of reduced Pipe Length

Given the Pipes in CASE 2.2 with reduced length from 30 m to 15 m for each pipes,
the total pressure drop, AP while other parameters remain same will be determine

analyticaly using equation below;
APtotal = APPipel + APPipeZ

Given L = 15 m with all other parameter constant

__ {0.052x15) (999.1 x 3.542

=81385.9014
=81 kPa
APpipe1 = APpipe2 = 81
Thus,
APpipe1 = 81 + 81 = 162 kPa
All three methods show excelent agreement as expected and carried out for all

other cases.
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6.1.3 CASE #3: Parallel Pipe Connection (Multichannel) Model

In this case we provide an example of boundary condition inputs that represent known
inlet flow rate, temperature and pressure in 2 parallel pipes. The objective is to
determine the exact flow rate in each pipe which is expected to be equal. The
Nodalization diagram is given in Figure 5.6 and sample input file for the reference

case is provided Appendix IL.b.. The case inputs are summarized as:

*

dkdb kb Input Data**********
%

*Mass flow rate 20 kg/s

*Pipes diameter = 0.06 m each
*Pipe length = 6 m each
*Inlet temp = 513K

*Pressure = 8MP (@ both end of Pipes

4»

time (s) T 18
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flowj 125010000 mflow] 125110000 mflow] 126010000 —--—mflowj 126110000

Figure 6.22 Flowrate distribution in the parallel connection
(a) Pipe 1 (b) Pipe 2 (c) Both Pipes
The result of simulating two parallel non-heated pipes flow connected by a branch
component set at an initial flow of 20kg/s shows an equal distribution of flow on each
pipe at 10kg/s each (Figure 6.22). Its is logical to agree with the flow rate in each pipe
considering that the inlet and outlet conditions of the TDVs are constant and

consistent between the channels.

8060.

Figure 6.23 Pressure loss in the parallel connection
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6.1.3.1 CASE #3 Sensitivity Analysis

Case 3.1 Unequal pipes in parallel

The Nodalization diagram for this sensitivity analysis case is same as Figure 5.6.

For this case we provide an example of boundary condition inputs that represent Pipes
with differential diameter (0.06m and 0.03m) connected in parallel. We aim to
determine the unequal flowrate in each pipe. To achieve this, WORD 1 (Flowarea) of
CARD 1260101 of CASE #3 input file in Appendix IL.b was recalculate using the

reduce diameter of pipe 2, now 0.03m which gives 0.00071.

* vol no
51 1250101/ 0.002827 5
12 * flowArea Jwvol no
1=l 1260101 \0.00071 12

The case inputs are summarized as:

*

***********Input Data**********

*

*Mass flow rate 20 kg/s

*Pipe 1 diameter=0.06 m

*Pipe 2 diameter=0.03 m

*Pipe Length=6 m

*Inlet temp = 513K

*Roughness = 0.00001

*Pressure = SMP

Considering that there is no heating, the temperature remain unchange. Figures 6.24

and Figure 6.25 shows the parameter changes in both pipes.
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Figure 6.24 Unequal Flowrate distribution in the parallel connection
(a) Pipe 1 (b) Pipe 2 (c) Both Pipes
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Figure 6.25 Pressure loss in the unequal parallel connection
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6.1.4 CASE #4: Bend Pipe / Elbows

Complex systems involve various geometrical features that cause local pressure drop
including pipe bends, diameter changes, etc that are referred to in many textbooks as
“minor” losses. The pressure drop in these components is defined using a “K-factor”
which is an empirically derived coefficient the rates the pressure-drop in that
component to the square of the flow rate. The following cases provide examples of

loss factors in RELAP and ASYST.

Case 4.1: Flow in a Bend

In this case we provide an example of boundary condition inputs that represent known
flow rate, pipe’s dimensions, temperature and unknown over all pressure drop in 2
pipes connected 90 degrees. The aim is to determine the pressure drop in the pipe
bend. The nodalization diagram is given in Figure 5.7 and sample input file for the
reference case is simply changing the orientation of pipe 2 in CASE # by replacing
0.0 in WORD 1 of CARD 1350601 with 90 or -90 depending on either upward or

downward flow. The case inputs are summarized as:

*

LR R o T R Input Data**********
*

*Mass flow rate 10.0 kg/s

*Pipes diameter= 0.06m
*Pipes Length=30 m each
*Inlet temp = 288K
*Pipel=Horizontal

*Pipe2=Vertical elevation Upward
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A | | [

11/ AP_Pipel=160

3 E AP Pipe2 = 425

‘ §E8 v p 135010000 p 1350601

p 125060000

Figure 6.26 Pressure drop determination in a bend (a) Pipe 1 (b) Pipe
Pipel: P_in= 640kPa and P_out =490 kPa

AP P1 = 160kPa

Pipe2: P_in=465kPa and P_out =40Pa
AP P2 =425kPa
AP P1+ AP P2=425+160

=585 kPa

Figure 6.27 Total Pressure drop in the bend pipes (Pipe 1 and Pipe
Pipel P in= 640 kPa and Pipe2 out =40 kPa

AP_Total (Simulation) = 600 kPa
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Case 4.2: Flow rate determination in a bend

The nodalization diagram for this case is same as in Figure 5.7. We provide an
example to determine the flow rate in 2 pipes connected 90 degrees. This is pretty
similar case as Case 1.3 except that this is on a bend. As such, the procedure and
modification is repeated on the case 4.1 to change the ebt from 101 to 103 and assign

the pressure and temperature value summarized as;.

*

LR R o T R Input Data**********
*

*Pipes diameter=6cm

*Pipes Length=30 m each

*Inlet temp = 288K

*Pipel=Horizontal, Pipe2 = vertical downward flow

P1=1160 k Pa and P2=1010 kPa

Flowrate determined to be

11.0 kg/s across the bend pipe

Figure 6.28 Computed Flowrate in a bend pipe
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Pipel P |in

Pipe2 P out

Figure 6.29 Pressure Drop in the Bend

6.2 Heat Structure Cases

6.2.1 CASE #5: Heat Structure on Single Pipe

In this case we provide an example of boundary condition inputs that represent a
heated pipe with a known flow rate, pipe’s dimensionstemperature and unknown
pressure drop in 2 pipes connected 90 degrees. The aim is to determine the fluid/wall
temperature and pressure drop in a stainless steel pipe. The nodalization diagram is
given in Figure 5.9a and the sample input file for the reference case is provided
Appendix V.

The case inputs are summarized as:

*

***********Input Data**********

*

*Mass flow rate= 30 kg/s

*Pipe diameter= 0.06 m
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*Pipe Length= 6 m

*Inlet temp = 320 K

*Pipe roughness = 0.0018
*Pressure drop is to be determined

*Fluid/Wall Temp. = To be solve by Code

S wall Temp_out=380 K

\ Fluid Temp out=368 K

| S O o e e O A R N |

340 V\ .
Wall Temp 1n=344 K
330. 7 /
. L Fluid Temp _in=328 K
0. 500. 1000. 1500. 2000. 2500. 3000. 3500. 4000. 4500. 5000.
time (s)
(a) ‘ tempf 125010000 httemp 1250001 1 tempf 125060000 ---—httemp 1250006 1
380
370

—— P1_Fluid Temp_in
—— P1_Fluid Temp_out
—— P1_Wall Temp _in
—— P1_Wall Temp out

(b) 0 1000 2000 3000 4000 5000
Time (s)

Figure 6.30 Fluid and Wall Temperature trend in the Single Horizontal Pipe

(a) Code plot (b) Processed Data
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Flowrate and Pressure from RELAPS/ASYST and Processed Data

40
35
30 <D
\\ Qadesaciands M oand e 25
DT PUHIL 1TOW1Latc 6
%’ 20
E 15 —@— Flowrate P125_in
= 10 —— Flowrate P125_out
: . 2 0 1000 2000 3000 4000 5000
(a) ‘
= e Time (5
\ 2000000
L— 1500000
<
&
8 21000000 Pressure P125 (inlet)
2 Pressure P125 (outlet)
&
500000
o (b) 0 1000 2000 3000 4000 5000

p 12506 Time (s)

Figure 6.31 Single Heated Pipe (a) Flowrate (b) Pressure trend

6.2.1.1 Sensitivity Analysis

Having determined the parameter changes based on the initial conditions from case 10,
we went on to demonstrate to new users the sensitivity to lower (half) and higher
(double) powers from the heating power from the initial condition of SOkW.

Case 5.5: Parameter changes at reduced (25 kW) Heating of same pipe length

The nodalization diagram for this case is same as in Figure 5.9. We provide an

example to determine the wall and fluid temperature at a reduce heating. To achieve

this, WORD .. (Flowarea) in LINEs... of case #5 input file in Appendix V was
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recalculate using the reduce diameter of pipe 2, now 0.03 m,) as shown in Appedix II

to represent the current scenerio The case inputs are summarized as:

%

***********Input Data**********

%

*Mass flow rate= 30 kg/s
*Pipe length =6 m

*Pipe roughness = 0.0018

*Pipe diameter= 0.06 m

*Inlet temp = 320 K

*Heating power = 100kW

G o o Wall Temp out =351 K
i 3 i o Fluid Temp_out=344 K
- o Wall Temp in=332K
- /-' - » luid Temp _out=324 K
(a) 500 1! — 3 3 4 4500
I empf 12 ttemp 1250001 1 tempf 125060000 httemp 1250006 1
355
350
345
g 340 /S m=--- P1_Fluid Temp _in  —— P1_Fluid Temp_out
g 335 P1 Wall Temp in ——P1_Wall Temp_out
(P}
= 330
325
o U
(b) 0 1000 2000 3000 4000 5000
Time (s)

Figure 6.32 Fluid and Wall Temperature trend in a reduced heating (25kW)

(b) Code plot (b) Processed Data
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As expected from a lower heating power, temperature drop in both the fluid and wall
are also visible in Figure 6.45. This is as expected as less heating will amount to lower
temperature in both the pipe wall and subsequent transfer to the fluid. Flowrate

remained the same at set point of 30 kg/s

T

Outlet=[1.53 MPa

Inlet=170 kPa

l P 125010000 P 125060000
Figure 6.33 Reduced Heating Pressure Drops

Case 5.6: Parameter changes at 100kW Heating of same pipe length

In this case, the procedure of case 5.5 is repeated with change of the heating power
from 25000.00 to 10000.0 in WORD of CARD.

Users can observe the effect of the power provided to the heat structure with higer
heating power results to increase temperature which is demonstrated in the code

output and processed data plots of Figure 6.34
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500
480 — P1 _Fluid Temp in  —— P1_Fluid Temp_out
460 ——P1 Wall Temp in  —— P1_Wall Temp out
440
420
400
380
360
340
320 &
300

(b) O 1000 2000 3000 4000 5000

Time (s)
Figure 6.34 Fluid and Wall Temperature Trend in of Increased Heating (100kW)

Temp (K)

(c) Code plot (b) Processed Data

2000, 2000000
1750. f ? /
1500, — Out et=1.86 MPa 1 1500000
1250, A a Pressure P125 (inlet)
e = 1000000 Pressure P125 (outlet)
: Inlet=480 kPa g
750. H
L '] ‘ - T - ™ 0
(a) 0. s0. 1000, s00. 2000 tm(» (b) 0 1000 2000 3000

‘ p 125010000 p 125060000 Time (S)

Figure 6.35 Increased Heating Pressure Drops

(a) Code plot (b) Processed Data
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6.2.2 CASE #6: CANDU Fuel Bundle

In order to provide new users with a more meaningful example of code inputs for a
nuclear power plant, the following example is provided in the Workbook. The 37 fuel
element CANDU fuel bundle is modeled and simulated in this section with the
operating parameters of the CANDU reactor. Figure 6.26 shows the arrangement of
the fuel pins in the bundle with the corresponding dimensions.

These parameters are then subsequently used to derive the heat transfer areas, flow

areas, and hydraulic diameters that are needed for the code inputs.

\

¥ et s, Coolant/Moderator

Clad

Basic fuel cell
D=12.243; D,=13.081

< 860.614 _J

Figure 6.36 CANDU Fuel bundle geometrical representation adoptrf from [72]

6.2.2.1 Fuel Heat Transfer Properties Calculations

Calculations was carried out using MS Excel to determine the several heat transfer
properties of the fuel bundle as presented in table 6.1 used in developing the input

file.
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Table 6.1 Calculated CANDU Fuel Bundle Properties

Items Properties Value

Fuel Number of Pins 37
Pin Diameter 0.012
Pin Area 0.00011304
Pins Total Area 0.00418248
Wetted perimeter 0.03768
Total wetted perimeter 1.39416

Pressure

Tube Diameter 0.104
Area 0.00849056
Flow Area 0.00430808
Wetted perimeter of tube 0.32656
Length 6

Fuel

Bundle Number of bundles 12
Length 6

Heat

Transfer HT Dh 0.01236036
Flow DH 0.01001459

By now, we are already familiar with some of the derived data in the table 6 above.
To correctly develop the input file of the unique case of CANDU fuel bundle, the
highlighted parameter are the unique values to edit in the heat structure component
input file in APPENDIX 1V to arrive at the CANDU Fuel Bundle MODEL Input file
in APPENDIX V.

We have previously describe in section 5.7.1 the sample input file for Heat

Structure Component which is where we will reference and modify to input the most
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of the parameters in Table 6.1 to reflect the CANDU Fuel Bundle we want to

simulating in this case.

Number of Pins: WORD 5 of CARD 11250501/CARD 11250601 for left and
right boundary condition (Heat transfer direction) describe the height of the heat

structure, in this case, the fuel bundle (0.5 m X 37 pins) which gives us 18.5 m .

112 **left BC volume num increment BCtype SA type height hs.num

113 11250501 0 0 0 1 0 12
114 **left BC volume num increment BCtype SA typs hs.num
i 18.5 12

115 | 11250601 125010000 010000 1 i

Heat Transfer Hydraulic Diameter: Another important parameter is the heat
transfer hydraulic Diameter which goes into WORD 1 of CARD 11250800 and

CARD 11250901 of the Heat structure component as already describe in section

5.7.1

118 x ht.hyd.d. htdalwtre: grd boil.fctr(l1.0 no power)

113 11250800 @

120 | 11250801 10.0 T0.0 '6.00.0 D.0 0.0 1.0 12
121 11250900

122 11250901 10.0 10.0 0.0 0.0 0.0 0.0 1.0 12

Flow Area: Like in other cases, the flow arear goes in WORD 1 of CARD

1250101 which is the pipe component as shown below

61 * flowArea vwvol no.
62 1250101 0.0043 1:2
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6.2.2.2 Simulation Cases

Case 6.1: Steady State Scenerio in a CANDDU Fuel Channel

In this case we provide an example of boundary condition inputs that represent that of
a 37Pins by 12 CANDU fuel bundles with a set flow rate, pressure, and fuel bundle
operating parameters. The aim is to determine the fluid/wall temperature and pressure
drop in a channelstainless steel pipe during steady state. The nodalization diagram is
given in Figure 5.9a and the sample input file for the reference case is provided
Appendix V.

The case inputs are summarized as:

*

3k st sfe s s sk skosk sk ke Input Data**********

*

*Mass flow rate 20 kg/s *Pipe diameter=0.06 m

*Pipe length=6 m *Inlet temp = 513K
*Roughness = 0.00001 *Number of fuel elements = 37

*Pressure = 8MP (reactor operating pressure)

‘ tempf 125010000 httemp 1250001 1 tempf 125120000 httemp 1250012

Figure 6.37 Steady state Fluid and Wall Temperature of CANDU Fuel
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@ )

Figure 6.38 Steady State plot of (a) Flow rate (b) Pressure in Fuel Channel

Case 6.2: Transient Simulation (Power Surge 1.0 MW to 5.0 MW, 8 MPa, 20 kg/s)
In this case we provide an example of transition of case 6.1 into transient case where
the 1 MW steady run was ramped to SMW to represent a sudden power surge in
reactor operation. The nodalization diagram is same as in Figure 5.9a and the Power
table (from Line ) of the sample input file in Appendix VI was replaced with Table

6.1 below and can be edited to reflect other range of power.

Table 6.2 Power Table for Transient Simulation (IMW-5MW)

skeoskoskok ko Power Table*********************

20214000 power
20214001 0.0 0.0
20214002 10.0 1000000.0
20214003 40.0 1000000.0
20214004 50.0 5000000.0
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LILE i g

[ tempf 125010000 httemp 1250001 1 tempf 125120000 —--—httemp 1250012 1

Figure 6.39 Temperature trend during power surge ramp

| mflowj 125010000 mflowj 125110000 ’
I p 125010000 p 125120000

Figure 6.40 Power surge transient (a) Flow rate (b) Pressure Drop in Fuel Channel Model

Both the fluid and wall temperature are observed to follow accordingly when the
heating power was ramped up as depicted in the code output shown in Figure 6.39
while the pressure drop experienced is shown in Figure 6.40b. Figure 6.40a present
the set flow rate.

Case 6.3: Transient Simulation of Power fluctuation at 8 MPa, 20 kg/s)

In this case, the power variation in Table 6.2 was use to demonstrate power
fluctuation scenarios. The user should note that RELAP employs a linear

interpolation of the power between each time step in the power table below. All cases
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involve single-phase flow such that the impact of the power changes on the pressure
drop/flow characteristic are minimal as shown in Figure 6.32.

Table 6.3 Power Variation Table

*

******Power Table********

*

20212500 power

20212501 00 0.0
20212502 10.0  1000000.0
20212503 20.0  1000000.0
20212504 30.0 200000.0
20212502 40.0 200000.0
20212503 50.0 2000000.0
20212504 60.0  2000000.0
20212502 70.0  500000.0
20212503 80.0  500000.0
20212504 90.0  5000000.0
20212502 100.0  5000000.0
20212503 110.0 500000.0
20212504 120.0 500000.0
20212503 130.0 2000000.0
20212504 140.0 2000000.0

The trend of the wall and fluid temperature during this fluctuation is presented in
Figure 6.31while the corresponding pressure drops is shown in Figure 6.32 It is
observed that the rise and fall of the temperature follows the increase and decrease of
the heating power periods though we are to take recognizance of the system response
time in immediately effecting this changes fluctuation which is captured in the time

column of the power table above.
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‘ tempf 125010000 httemp 1250001 1 tempf 125120000 —--— htteap 1250012 1 |

Figure 6.41 Fluid and Wall Temperature during Power Fluctuation Transient

time (s)

p 125010000 p 125120000

Figure 6.42 Pressure Drop during Power Fluctuation

6.3 Pump Model Cases

As mentioned previously in chapter 5, pump components are a key feature of a system
model and are integral in producing accurate system responses. Even though the
pump manufacturer usually provides the pump characteristics, knowledge on how to
translate this into appropriate RELAP inputs. One important source in understanding
pump selection is the pump characteristics which has been discussed in the previous

chapter.
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The required parameter needed form the pump manufacturer and the peculiar pump
characteristic curve are as follow;

The Pump Power, Pump Head, Flow rate, RPM (Revolution per Minute) Efficiency,
Impeller size (Relates to centrifugal and positive displacement pumps., NPSH (Net

Positive Suction Head.

6.3.1 Pump Properties Defined

TEELT L DUmp, PropeThiestkiaes

2 i westinghouse homologous pump curves

; * flow area = 0.07 sqm, volume = 0.14 cum

4 ¥ ratings: speed = 369 rpm flow = 0.81 cum/sec
* head = 27.5 m torque = 500.0 nm
1 mom.i. = 1.43 kg*sqm density = 614.0 kg/cum
*

actual speed = 369 rpm

Figure 6.43 Pump Characteristics

The above pump is chosen for the next case as it’s properties capable of overcoming
the pressure head we considering, the following cases were modeled and calculated

for both Rough and Smooth pipe.

6.3.2 CASE #7: Pump Model Result (Rough vs Smooth Pipes)

In this case we provide an example of boundary condition inputs that represent a
pump powered flow (forced circulation) through both series pipe connection and an
inclined pipe connection. The aim is to simulate the flow condition and observe the
flow behaviour while extracting the code calculation of the flow rate and pressure
head require to push the fluid through both a smooth and rough pipes at each section

of the network.
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i

|
1201TDJ 100P Pump

1 160J
P2 72

300P

200P |‘ 120J

P‘—g_ “

Figure 6.44 Pump Model Representation

Case 7.1 Forced (Pump) flow through rough Pipes

The nodalization diagram is drawn in Figure 5.13 and 6.33 and the sample input file

for the reference case is provided Appendix VI. The known pump input parameters

are summarized as;

%

sk sk sk sk sk sk ke ke skoskosk Input Data**********

%

*Pipe diameter = 0.076 m

*Pipe Length=6 m each

*Inlet temp = 300 K

*Roughness = 0.0018 (Rough pipes)
*Pressure P1=2.1MP (Ground elevation)
*Pressure P2 = 2.0 MP (Same elevation as P1)

*Pressure P3 = 2.0 MP (Elevated 2 m above P1 & P2)
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] ] S O P
o+ Pump Assign Flowrate in |
: Pipe 1 & 2 =45 kg/s

| | |
l

—— Pump Assign Flowrate in =~ -
—— Pipe 3 =45 kg/s -

L] HH‘HH‘HH‘ LULLL

flowi 1001100 nflows 20001001 mtlows 20011000 | mflowj 300010000 mflowj 300110000

Figure 6.45 Flow rate set by the pump across (a) Pipe 1&2 (b) Pipe 3

e A 1 =2170-2120 | =

T e
G A 5=2090-1850 % e LA 4 =21102005
1900 éi :240 kPa — 20s0. ' S =105 kPa —t
‘ —p 10001000 p 100120000 E (” = p 200120000 | P 300010000 P 300120000

Figure 6.46 Pressure drop between rough pipes  Figure 6.47 Final pressure in pipe 3

1 and 2 on the same elevation at higher elevation

6.3.3 Case 7 Sensitivity Analysis

Case 7.2: Forced flow through smooth Pipes

The nodalization diagram is same as in case 7.1 For the sample input file, All 3 rough
pipes are replace with (0.0) to reflect smoothness. This edit is in WORD 1 of CARDS
1000801, 20008010 and 30008010 in the referenced case of Appendix VI. The known
pump input parameters are summarized in case 7.1 with only the Roughness change to

0.0 to represent a smooth pipe.
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ol o hyd vol no.
68 1000801 g.0 12
126 * hyd vol no.
127 | 200080 0.0 12
163 i hyd vol no.
164 3000801 vl 12

" Pump Assign Flowrate in
«.—— Pipe 1 & 2 =68 kg/s -1

| Pump Assign Flowrate in
. Pipe 3 =68 kg/s

_ APpies=2170-2005

(Pa) 1, 0E=03

APpipe1 = 2095-1995

=100 MPa

LLCC L L

Figure 6.49 Pressure drop in Smooth (a) Pipe 1 and 2 on same elevation (b) Pipe 3

User will notice a significant parameters drop in flow rate between the smooth (Figure
6.39 & 6.40) and rough (Figure 6.41 & 6.42) Pipes which aligns with the theoretical

and expected values.
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6.4 Loop Model Cases

In order to further demonstrate the Pump model a case including flow in a loop is
demonstrate using both the Pump input card, as well as a time dependent junction, to

independently verify the pump component model.

6.4.1 CASE #8: Loop with a Pump

In this case we further provide an example of boundary condition inputs that represent
a pump powered flow (forced circulation) through a simple loop. The aim is to
simulate the flow condition and observe the flow behaviour while extracting the code
calculation of the flow rate through the 4 pipe loop. The nodalization diagram is
drawn in Figure 4.13a and the sample input file for the reference case is provided in

Appendix VII. The loop and pump parameters are summarized as;

*

sk sk sk s sk sk skoskosk ke sk Input Parameter**********

*

*Mass flow rate 20 kg/s
*Pipes diameter=0.06 m
*Pipes Length=30 m
*Inlet temp = 513K
*quality = 0.00001

*Pressure = 1.5 MP
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% component 170

S SN - SR S SN - SENt: - SNt SEs - S - SN S - SU: = SNt - S - N - SR - St - S "
* pump

* westinghouse homologous pump curves

* flow area = 0.07 sqm, volume = 0.14 cum

* ratings: speed = 369 rpm flow = 0.81 cum/sec

* head = 27.5 m torque = 500.0 nm

* mom.i. = 1.43 kg*sgm density = 614.0 kg/cum

*

actual speed = 369 rpm

The assigned pump flow rate through the 4 pipes loop as calculated by the code is

plotted in Figure 6.50, while the pressure trend is in Figure 6.51

200.

(kg/sec)

100 : +
7 f
b /
- !
- /
7 f
50,
1 — T 1 1 7T T T 1 1 ! S A O | T T 71T 171 | A T IR | T T
0. 100, 200. 300. $00. 500. §00. 700. 800. 900, 1000.
time (s)
‘ —— nflowj 100010000 Bflowj 150010000 nflowj 140010000 —— nflow] 160010000
Figure 6.50 Loop Flow rate set by the Pump
1700, —
1675. —]
1650, —F
162 .
5
& 16 :
a 31
s
= 1575, —
1550, — 1
|
|
1525, —7
=|
|
1500 ir‘u T o T e e R e e T~ T T
0. 100. 200. 100. 400. 500. 600. 700, 800. 900. 1000.
time (s)
‘ p 100020000 p 150020000 p 140020000 - p 160020000

Figure 6.51 Pressure trend across the Loop (Pump powered)
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6.4.2 Case #8 Sensitivity Analysis

Case 8.1: With TMDJUN:

Similar to Case #8, The aim in this sensitivity analysis case is replace the Pump
component with a Time Dependent Junction and simulate the entire flow condition
and in particular observe TDJ sustained flow rate through the 4 pipe loop. In this case
and unlike having the pump generated flowrate we have to impose a flow rate for the
TDIJ so in this case we are going to be using the flow rate generated by the pump in
case #8 (120 kg/s) to simulate the loop with TDJ. The nodalization diagram is drawn
in Figure 4.13a and the sample input file for the reference case is to entirely replace
the pump component input file with that of the Time Dependent Junction provided in

Appendix VIL.b with the below

3 drxdkx*kComponent 170 = tmdpjun***iiix

A0) R S — St 1 — I Sk - — S i — S ML el IS et St — S S — Ol - — S et - — S k| S
41 | 1700000 "IC" tmdpjun

42 e from vol to vol f.area

43 | 1700101 160020002 100010001 0.0196

44 e vel/flow trip*

45 | 1700200 il 0

16 * time lig.mflow vap.mflow int.vel.

47 | 1700201 0.0 120.0 0.0 0.0

The loop and pump parameters are same as in Case #8
The result of simulation is presented in Figure 6.52 which depict the outcome of the
Time Dependent Junction sustained flow rate just like the Pump components while

Figure 6.53 show the pressure losses.
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500.

time (s)

| mflowj 100010000 mflowj 150010000 mflowj 140010000 mflowj 160010000

Figure 6.52 Loop Flow rate set by TDJ on heated loop
(a) both pipes (b) One pipe

NENE

time (s)

l p 100020000 p 150020000 p 140020000 —--=p 160020000

Figure 6.53 Pressure across Loop hydraulic path with TDJ

6.5 Heat Exchangers

The final example for new user training in the Workbook is an example of a heat
exchanger application. The left and right boundary condition of the Heat structure is
employed to effectively transfer heat from a heated pipe to a separate cooler flow
stream. The verification of this simulation is via several cases of both a Parallel and

Cross flow HX at reducing and increasing pipe length, increased flow on one side and
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also varying pipes roughness. A parallel and cross flow heat exchanger is analysed in
this workbook with different cases to give detailed understanding of phenomena in the
HX. New users can then compare their RELAP simulations to the theoretical
predictions for these HX.

RELAP and ASYST have a large amount of flexibility in terms of heat
exchange simulations. Because the flow area, hydraulic diameter, and heat transfer
areas on the hot and cold side of the structure can be independently modified, a user
can simulate a variety of HX designs by ensuring the each value is adjusted
accordingly. Heat transfer correlations can also be selected that are most appropriate

for the fluid flow and geometry being considered.

6.5.1 CASE #9: The Parallel Flow Heat Exchanger

1 il (8

Te in [ — Tiz, ot
— — —
| —
Th, in &
Th, out
Te, out

Yo In /‘-_7

Figure 6.54 Schematic of a Typical Parallel HX adopted from [80 ]

Cold Side
170J ' 160TDJ

120TDJ Hot Side v 130J
190

Figure 6.55 Schematic of a typical Parallel Flow Heat Exchanger Profile
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Case 9.1. Parallel flow on a 6 m Heat Exchanger pipes

In this case we provide an example of boundary condition inputs that represent a
parallel heat exchanger with a known inlet temperature of both the hot and code pipe.
The aim is to simulate the model to determine the outlet fluid/wall temperature of
both side of the HX to confirm heat balance according to 1% law. The nodalization
diagram is given in Figures 5.11a and the schematic is shown in Figure 6.54 while the
sample input file for the reference case is provided Appendix VIII. The case inputs

are summarized as:

*

sk sk sk sk sk skosk skok Input Data**********

*

*Pipe diameter = 0.06m *Pipe Length=6m each
*Inlet temp = 513K (hot leg) *Inlet temp = 483K (cold leg)
*Flowrate = 20 kg/s *Pressure = 10 MPa

*Roughness = 0.00001

6.56 Inlet and outlet Temperature Plot for both Hot and Cold Side
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Figure 6.57 Plot of (a) Flow rate (b) Pressure trend on both Sides

Table 6.4 Case 9.1: Summary of Temperature Distribution

512.5 484 499 497 -13.5 13

Flow rate and Pressure on both sides maintained the set value of 20 kg/s and 10
MPa respectively while the temperature distribution and change in temperature on
each pipe of the HX is tabulated in Table 6.6 which satisfies the heat balance on both

side of the HX according to 1% law of thermodynamic.

6.5.2 Case 9 Sensitivity Analysis

Case 9.2: Increased Flowrate on the Hot Side
This case provide an example of boundary condition similar to case 9 with increased
flow rate on the hot side. The aim is to examine the sensitivity of the heat exchange to

flow rates the mass flow on the hot leg was doubled and the results provided.
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The nodalization diagram and the sample input file for this case is same as mention in
case # 9 in APPENDIX VIII but with WORD 2 of CARD 1600201 edited (changed to

40.0) while keeping the cold side flow rate constant at 20.0 to reflect the desired

flowrate.

121 X time lig.mflow vwvap.mflow int.vel.

122 | 1600201 0.0 40.0 0.0 0.0
. [ [ T

Hot side Flow rate = 40 kg/s —

INEE RN

1l

Cold_side Flow rate = 20 kg/s B

ime (s)
nflowj 100110000 nflowj 300010000 ---—mflowj 300110000

Figure 6.58 Corresponding Flowrates on each side

time (s)

Figure 6.59 Temperature trend at a increased flowrate on Hot leg

The results show that the hot side temperature difference is reduced considerably

due to the higher flow rate on that side. Furthermore, the total heat flow from hot to
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cold is also modestly increased due to the increases in convective coefficient

associated with the increase in hot side flows. Both effects are as expected.

Table 6.5 CAse 9.2 Summary of Temperature Distribution

513 485 505 499.5 -8 14.5

Case 9.3: Increased Flowrate on the Cold Side
This case provide an example of boundary condition similar to case 9 with increased
flow rate on the hot side. The aim is to examine the sensitivity of the heat exchange to
flow rates the mass flow on the hot leg was doubled and the results provided.

The nodalization diagram and the sample input file for this case is same as
mention in case 9.1 in APPENDIX VIII but with WORD 2 of CARD 1200201 in the
TDJ component edited (changed to 40.0) while keeping that of the cold side flow rate

constant at 20.0 to reflect the desired flowrate.

52 X time lig.mflow wvap.mflow int.vel.
53 1200201 0.0 20.0 0.0 0.0
N N R [ | I I A

Hot side Flow rate = 40 kg/s u

Cold_side Flow rate = 20 kg/s Il

Figure 6.60 Flowrates on each side
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Figure 6.61 Temperature trend at an increased flowrate on Hot leg

For the case with the higher cold side flow we observe that the delta-
Temperature gradient across the cold side is decreased as expected. Similar to the
previous case there is also a small increase in the total heat transferred arising from

the higher cold side flow rate (i.e., increase in HX efficiency).

Table 6.6 Case 9.3 Summary of Temperature Distribution

512 483 497 491 -15 8

Case 9.3 Elongated Length on both Legs

Similar to the previous case, we provide an example of boundary condition that

portrays an elongated pipe length of both sides. The aim is to examine the sensitivity

of the heat exchanger’s effectiveness on two times the original length (12m).
Nodalization is same while the sample input file in APPENDIX VIII was edited

by changing Word 1 of CARD 1000301 for the hot side and CARD 3000301 for the
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cold side to 1.0 which when multiplied by the vol. Number (12) will reflect the

increased length.

Caset Figure 6:62 Increased effectiveness in heat transfer due to elongated HX

Again, like the previous case, we provide an example of boundary condition that
portrays a shorter/reduced pipe length of both sides by half. The aim is to examine the
sensitivity of the heat exchanger’s effectiveness on half the original length (3m).
Nodalization is same while the sample input file in APPENDIX was edited by
changing Word 1 of CARD 1000301 for the hot side and CARD 3000301 for the
cold side to 1.0 which when multiplied by the vol. Number (12) will reflect the

increased length.

64 * vol no.
65 100030 12

* vol no.
122 3000301 12
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HX Length = 3m (1/2x the lenght of HX)

tespf 1000100 tempf 10012 tenpf

Figure 6.63 Inefficient heat transfer due to reduced HX length

6.5.3 CASE #10: Counter-Flow Heat Exchanger

The same operational condition as applied in the parallel flow was adopted to test the
flow in a cross flow HX, and the following cases were simulated. Here what is
expected is an increase in the efficiency of the HX arising from the higher efficiency

(in general) for counter-flow arrangements.

Case 10.1 : Counter flow on a 6 m Heat Exchanger pipes

In this case we provide an example of boundary condition inputs that represent a
Counter flow heat exchanger with same parameter as the parallel case 9. The basic
distinction is the direction of flow which in this case one of the pipe’s flow direction
is in the opposite direction (reversed). The aim is to simulate and compare it
efficiency with the parallel flow condition, The nodalization diagram is shown in

Figure 5.11b and the schematic in Figure 6.55 while the sample input that was edited
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is CARD 3000501 (either of the pipes flow direction can be reversed to effect a

counter flow by changing the azimothal angle in WORD 1 to -180.

&

3000501

fz. ang vpl no
12

el

Lt
(1 S

The expected flow direction is shown in Figure 6.64

JJI ‘ Th, out Th, in lt
- : =

. — '

Te, in Te, out
Th, in

__--;,(_"::':'_ %, ohlem =
Th, out |
Tc, in &

=

Figure 6.64 Expected Flow Direction of Counter HX adopted from [80]

e Our model and result of simulation
The same operational conditions as applied in the parallel flow was adopted to test the

flow in a counter flow HX, and the following cases were simulated

50TV
160TDJ

1707 Cold Side

Hot Side v 120J

120T
DI

Figure 6.65 Schematic of a typical Counter Flow Heat Exchanger
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Figure 6.66 Trend of temperature distribution for 6m HX

Table 6.7 Case 10.1 Summary of Temperature Distribution

512.5 484 502 495.5 -10.5 11.5

6.5.4 Case 10 Sensitivity Analysis

Case 10.2 : Counter flow on a 12 m Heat Exchanger pipes

This case follows same approach as the sensitivity analysis of the parallel case. We
are going to repeat one of the sensitivity analysis case on this counter current HX as
the other cases is simply changing of the flowrate and/or the length. The aim here is to
simulate and compare it efficiency for an elongated pipe length. The nodalization
diagram is shown in Figure 5.11b and the schematic in Figure 6.65 while the sample
input file will be of Case 10.2 with WORD 1 of CARD 1000301 for the hot side and
CARD 3000301 for the cold side to 1.0 which when multiplied by the volume number

(12) will reflect the increased length.
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520.
515. f
= AT Tin_h
505. : ‘
) = I Semew— e e e e e -~ Tout_c
S 500 =
195. : Tout_h
490. = ‘
s — Tin_c
480 1
0. 10, 20. 30. 40. 50. 60, 70. 80. 50. 100,
time (s)
——tenpf 100010000 tempf 100120000 tempf 300010000 —--—tempf 300120000 l
Figure 6.67 Trend of temperature distribution for 12m HX
10.0 -
10.07
] 106.06 =
— g 10.04 —
.03 =
= {
10.01
= |
| 3 -
4. 4. [ 0. 10, 20. 30. 0. 50 60,
aflow] 140010000 aflow) 140110030 e | p 100010000 p 108120000 p 300010000

Figure 6.68 Trend of flowrate and pressure

Table 6.8 Case 10.2 Summary of Temperature Distribution

512.5 484 495 502 -13.5 13

From Figure 6.52 and Table 6.7, it will be observed that the efficiency of the counter

current flow is higher than that of the parallel model especially at an elongated pipes
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this is attributed to the the higher effectiveness of the counter flow HX at NTU higher
than 2 as compare to the parallel effectiveness which stays contant at 0.5 from NTU

Higher than 2. The result are verify theoretically with good agreement.

6.5.5 Analytical Verification

For the analytical Calculation, the length (6m) in sheet 1 is simply replace by 12 and 3
respectively. It was observed that due to the flattening of the C_min/C_max beginning
from NTU = 2 mark upward, the effectiveness stays at 0.5 which has an effect in
determining the rate of heat transfer.
To determine Heat transfer rate and Outlet Temps of a Parallel flow Heat Exchanger,
we recall 1st law of thermodynamic:
d=mCy(Tin — Tou)

With could easily calculate the change in Temperatures using Equation 6. above, but
the respective q on both sides are unknown ;

ah = MCp h(Tin = Tou) =7

e = MCp c(Tin = Tour) =7

Table 6.9 Initial HX known Parameters

Flowrate Cpn Cp. Tinn Tine L D A X

20 4.77 4.548 513 483 6 0.06 | 1.13 | 0.001

Due to the unknowns gh and qc, we employ the following correlation using the
difference between the two known inlet temperatures multiplied by the Min of both

specific heat capacities while introducing the efficiency factor, €.
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dh = € Cp min(Tinn — Tout)
Cp min = is the lowest of the both, thus
Co h = Cp min
Where g, is the efficiency of the HX determine using the following methods

1. By Effectiveness-NTU Curve Method

£ = (NTU Cp—”““)
Cp_max

NTU (Number of Transfer Units) =Defined in terms of the overall heat transfer

coefficient, Y, the area of heat transfer, A, and the minimum heat capacity, Cy min ,

NTU = p

Cp,min

Where, y =A %

Now we determine the ratio between the heat capacities of fluids,

0 i3 10 15 20 i i 35 40 11 50 00 05 1 15 0 8 30 1% 40 45 50
Humber of Transfir Units (1L} Humber of Transter Units (NTU)

=i m=0) =t ConindCm=l]. 20 == Cin/Cma=0, 50 == Crrin/Cman= 75 - CinCmae=1.0) ‘-F\‘mw@mawﬂ = CminCmax=0 20 =i=Cmin/Cmas=050 ~#=CminfCmai= 75— Criin/Cmay=1.00

Figure 6.69 Heat Exchanger Effectiveness (a) Parallel Flow (b) Counter flow
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Where corresponds to the minimum value of the heat capacities i.e, which is

smaller. With NTU determined and , know we can deduce e from the curve below
By Correlation

Effectiveness is an important parameter in determining the efficiency of the heat
exchanger. It is a dimensionless indicator that relates the actual heat transfer rate (q)
to the maximum possible heat transfer rate (q_max) that could occur for a particular
heat exchanger and a particular set of fluids. With the values of NTU and , use

the € formula or curves of the respective heat exchanger to calculate €. The formula

for the effectiveness of a heat exchanger is given by the rate of these heats:

1+ )

1+
Solutions recording using both methods in MS excel is presented in Table 6.13

Table 6.10 Summary of correlation method

Efficiency Efficiency
q A A
(Method 1) (Method 2)
136.44 0.504 68.71 0.504 -1374.13 | 1374.13 | -14.40 | 15.11

If q is know then we can use, a third method will be;
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q

Qmax

€=

The actual heat rate q is determined in terms of the associated properties can then be

computed using;
q=C. (T—-T)
q=Ch (Thi— Tho)
In order to calculate the maximum possible heat transfer rate (qmax) that could

happen in a given heat exchanger, the following expression is typically used:

.- )

For the co-current and counter-current arrangements the analytical results come

within 0.1C of the RELAP calcaultions showing strong agreement between the code

and theoretical methods.
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Chapter 7

Conclusion and Future Work

7.1 Conclusion

In this Workbook, we have developed a comprehensive approach for the use of
RELAPS and ASYST system codes for simulating the behavior of thermal hydraulic
systems, particularly in nuclear power plants components. The workbook serves as a
guide for new users and their training, providing step-by-step instructions, examples,
and exercises to enhance understanding and proficiency in using these codes. In
addition to this thesis the accompanying Excel sheets provide the detailed inputs for
the code as well as the plotted results for users to compare their output.

Through the development process, several key objectives guided the creation of
the workbook.

Firstly, we aimed to provide a clear and concise introduction to RELAPS and
ASYST, covering its background, capabilities, and applications. The introductory
section sets the stage for users, helping them understand the significance of the codes
in the field of thermal hydraulics.

Next, we delved into the theory governing the computational aspects of using

RELAPS to provide a background understanding of the fundamental physics
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employed in computing and solving problem to ensures that users are equip and
comfortable using these powerful tool.

The core of the workbook lies in RELAP5/ASYST components descriptions,
nodalization (block representation of the model components), input code development,
Simulations and result analysis including sensitivity analysis and analytical
calculations are included for each Case. We designed these sections to progressively
introduce users to various aspects of these codes, from general simulation approach of
basic geometry nodalization to inputs more representative of reactor operating
conditions. Each case is structured in a step-by-step format, guiding users through the
components modeling, input file creation, simulation execution, and result analysis.
We included different cases as examples and sample input files to illustrate different
scenarios and phenomena including steady-state and transient simulations. The basic
input files are presented in the APPENDIX section.

Finally, the development of this workbook represents a significant contribution
to the educational resources available for RELAPS and ASYST. The workbook aims
to empower users to harness the full potential of this powerful system codes by
providing a structured and practical approach to learning these codes.

We believe that the workbook will serve as a valuable resource for students,
researchers, and professionals in the field of thermal hydraulics, facilitating the

understanding and application of RELAPS5/ASYST in diverse engineering contexts.
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7.2 Recommendation for Future Work

Looking ahead, there are several avenues for future development and improvement of
the workbook.

e Firstly, as these system codes evolves and new versions are released, the
workbook will need to be updated to reflect these changes.

e Secondly, the examples and simulations presented in this workbook are
limited to single phase modeling to give new user the background require in
venturing into the field of nuclear system analysis, additional advanced topics
could be covered in future editions, catering to users with more specialized
interests in multi-phase simulation.

e More representative components (e.g., CANDU feeder network), or channel
grouping methods, should be included as users progressing to full system
analysis will need these resources.

e Pump models can be quite complicated, including the homologous curves for
all 4 potential quadrants of operations. = The examples presented in this
Workbook are quite simplistic in this regard and hence more representative
pipe flow models should be included.

e Steam generator analysis, including recirculation ratios, downcomer flows,
steam separators, etc.. are an integral part of nuclear power plant simulations.
Due to their complexity they were not included in this Workbook, however
detailed step-by-step modelling approaches would be quite valuable.

e A fundamental part of system codes are so called “trips” and “controllers”.

These features allow the simulations to consider control system responses,
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safety system actuation, and other user controls. = While these represent
advanced features of the codes, they are a fundamental requirement for almost
all NPP modelling and hence should be included in future versions of this
workbook.

Advanced components (e.g. Vessel, ECC, valves) could be developed and included in

a more advanced user training Workbook.
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APPENDIX: Developed Workbook Input Files

I. 1-D Pipe Flow

= Flow in a Single 30m pipe with no Heat Applied

*to investigates the pressure drop, mass flow rate and temp difference

*

sk sk sk s sk sk skosk sk ke sk 1n1t1a1 Conditions**********

*

*Mass flow rate 10 litre/sec = =0.01kg/s
*Pipe diameter=6cm = 0.06 m

*Pipe Length=30 m

*Inlet temp = 288K

*quality = 0.00001

*

***********Deﬁning the problem*******

*

100 new transnt

102 si si
105 1.0 2.0
110 air

115 1.0

*crdno end time min dt max dt control minor ed major ed restart

201 100.0 1.0E-6 0.1 5 20 50 2000

*

Fascksdk*Inlet control volume boundary conditions™ skttt x
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*

1100000 "inlet" tmdpvol

*flow area of inlet volume is selected the same as the flow area of pipe
* fa(sq.m) length(m) vol(m3) azi vert dz rough hyd.d flags
1100101 0.002827 6.0 0.0 0.0 0.0 0.0 0.000.0 0000000
*Time dependent data to be pressure

* ebt(fluid type, no-boron, initial thermodynamic state)

1100200 101

* time Temp (K) Quality

1100201 0.0  288.0 0.000001

*

*asckx**Inlet Time Dependent Junction Properties™** %

*

1200000 "inlet" tmdpjun

* from vol tovol farea

1200101 110010002 125010001 0.0

* vel/flow trip*

1200200 1 0

* time lig.mflow vap.mflow int.vel.

1200201 0.0 10.0 0.0 0.0

*

*******Plpe PrOpertieS*******

*

*6cm diameter 30 meter stainless steel pipe
1250000 "pipel" pipe

*  no. of vols

1250001 6

* flowArea vol no.

1250101 0.002827 6

* lengh vol no.

1250301 6.0 6

*  az.ang vol no
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1250501 0.0 6

*  vt.ang vol no

1250601 0.0 6

*  rough  hyd vol no.

1250801 0.0058 0.0 6

* floss r loss jun. no.

1250901 0.0 0.0 5

*  vol flag vol no

1251001 0000000 6

*  junflag jun.no

1251101 0000000 5

*  flag temp(K) vol.no.
1251201 101 288.0 0.000001 0.0 0.0 0.0 6
*pipe junc.cont.word(mflow will be entered as inital values at pipe junctions)
1251300 1

*  lig.mflow vap.mflow int.vel. jun no.

1251301 0.0 0.0 0.0 5

*

1270000 "sngljuno" sngljun

* from vol tovol fareafloss r.loss flag (fefvcahs)a=0 smooth, a=1 full
abruot change

1270101 125060002 130010001 0.0 0.0 0.0 0000000

*  flag lig.mflow vap.mflow int.vel.

1270201 1 0.0 0.0 0.0

*

1300000 "sink" tmdpvol

* farea 1 vol azi vert dz rough hyd d flags
1300101 0.002827 6.0 0.0 0.0 0.0 0.0 0.0 0.0 0000000
*Time dependent data to be pressure and temperature
1300200 101

* time Pressure(Pa) Quality

1300201 0.0  288.0 0.000001
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*

*******Plot Requests*******

*

20300021 mflowj 125010000 1
20300022 mflow;j 125050000 1
%

20300011 p 125010000 1
20300012 p 125060000 1

*

20300031 tempf 125010000 1
20300032 tempf 125060000 1

.end

II.a. Connecting Pipes (Series Connection)

= Flow in 2 pipes of same length connected in series horizontally

*to investigates the pressure drop, mass flow rate and temp diff of both pipes

*

sk sk ook skoske sk kosk skok Input Data ook skosk sk skock koo

*

*Mass flow rate 10 kg/s
*Pipes diameter=6cm
*Pipes Length=30m each
*Inlet temp = 288K
*quality = 0.00001

*Inlet and outlet Pressures of both pipes are unknown

*

***********Deﬁning the problem*******

*

100 new transnt

102 si si
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105 1.0 2.0 1000.0
110 air
115 1.0

*crdno end time min dt max dt control minor ed major ed restart

201 100.0 1.0E-6 0.01 5 50 200 200

*

Fasdcksdk*Inlet control volume boundary conditions sk astoiateiokx

*

1100000 "inlet" tmdpvol

*flow area of inlet volume is selected the same as the flow area of pipe
* fa(sq.m) length(m) vol(m3) azi vert dz rough hyd.d flags
1100101 0.002827 30.0 0.0 0.0 0.0 0.00.0001 0.06 0000000
*Time dependent data to be pressure

* ebt(fluid, no-boron, initial thermodynamic state)

1100200 101

* time temp(K) Quality

1100201 0.0 288.0 0.00001

*

*axdkx*Inlet Time Dependent Junction Properties™ %4

*

1200000 "inlet" tmdpjun

* from vol tovol farea

1200101 110010002 125010001 0.0

* vel/flow trip*

1200200 1 0

* flag lig.mflow vap.mflow int.vel.

1200201 0.0  10.00 0.0 0.0

*

#xkkk x4 Pine | Properties**#** %

*

*6cm diameter 30 meter stainless steel pipe

1250000 "pipel" pipe
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* no. of vols
1250001 6
* flowArea vol no.

1250101 0.002827 6

* lengh vol no.

1250301 2.5 6

* az.ang vol no

1250501 0.0 6

* vt.ang vol no

1250601 0.0 6

* rough hyd vol no.

1250801 0.0018 0.0 6

* f loss r loss jun. no.

1250901 0.0 0.0 5

* vol flag vol no

1251001 0000000 6

* jun flag jun. no

1251101 0000000 5

* flag temp(K) quality vol.no.
1251201 101 288.0 0.00001 0.0 0.0 0.0 6
*pipe junc.cont.word(mflow will be entered as inital values at pipe junctions)
1251300 1

*  lig.mflow vap.mflow int.vel. jun no.

1251301 0.00 0.0 0.0 5

*

1270000 "sngljuno" sngljun

* from vol tovol farea floss r.loss flag (fefvcahs)a=0 smooth, a=1 full
abruot change

1270101 125060002 135010001 0.002807 0.0 0.0 0000000

*  flag lig.mflow vap.mflow int.vel.

1270201 1 10.0 0.0 0.0

*
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seskoskoskosksk *Pipezproperﬁes* seskeoskoskoskosk
*6cm diameter 30 meter stainless steel pipe

1350000 "pipel" pipe

* no.of vols
1350001 6
* flowArea vol no.

1350101 0.002827 6

* lengh vol no.

1350301 2.5 6

* az. ang vol no

1350501 0.0 6

* vt. ang vol no

1350601 0.0 6

* rough  hyd vol no.

1350801 0.0018 0.0 6

* floss r loss jun. no.

1350901 0.0 0.0 5

*  volflag vol no

1351001 0000000 6

*  junflag jun.no

1351101 0000000 5

*  flag temp(K) quality vol.no.
1351201 101 288.0 0.00001 0.0 0.0 0.0 6
*pipe junc.cont.word(mflow will be entered as inital values at pipe junctions)
1351300 1

*  lig.mflow vap.mflow int.vel. jun no.

1351301 0.0 0.0 0.0 5

*

1370000 "sngljuno" sngljun
* from vol tovol fareafloss r.loss flag (fefvcahs)a=0 smooth, a=1 full
abruot change

1370101 135060002 130010001 0.0 0.0 0.0 0000000
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*  flag lig.mflow vap.mflow int.vel.

1370201 1 10.0 0.0 0.0

*

1300000 "sink" tmdpvol

* farea 1 vol azi vert dz rough hyd d flags

1300101 0.002827 100.0 0.0 0.0 0.0 0.0 0.0 0.0 0000000
*Time dependent data to be pressure and temperature

1300200 101

* time temp quality

1300201 0.0 288.0 0.000

*

*******Plot Requests*******

*

20300011 p 125010000 1
*20300012 p 125060000 1
*20300013 p 135010000 1
20300014 p 135060000 1

*

20300021 mflowj 125010000 1
20300022 mflow;j 125050000 1
20300023 mflow;j 135010000 1
20300024 mflowj 135050000 1
*

20300031 tempf 125010000 1
20300032 tempf 125060000 1
20300033 tempf 135010000 1
20300034 tempf 135060000 1

*

.end
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ILb. Connecting Pipes (Parallel Connection)

*To investigates the flow parameter changes in a 2 Parallel connected Pipes

*

s sk ook skoske sk kosk skok Input Data**********

*

*Mass flow rate 20 kg/s

*Pipe 1 diameter=0.06 m

*Pipe 2 diameter=0.06 m *change to 0.03 for the unequal pipes
*Pipe Length=6 m

*Inlet temp = 513K

*quality = 0.00001

*Pressure = MP

*

***********Deﬁning the prOblem*******

*

= Multi-Channel
100 new transnt

102 si si

*

*

* cpu time remaining card

*crdno timel time2
105 1.0 2.0

110 air

115 1.0

*
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*

* time step control cards

*

*crdno end time min dt max dt control minor ed major ed restart

201 100.0 1.0E-9 0.001 5 5000 5000 2000

*

FasckxE*Inlet control volume boundary conditions ks wdtoddodokx

*

1100000 "inlet" tmdpvol

*flow area of inlet volume is selected the same as the flow area of pipe

* fa(sq.m) length(m) vol(m3) azi vert dz rough hyd.d flags
1100101 0.0028 6.0 0.0 0.0 0.0 0.0 0.000.0 0000000*check

*Time dependent data to be pressure

* ebt(fluid type, no-boron, initial thermodynamic state)
1100200 103
* time  Pa K

1100201 0.0 8000000.0 513.0

*

*asckx**Inlet Time Dependent Junction Properties™#* %

*

1200000 "inlet" tmdpjun

* from vol tovol farea

1200101 110010002 150010001 0.0028
* vel/flow trip*

1200200 1 0

* time lig.mflow vap.mflow int.vel.
1200201 0.0 0.0 0.0 0.0
1200202 0.0  20.0 0.0 0.0

*

*********Deﬁnition Ofthe branch 150**********************
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* This branch connects the 110TDV --->> pipe 125 and pipe 126

*

*

*adckkd*branch sngl volume boundary conditions™ ekttt x

*

1500000 "inlet" snglvol

*flow area of inlet volume is selected the same as the flow area of pipe

* fa(sq.m) length(m) vol(m3) azi vert dz rough hyd.d flags
1500101 0.0028 6.0 0.0 0.0 0.0 0.0 0.000.0 0000000*check
*Time dependent data to be pressure

* ebt(fluid type, no-boron, initial thermodynamic state)

1500200 3  8000000.0 513.0

*

FadeksE* single junction from sngl vol to pipe 125 properties™**###*

*

1270000 "sngljuno" sngljun

* from vol tovol fareafloss r.loss flag (fefvcahs)a=0 smooth, a=1 full
abruot change

1270101 150010002 125010001 0.0028 0.0 0.0 0000000

*  flag ligmflow vap.mflow int.vel.

1270201 1 0.0 0.0 0.0

*

FadeksE* single junction from sngl vol to pipe 126 properties™**##**

*

1280000 "sngljuno" sngljun

* from vol tovol fareafloss r.loss flag (fefvcahs)a=0 smooth, a=1 full
abruot change

1280101 150010002 126010001 0.0028 0.0 0.0 0000000

*  flag lig.mflow vap.mflow int.vel.

1280201 1 0.0 0.0 0.0

*

*adckkk*Pipe Properties (left) *##***
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*

*6cm diameter 30 meter stainless steel pipe
1250000 "pipel" pipe

*  no. of vols

1250001 12

* flowArea vol no.

1250101 0.0028 12

* lengh vol no.

1250301 0.5 12

*  az.ang vol no

1250501 0.0 12

*  vt.ang vol no

1250601 0.0 12

*  rough  hyd vol no.

1250801 0.0018 0.0 12

* floss r loss jun. no.

1250901 0.0 0.0 11

*  volflag vol no

1251001 0000000 12

*  junflag jun.no

1251101 0000000 11

*  flag Pressure(P) temp(K) vol.no.
1251201 103 8000000.0 513.0 0.0 0.0 0.0 12
*pipe junc.cont.word(mflow will be entered as inital values at pipe junctions)
1251300 1

*  lig.mflow vap.mflow int.vel. jun no.

1251301 0.0 0.0 0.0 11

*

FakxkikPipe (126)Properties (right)®

*

*6cm diameter 30 meter stainless steel pipe

1260000 "pipel" pipe
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*  no. of vols

1260001 12

* flowArea vol no.

1260101 0.00071 12

* lengh vol no.

1260301 0.5 12

*  az.ang vol no

1260501 0.0 12

*  vt.ang vol no

1260601 0.0 12

*  rough  hyd vol no.

1260801 0.0018 0.0 12

* floss r loss jun. no.

1260901 0.0 0.0 11

*  volflag vol no

1261001 0000000 12

*  junflag jun.no

1261101 0000000 11

*  flag Pressure(P) temp(K) vol.no.
1261201 103 8000000.0 513.0 0.0 0.0 0.0 12
*pipe junc.cont.word(mflow will be entered as inital values at pipe junctions)
1261300 1

*  lig.mflow vap.mflow int.vel. jun no.

1261301 0.0 0.0 0.0 11

*

Fdskckxk Branch component (inlet)® %%

*

*********Deﬁnition Ofthe branch 160**********************

* This branch connects the pipe 125 and pipe 126 --->> 127sngljn

*

*

1600000 "branPRZ" branch
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* no.juns. ctl

1600001 3 1

* area  len volume h-ang v-ang delz rough dhy ctl
1600101 0.0028 0.1 0.0 0 0.0 00 00 00 O
* ctl pressure temperature

1600200 3 8000000.0 513.0

* from to area floss rloss flag
1601101 125120002 160010001 0 0 O 100
1602101 126120002 160010001 0 0 0 100
1603101 160010002 130010001 0 0 O 100
* flowf flowg velj

1601201 0.0 0.0 O

1602201 0.0 0.0 O

1603201 0.0 0.0 O

*

*

Fadckikx Exit time dependent volume properties™ **###*

*

1300000 "sink" tmdpvol

* farea 1 vol azi vert dz rough hyd d flags
1300101 0.0028 6.0 0.0 0.0 0.0 0.0 0.0 0.0 0000000
*Time dependent data to be pressure and temperature
1300200 103

* time Pa K

1300201 0.0 8000000.0 513.0

*

*******Plot Requests*******

*

*20300021 mflow;j 125010000 1
*20300022 mflowj 125110000 1

*

20300011 p 125010000 1
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20300012 p 125120000 1
20300013 p 126010000 2
20300014 p 126120000 2

x

*20300031 mflowj 126010000 1
*20300032 mflowj 126110000 1
x

20300051 mflow;j 125010000 1
20300052 mflow;j 125110000 1
20300053 mflow;j 126010000 1
20300054 mflow;j 126110000 1
x

*20300041 tempf 125010000 1
*20300042 tempf 125120000 1
*20300043 tempf 126010000 1
*20300044 tempf 126120000 1

*

. End

III. Flow Rate Determination with Set Pressure Drop

= To determine flow rate in a pipe with set Temperature and pressure drop.

*

sk sk ook skoske sk kosk skok Input Data sk sk sk skosk kok ok

*

*Mass flow rate 10 kg/s

*Pipe diameter=6¢cm = 0.06 m
*Pipe Length=30 m

*Inlet temp = 303 K

*quality = 0.00001

*
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***********Deﬁning the prOblem*******

*

100 new transnt

102 si si
105 1.0 2.0
110 air

115 1.0

*crdno end time min dt max dt control minor ed major ed restart

201 50.0 1.0E-6 0.1 5 20 50 2000

*

Fascksk*Inlet control volume boundary conditions skt asttotateiokx

*

1100000 "inlet" tmdpvol

*flow area of inlet volume is selected the same as the flow area of pipe
* fa(sq.m) length(m) vol(m3) azi vert dz rough hyd.d flags
1100101 0.002827 15.0 0.0 0.0 0.0 0.0 0.00.0 0000000
*Time dependent data to be pressure

* ebt(fluid type, no-boron, initial thermodynamic state)

1100200 103

* time Pressure(pa) temp(K)

1100201 0.0 1160000.0 288.0

*

1200000 "sngljuno" sngljun

* from vol tovol fareafloss r.loss flag (fefvcahs)a=0 smooth, a=1 full
abruot change

1200101 110010002 125010001 0.0 0.0 0.0 0000000

*  flag lig.mflow vap.mflow int.vel.

1200201 1 0.0 0.0 0.0

#xkk% %4 Pine Propertiest*****

*

*6cm diameter 30 meter stainless steel pipe

1250000 "pipel" pipe
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*  no. of vols

1250001 6

* flowArea vol no.

1250101 0.002827 6

* lengh vol no.

1250301 2.5 6

*  az.ang vol no

1250501 0.0 6

*  vt.ang vol no

1250601 0.0 6

*  rough  hyd vol no.

1250801 0.0050 0.0 6

* floss r loss jun. no.

1250901 0.0 0.0 5

*  volflag vol no

1251001 0000000 6

*  junflag jun.no

1251101 0000000 5

*  flag temp(K) vol.no.
1251201 101 288.0 0.0 0.00.0 0.0 6
*pipe junc.cont.word(mflow will be entered as inital values at pipe junctions)
1251300 1

*  lig.mflow vap.mflow int.vel. jun no.

1251301 0.0 0.0 0.0 5

*

1270000 "sngljuno" sngljun

* from vol tovol fareafloss r.loss flag (fefvcahs)a=0 smooth, a=1 full
abruot change

1270101 125060002 130010001 0.0 0.0 0.0 0000000

*  flag lig.mflow vap.mflow int.vel.

1270201 1 0.0 0.0 0.0

*
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1300000 "sink" tmdpvol

* farea 1 vol azi vert dz rough hyd d flags
1300101 0.002827 15.0 0.0 0.0 0.0 0.0 0.0 0.0 0000000
*Time dependent data to be pressure and temperature

1300200 103

* time pressure temp(K)

1300201 0.0 1060000.0 288.0

*

*******Plot Requests*******

*

20300021 mflowj 125010000 1
20300022 mflow;j 125050000 1
*

20300011 p 125010000 1
20300012 p 125060000 1

*

20300031 tempf 125010000 1
20300032 tempf 125060000 1

.end

IV. Heat Structure Model

Wall and fluid temperatures of a heated single pipe

= Flow in Single heated horizontal pipe

*to investigates the pressure drop, mass flow rate and Fluid/Wall temp difference

*

***********Input Data**********

*

*Mass flow rate = 30 kg/s

*Pipe diameter=6¢cm = 0.06 m
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*Pipe Length=30 m
*Inlet temp = 320 K
*Pipe roughness = 0.0018

*

***********Deﬁning the problem*******

*

100 new transnt

102 si si
105 1.0 2.0
110 air

115 1.0

*crdno end time min dt max dt control minor ed major ed restart

201 5000.0 1.0E-6 0.1 5 20 50 2000

*

Fascrsdk*Inlet control volume boundary conditions skt wstoateiokx

*

*

1100000 "inlet" tmdpvol

*flow area of inlet volume is selected the same as the flow area of pipe
* fa(sq.m) length(m) vol(m3) azi vert dz rough hyd.d flags
1100101 0.002827 30.0 0.0 0.0 0.0 0.0 0.000.0 0000000
*Time dependent data to be pressure

* ebt(fluid type, no-boron, initial thermodynamic state)

1100200 101

* time Temp (K) Quality

1100201 0.0  320.0 0.0

*

*

*asckx**Inlet Time Dependent Junction Properties™#* %

*

1200000 "inlet" tmdpjun

* from vol tovol f.area
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1200101 110010002 125010001 0.0
* vel/flow trip*
1200200 1 0

* time lig.mflow vap.mflow int.vel.

1200201 0.0  30.0 0.0 0.0

*

*

#xkk% %4 Pine Propertiest*****

*

*6cm diameter 30 meter stainless steel pipe
1250000 "pipel" pipe

*  no. of vols

1250001 6

* flowArea vol no.

1250101 0.002827 6

* lengh vol no.

1250301 5.0 6

*  az.ang vol no

1250501 0.0 6

*  vt.ang vol no

1250601 0.0 6

*  rough  hyd vol no.

1250801 0.0018 0.0 6

* floss r loss jun. no.

1250901 0.0 0.0 5

*  volflag vol no

1251001 0000000 6

*  junflag jun.no

1251101 0000000 5

*  flag temp(K) vol.no.
1251201 101 320.0 0.000001 0.0 0.0 0.0 6

*pipe junc.cont.word(mflow will be entered as inital values at pipe junctions)
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1251300 1
*  lig.mflow vap.mflow int.vel. jun no.

1251301 0.0 0.0 0.0 5

*

*

* Definition of the single junction 127

*

1270000 "sngljuno" sngljun

* from vol tovol fareafloss r.loss flag (fefvcahs)a=0 smooth, a=1 full
abruot change

1270101 125060002 130010001 0.0 0.0 0.0 0000000

*  flag ligmflow vap.mflow int.vel.

1270201 1 0.0 0.0 0.0

*

*

* Definition of the Time Dependent Volume 130

*

1300000 "sink" tmdpvol

* farea 1 vol azi vert dz rough hyd d flags
1300101 0.002827 30.0 0.0 0.0 0.0 0.0 0.0 0.0 0000000
*Time dependent data to be pressure and temperature

1300200 101

* time Pressure(Pa) Quality

1300201 0.0  320.0 0.0

*

*

*HAckkkkkx**Heat Structure added to 125%*****

*

* nh np geotype steadyi inner radius(left)
11250000 6 6 2 0 0.03
* flag mesh format

11250100 0 1
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* np-1 outer radius(right)

11250101 5 0.1

* comp np-1

11250201 125 5

* source np-1

11250301 1.0 5

11250400 0

* temperature mesh_point

11250401 320.0 6

*left BC volume num increment BCtype SA type height hs.num
11250501 125010000 010000 1 1 50 6

*Right BC volume num increment BCtype SA type height hs.num
11250601 0 0 0 1 50 6

*Heat src.type src.mult dir.left dir.rt hs.num

* src.type src.mltp. mod.heat.multp.

11250701 125 10.0  10.0 06

*left hy dia Convective heat transfer factors  hs.num

* ht.hyd.d. htd.1.fr. grd boil.fctr(1.0 no power)
11250801 0.03 10.0 10.0 0.00.0 0.0 0.0 0.0001 6

* htd L.Lbk.  grdloss

*

* stainless steel

20112500 tbl/fctn 1 1

* temperature  thermal conductivity
20112501 273.15 42.5578
20112502 1199.8166667 82.3129
* temperature  heat capacity
20112551 273.1500 3827850.0
20112552 422.0389 3962160.0
20112553 477.5944 4096471.0
20112554 533.15 4230782.0
20112555 588.7056 4331514.0
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20112556 644.2611 4432113.0
20112557 699.8167 4499403.0
20112558 810.9278 4633713.0
20112559 1366.483 5372421.0
*

20212500 power

20212501 0.0 0.0

20212502 10.0 1000.0

20212503 100.0 10000.0

20212504 500.0 100000.0

*

*******Plot Requests*******

*

20300021 mflowj 125010000 1
20300022 mflowj 125050000 1
*

20300011 p 125010000 1
20300012 p 125060000 1

*

20300031 tempf 125010000 1
20300032 httemp 125000101 1
20300033 tempf 125060000 1
20300034 httemp 125000601 1
. End

V. Candu Fuel Bundle

*To investigates the flow parameter changes in Fuel element Based on the set

Operational condition

*

sk sk sk sk sk skosk skok Input Data**********

*
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*Mass flow rate 20 kg/s

*Pipe diameter=8mm = 0.06 m
*Pipe Length=6 m

*Inlet temp = 513K

*quality = 0.00001

*Pressure = 8MP (reactor operating pressure)

*

***********Deﬁning the problem*******

*

= Operating condition of fuel element
100 new transnt

102 si si

*

* cpu time remaining card

*

*crdno timel time2
105 1.0 2.0

110 air

115 1.0

* *

* time step control cards

sk %k

*crdno end time min dt max dt control minor ed major ed restart

201 100.0 1.0E-9 0.001 5 5000 5000 2000

*

Fasdcridk*Inlet control volume boundary conditions sk astoatoiokx

*

1100000 "inlet" tmdpvol

*flow area of inlet volume is selected the same as the flow area of pipe

* fa(sq.m) length(m) vol(m3) azi vert dz rough hyd.d flags
1100101 0.0043 6.0 0.0 0.0 0.0 0.0 0.000.0 0000000*check

*Time dependent data to be pressure
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* ebt(fluid type, no-boron, initial thermodynamic state)
1100200 103
* time  Pa K

1100201 0.0 8000000.0 513.0

*

*axdkx*Inlet Time Dependent Junction Properties™ %4

*

1200000 "inlet" tmdpjun

* from vol tovol farea

1200101 110010002 125010001 0.0043
* vel/flow trip*

1200200 1 0

* time lig.mflow vap.mflow int.vel.
1200201 0.0 0.0 0.0 0.0
1200202 0.0  20.0 0.0 0.0

*

#xkk% %+ Pine Propertiest***k**

*

*6cm diameter 30 meter stainless steel pipe
1250000 "pipel" pipe

*  no. of vols

1250001 12

* flowArea vol no.
1250101 0.0043 12

* lengh vol no.
1250301 0.5 12

*  az.ang vol no
1250501 0.0 12

*  vt.ang vol no
1250601 0.0 12

*  rough  hyd vol no.
1250801 0.0018 0.0 12
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* floss r loss jun. no.

1250901 0.0 0.0 11

*  volflag vol no

1251001 0000000 12

*  junflag jun.no

1251101 0000000 11

* flag Pressure(P) temp(K) vol.no.
1251201 103 8000000.0 513.0 0.0 0.0 0.0 12
*pipe junc.cont.word(mflow will be entered as inital values at pipe junctions)
1251300 1

*  lig.mflow vap.mflow int.vel. jun no.

1251301 0.0 0.0 0.0 11

*

1270000 "sngljuno" sngljun

* from vol tovol fareafloss r.loss flag (fefvcahs)a=0 smooth, a=1 full
abruot change

1270101 125120002 130010001 0.0043 0.0 0.0 0000000

*  flag lig.mflow vap.mflow int.vel.

1270201 1 0.0 0.0 0.0

*

1300000 "sink" tmdpvol

* farea 1 vol azi vert dz rough hyd d flags
1300101 0.0043 6.0 0.0 0.0 0.0 0.0 0.0 0.0 0000000
*Time dependent data to be pressure and temperature
1300200 103

* time Pa K

1300201 0.0  8000000.0 513.0

*

*FAAARARR R k¥ *Heat Structure added to 125%*****

*

* nhs np geotype(Cyl) steadyi inner radius(left)
11250000 12 6 2 0 0.0 *Check
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11250100 0 1

* np-1 outer radius(right)
11250101 5  0.0065

* comp np-1

11250201 55 5

* src.value

11250301 1.0 5

11250400 0

* temp mesh pt
11250401 513.0 6

11250501 0 0 0 10512

11250601 125010000 010000 1 1 18.5 12

* src.type src.mltp. mod.heat.multp.

11250701 140 0.08333 0.0 0.0 12

* ht.hyd.d. htd.l.fr. grd boil.fctr(1.0 no power)
11250800 0

11250801 0.0123 10.0  10.0 0.00.0 0.0 0.0 1.0 12
11250900 0

11250901 0.0123 10.0 10.0 0.00.0 0.0 0.0 1.0 12

*

*kkskk® \[aterigl®F**FHd sk wkkk ok sk ko k

*

20105500 c-steel

*

sk ok s sk ok skeosk ko sk sk Power Table*************

*

20214000 power
20214001 0.0 0.0
20214002 10.0 1000000.0

*

*******Plot Requests*******

*
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20300021 mflowj 125010000 1
20300022 mflowj 125110000 1
*

20300011 p 125010000 1
20300012 p 125120000 1

*

20300031 tempf 125010000 1
20300032 httemp 125000101 1
20300033 tempf 125120000 1
20300034 httemp 125001201 1
*

20300041 tempf 125010000 1
20300042 tempf 125120000 1

. End

VI. Pump Model

*To investigates the flow parameter in a PUMP powered flow of 3 Pipe Network

*

s sk ook skoske sk kosk skok Input Data**********

*

*Mass flow rate 20 kg/s

*Pipe diameter=8mm = 0.06 m
*Pipe Length=6 m

*Inlet temp = 513K

*quality = 0.00001

*Pressure = 8MP (reactor operating pressure)

*

***********Deﬁning the prOblem*******

*

= Single Channel Heating
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100 new transnt

102 si  si

* *
* cpu time remaining card

* *

*crdno timel time2

105 1.0 2.0

110 air

115 1.0

* *

* time step control cards

* *

*crdno end time min dt max dt control minor ed major ed restart

201 100.0 1.0E-9 0.001 5 5000 5000 2000

*

wweoossComponent 130 = TDV 1 Inlet control BCH##sssstsssstsstss

*

1300000 "inlet" tmdpvol

*flow area of inlet volume is selected the same as the flow area of pipe

* fa(sq.m) length(m) vol(m3) azi vert dz rough hyd.d flags
1300101 0.0043 6.0 0.0 0.0 0.0 0.0 0.000.0 0000000*check

*Time dependent data to be pressure

* ebt(fluid type, no-boron, initial thermodynamic state)
1300200 103
* time  Pa K

1300201 0.0  2100000.0 300.0

*

FasckxE*Component 110 = Inlet Sngljun connecting TDV 1 to Pipe 1****

*

1100000 "sngljuno" sngljun
* from vol tovol fareafloss r.loss flag (fefvcahs)a=0 smooth, a=1 full

abruot change
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1100101 130010002 100010001 0.0043 0.0 0.0 0000000
*  flag lig.mflow vap.mflow int.vel.

1100201 1 0.0 0.0 0.0

*

kit Component 100 = Pipe ] ###®

*

*6cm diameter 30 meter stainless steel pipe
1000000 "pipel" pipe

*  no. of vols

1000001 12

* flowArea vol no.

1000101 0.0043 12

* lengh vol no.

1000301 0.5 12

*  az.ang vol no

1000501 0.0 12

*  vt.ang vol no

1000601 0.0 12

*  rough  hyd vol no.

1000801 0.0 0.0 12

* floss r loss jun. no.

1000901 0.0 0.0 11

*  volflag vol no

1001001 0000000 12

*  junflag jun.no

1001101 0000000 11

*  flag Pressure(P) temp(K) vol.no.
1001201 103 2010000.0 300.0 0.0 0.0 0.0 12
*pipe junc.cont.word(mflow will be entered as inital values at pipe junctions)
1001300 1

*  lig.mflow vap.mflow int.vel. jun no.

1001301 0.0 0.0 0.0 11
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*

*********Centrifugal PUMP Properties sk sk sk sk sk ke sfe ke sk skeosk skosk skokosk

*

*crdno name type

1500000 CentPMP pump

*crdno area length volume h-ang v-ang delz ctl

1500101 0.0043 2.0 0.0 0.0 0.0 0.0 0 *[12]t=0, Thermal stratification is
not used in a pump component.

*crdno from area flossrloss flag

1500108 100010000 0.0043 0.0 0.0 00000 * Pump Inlet(Suction)Junction Card
Reduce loss factor to increase flow

*crdno to  area flossrloss flag

1500109 200000000 0.0043 0.0 0.0 0000000 * Pump Outlet (Discharge)
Junction Card

*crdno ctl pressure temp

1500200 103 10000000.0 300.0* Initial Conditions

*crdno ctl flowf flowg velj

1500201 1 20.0 0.0 0.0 * Pump Inlet (Suction) Junction Initial Conditions
1500202 1 20.0 0.0 0.0 * Pump Outlet (Discharge) Junction Initial Conditions
*crdno id 2faz 2fazd tork pvel ptrip rvrs

1500301 2 -1 -3 -1 0 O 1 *Pump Index and Option Card

*crdno rpvel initv rflo rhead rtork momi rdens

1500302 186.9 1.0 0.1451 24.6888 234.56 0.001 995.0 * Pump Description Card
*crdno rmotk tf2 tf0 tfl  tf3

1500303 0.0 0.0 0.0 0.0 0.0 * Pump Description Card

* pump rotational velocity table

*crdno trip no- alphanumeric part of variable request code - numeric part of variable
request code

1506100 0 time

*crdno srch-var pump-vel

1506101 100.0 186.9

*1326102 5.15 0.5 * VARYING pump speed
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*1326103 7.35 0.5
*1326104 20.0 0.0

*

kst Component 200 = Pipe 2###k sk

*

*6cm diameter 30 meter stainless steel pipe
2000000 "pipel" pipe

*  no. of vols

2000001 12

* flowArea vol no.

2000101 0.0043 12

* lengh vol no.

2000301 0.5 12

*  az.ang vol no

2000501 0.0 12

*  vt.ang vol no

2000601 0.0 12

*  rough  hyd vol no.

2000801 0.00 0.0 12

* floss r loss jun. no.

2000901 0.0 0.0 11

*  volflag vol no

2001001 0000000 12

*  junflag jun.no

2001101 0000000 11

* flag Pressure(P) temp(K) vol.no.
2001201 103 2000000.0 300.0 0.0 0.0 0.0 12
*pipe junc.cont.word(mflow will be entered as inital values at pipe junctions)
2001300 1

*  lig.mflow vap.mflow int.vel. jun no.

2001301 0.0 0.0 0.0 11

*
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*******Component 120****

*

1200000 "sngljuno" sngljun

* from vol tovol fareafloss r.loss flag (fefvcahs)a=0 smooth, a=1 full
abruot change

1200101 200120002 300010001 0.0043 0.0 0.0 0000000

*  flag lig.mflow vap.mflow int.vel.

1200201 1 0.0 0.0 0.0

*

*adkxE*Component 300= Pipe 3*******

*

*6cm diameter 30 meter stainless steel pipe
3000000 "pipel" pipe

*  no. of vols

3000001 12

* flowArea vol no.
3000101 0.0043 12

* lengh vol no.
3000301 0.5 12

*  az.ang vol no
3000501 0.0 12

*  vt.ang vol no
3000601 90.0 12

*  rough  hyd vol no.
3000801 0.0 0.0 12

* floss r loss jun. no.
3000901 0.0 0.0 11
*  vol flag vol no
3001001 0000000 12

*  junflag jun.no
3001101 0000000 11

*  flag Pressure(P) temp(K) vol.no.
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3001201 103 2000000.0 300.0 0.0 0.0 0.0 12
*pipe junc.cont.word(mflow will be entered as inital values at pipe junctions)
3001300 1

*  lig.mflow vap.mflow int.vel. jun no.

3001301 0.0 0.0 0.0 11

*

FadedctComponent 160 = Outlet Sngljun connecting TDV 2 to Pipe 2%****

*

1600000 "sngljuno" sngljun

* from vol tovol fareafloss r.loss flag (fefvcahs)a=0 smooth, a=1 full
abruot change

1600101 300120002 140010001 0.0043 0.0 0.0 0000000

*  flag ligmflow vap.mflow int.vel.

1600201 1 0.0 0.0 0.0

*

FasdREComponent 140 = TDV 2 Outlet control BCH##ssdssbsbsbotsfotototofofofofofofofok

*

1400000 "sink" tmdpvol

* farea 1 vol azi vert dz rough hyd d flags
1400101 0.0043 6.0 0.0 0.0 0.0 0.0 0.0 0.0 0000000
*Time dependent data to be pressure and temperature
1400200 103

* time Pa K

1400201 0.0 2000000.0 300.0

*

*******Plot Requests*******

*

20300021 mflowj 100010000 1
20300022 mflowj 100110000 1
20300023 mflowj 200010000 1
20300024 mflowj 200110000 1

*
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20300011 p 100010000 1
20300012 p 100120000 1
20300013 p 200010000 1
20300014 p 200120000 1

*

20300031 tempf 100010000 1
20300032 tempf 100120000 1
20300033 tempf 200010000 1
20300034 tempf 200120000 1
*

20300041 p 300010000 1
20300042 p 300120000 1

*

20300051 mflowj 300010000 1
20300052 mflowj 300110000 1

*

. End

VII. 4 Pipe Loop Model

=Four Pipe Simple Loop with a Pump and Heater Input Model

*In this model uniform heat sources are also applied onto the pipes 1 and 3
*100 new  stdy-st

100 new transnt

105 5.0 6.0 500.0

*crdno end time min dt max dt control minor ed major ed restart

201 1000.00 1.0-6 0.1 3 10 100 5000

*

* plot requests

*

20300011 mflowj 100010000 1
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20300012 mflowj 150010000 1
20300013 mflowj 140010000 1
20300014 mflowj 160010000 1
*

20300031 httemp 100000201 1
20300032 httemp 150000201 1
*

20300021 p 100020000 1
20300022  p 150020000 1
20300023  p 140020000 1
20300024  p 160020000 1

*

20300041 tempf 100020000 1
20300042 tempf 150020000 1
20300043 tempf 140020000 1
20300044 tempf 160020000 1

*

* trips

*

*501 time 0 gt null 0 501.0 1* for pump + logical
*502 tempf 100020000 gt null 0 365.0 1 -1.*for accumulator trip when temp at 100
exceeds 510K

*

* component 160

*

*crdno name type
1600000 pipe no4 pipe

*crdno no.vols.

1600001 2
*crdno area vol.no.
1600101 0.0196 2

*crdno  length vol.no.
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1600301 2.0 2
*crdno  h-ang vol.no.
1600501 0.0 2
*crdno  v-ang vol.no.
1600601 0.0 2
*crdno rough dhy vol.no.
1600801 0 0 2
*crdno  ctl vol.no.
1601001 0O 2
*crdno  ctl jun.no.
1601101 0O 1

*6rdno ctl  pressure temp  vol.no.
1601201 3 1.5+6 350.0 000 2

*crdno i.c.

1601300 1

*crdno  flowf flowg velj  jun.no.
1601301 0.0 0.0 0 1

%k

* component 170

*

* pump

*  westinghouse homologous pump curves

*  flow area = 0.07 sqm, volume = 0.14 cum

*  ratings: speed =369 rpm flow = 0.81 cum/sec
* head =27.5 m torque = 500.0 nm
* mom.i. = 1.43 kg*sqm density = 614.0 kg/cum

* actual speed = 369 rpm

*crdno name type

1700000  pump pump

*crdno area length volume h-ang v-ang delz ctl
1700101 0.07 20 0 O 00 00 O

*crdno  from area floss rloss flag
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1700108 160020002 0 0 0 0
*crdno to area floss rloss flag
1700109 100010001 0 0 0 0
*crdno ctl pressure temp

1700200 3 1.5+6 350.0

*crdno ctl flowf flowg velj

1700201 1 0.0 0.0 0

1700202 1 0.0 0.0 0

*crdno id 2faz 2fazd tork pvel ptrip rvrs
1700301 -2 -1 -3 -1 0 0 1

*crdno rpvel initv rflo rhead rtork momi rdens
1700302 369.0 1.0 0.81 27.5 500.0 1.43 614.0
*crdno rmotk tf2 tf0 tfl  tf3

1700303 0 153.0 0.003 145 0

* pump rotational velocity table
1706100 O time
1706101 100.0 0.0 150.0 100.0

*

* component 100

*

*crdno name type
1000000  pipe nol pipe

*crdno no.vols.

1000001 2

*crdno area vol.no.
1000101 0.0196 2
*crdno  length vol.no.
1000301 2.0 2
*crdno  h-ang vol.no.
1000501 0.0 2

*crdno  v-ang vol.no.
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1000601  90.0 2
*crdno rough dhy vol.no.
1000801 0 0 2
*crdno  ctl vol.no.
1001001 0O 2
*crdno  ctl jun.no.
1001101 0O 1

*crdno ctl  pressure temp  vol.no.
1001201 3 1.5+6 350.0 000 2

*crdno i.c.

1001300 1
*crdno  flowf flowg velj  jun.no.
1001301 0.0 0.0 0 1

*

kR kHeat Structure added to Pipe 1QQ skttt deieok

*

* NVOL NP Geo Stdy In.Rad.

11000000 2 5 2 0 0.025

* M.Loc Form

11000100 0 1

11000101 4 0.05

11000201 100 4

*  Power curve

11000301 1.0 4*flat power profile assumed
* in.temp. NP

11000401 350.0 5

* left incr. typ area NH
11000501 100010000 010000 1 1 2.0 2
* right incr. typ area NH

11000601 0 0 01202
* power peaking factor

* src.table src.mltp. mod.multp. NH
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11000701 100 1.0 1.0 0.0 2
* ht.hyd.d. heated length grid boil.fctr NH
11000801 0.0 10.010.0 0.00.0 0.0 0.0 1.0 2

* stainless steel

20110000 tbl/fctn 1 1 * stainless steel
*

* temperature thermal conductivity
20110001 273.15 42.5578
20110002 1199.8166667  82.3129
*

* temperature heat capacity
20110051 273.1500 3827850.0
20110052 422.0389 3962160.0
20110053 477.5944 4096471.0
20110054 533.15 4230782.0
20110055 588.7056 4331514.0
20110056 644.2611 4432113.0
20110057 699.8167 4499403.0
20110058 810.9278 4633713.0
20110059 1366.483 5372421.0
20210000 power

20210001 0.0 0.0

20210002 0.0 20000.0

*

* component 120

*

*crdno name type
1200000  bndbrnch  branch
*crdno no.juns. ctl

1200001 3 1

*crdno area length volume h-ang v-ang delz rough dhy ctl
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1200101 0.0196 2.0 0.0180.0 0.0 0.0

*crdno ctl
1200200 3

*crdno from

1201101 100020002
1202101 120010002
1203101 120010006

*crdno flowf
1201201 0.0
1202201 0.0

pressure

00 00 O
temp
1.5+6 350.0
to area floss rloss flag
120010001 0 0 0
140010001 0 0 0

130010001 0 0 0

100
100
100
flowg velj

0.0 0

0.0 0

1203201

*

0.0 0.0

0

*

*

component 140

*crdno
1400000
*crdno
1400001
*crdno
1400101
*crdno
1400301
*crdno
1400501
*crdno
1400601
*crdno
1400801
*crdno
1401001
*crdno

1401101

name
pipe _no2
no.vols.
2
area
0.0196
length
2.0
h-ang
140.0
v-ang
0.0
rough dhy
0 0
ctl
0
ctl

type

pipe

vol.no.

vol.no.

vol.no.

vol.no.

vol.no.

vol.no.

jun.no.
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*crdno ctl vol.no.

1401201 3

pressurc

1.5+6 350.0 000 2

temp

*crdno i.c.
1401300 1

*crdno  flowf flowg velj  jun.no.

1401301 0.0 0.0 0 1

*

* component 200

*

*crdno

2000000

name type

jun2 3 sngljun

*crdno from to floss rloss

2000101 140020002

arca

150010001 0 0

flag
0 000

*crdno ctl flowf flowg velj
2000201 1 0.0 0.0 0

*

* component 150

*

*crdno name type

1500000 pipe no3 pipe

*crdno  no.vols.

1500001 2

*crdno area vol.no.
1500101 0.0196 2
*crdno  length vol.no.
1500301 2.0 2
*crdno  h-ang vol.no.
1500501 0.0 2
*crdno  v-ang vol.no.
1500601 -90.0 2
*crdno rough dhy vol.no.
1500801 0 O 2
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*crdno  ctl vol.no.
1501001 0O 2
*crdno  ctl jun.no.
1501101 0 1

*crdno ctl  pressure temp  vol.no.
1501201 3 1.5+6 350.0 000 2

*crdno i.c.

1501300 1
*crdno  flowf flowg velj  jun.no.
1501301 0.0 0.0 0 1

*

*Pipe 150 wall added by heat structure

*

* NH NP Geo Stdy In.Rad.

11500000 2 5 2 0 0.025

* M.Loc Form

11500100 0 1

11500101 4 0.05

11500201 150 4

*  Power curve shape

11500301 1.0 4*flat power profile assumed

* wall in.temp.(K)

11500401 350.0 5

* left incr. typ area NH

11500501 150010000 010000 1 1 2.0 2

* right incr. typarea NH

11500601 0 O 0 1 202

* power peaking factor

* src.table src.mltp. mod.multp. NH
11500701 150 1.0 1.0 0.0 2

* ht.hyd.d. heated length grid boil.fctr NH
11500801 0.0 10.010.0 0.00.0 0.0 0.0 1.0 2
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* stainless steel

20115000 tbl/fctn 1 1 * stainless steel
*

* temperature thermal conductivity
20115001 273.15 42.5578
20115002 1199.8166667  82.3129
*

* temperature heat capacity
20115051 273.1500 3827850.0
20115052 422.0389 3962160.0
20115053 477.5944 4096471.0
20115054 533.15 4230782.0
20115055 588.7056 4331514.0
20115056 644.2611 4432113.0
20115057 699.8167 4499403.0
20115058 810.9278 4633713.0
20115059 1366.483 5372421.0

20215000 power
20215001 0.0 0.0
20215002 0.0 0.0

*

* component 210

*

*crdno name type

2100000  junct3 4 sngljun

*crdno from to area floss rloss flag
2100101 150020002 160010001 0 0 0 000
*crdno ctl flowf flowg velj

2100201 1 0.0 0.0 0

*
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* component 130

*

*crdno name type
1300000  boundry pipe

*crdno no.vols.

1300001 4

*crdno area vol.no.
1300101 1.45-3 1
1300102 0.6 4
*crdno length vol.no.
1300301 8.0 1
1300302 1.5 4
*crdno  v-ang vol.no.
1300601  90.0 4
*crdno rough dhy vol.no.
1300801 0 O 4
*crdno  ctl vol.no.
1301001 0O 4
*crdno  ctl jun.no.
1301101 0O 3

*crdno ctl  pressure quals  vol.no.
1301201 2 1.5+5 00000 4

*crdno i.c.

1301300 1

*crdno  flowf flowg velj  jun.no.
1301301 0 0 0 3

3

* component 131

*

*crdno name type

1310000 boundry  sngljun

*crdno from to area floss rloss flag
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1310101 130010000 132000000 0 0 0 0
*crdno ctl flowf flowg velj

1310201 1 0 0 0

*

* component 132

*

*crdno name type

1320000  boundry tmdpvol

*crdno area length volume h-ang v-ang delz rough dhy ctl
1320101 0.6 3.0 O O O O 0 0 O

*crdno ctl

1320200 2

*crdno time pressure quals

1320201 0.0 1.5+6 0.0

*

. End of input.

VIII. Heat Exchanger Model

*Determination of Heat transfer parameters in a HX

*

***********Input Data**********

*

*Pipe diameter=6¢cm = 0.06m

*Pipe Length=6m

*Inlet temp = 513K (hot leg)

*Inlet temp = 483K (cold leg)
*quality = 0.00001

*Mass flow rate = 20 kg/s (hot leg)
*Mass flow rate = 40 kg/s (cold leg)

*Pressure = 10MP (reactor operating pressure)
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*

***********Deﬁning the prOblem*******

*

= Single Channel Heating
100 new transnt

102 si si

% sk

**************cpu tlme remaining card**************

* *

*crdno timel time2

105 1.0 2.0

110 air

115 1.0

* *
* time step control cards

* *

*crdno end time min dt max dt control minor ed major ed restart

201 1000 1.0E-9 0.01 5 5000 5000 2000

*

*¥dddkk*Tnlet control TDV BC for the HOT side of HX #* %% ##*kx

*

1100000 "inlet" tmdpvol

*flow area of inlet volume is selected the same as the flow area of pipe

* fa(sq.m) length(m) vol(m3) azi vert dz rough hyd.d flags

1100101 0.002827 2.0 0.0 0.0 0.0 0.0 0.000.0 0000000*check

*Time dependent data to be pressure

* ebt(fluid type, no-boron, initial thermodynamic state)
1100200 103
* time  Pa K

1100201 0.0 10000000.0 513.0

*

*adckr**Inlet Time Dependent Junction Properties-
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*

1200000 "inlet" tmdpjun

* from vol tovol f.area
1200101 110010002 100010001 0.002827
* vel/flow  trip*

1200200 1 0
* time lig.mflow vap.mflow int.vel.

1200201 0.0 20.0 0.0 0.0

*

Fascksdk*Condenser HOT side component 10Q(Q%## %%

*

*6cm diameter 30 meter stainless steel pipe
1000000 "pipel" pipe

*  no. of vols

1000001 12

* flowArea vol no.
1000101 0.002827 12
* lengh vol no.
1000301 0.5 12

*  az.ang vol no
1000501 0.0 12

*  vt.ang vol no
1000601 0.0 12

*  rough  hyd vol no.
1000801 0.00 0.0 12

* floss r loss jun. no.
1000901 0.0 0.0 11
*  vol flag vol no
1001001 0000000 12

*  junflag jun.no
1001101 0000000 11

*  flag Pressure(P) temp(K) vol.no.
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1001201 103 10000000.0 513.0 0.0 0.0 0.0 12
*pipe junc.cont.word(mflow will be entered as inital values at pipe junctions)
1001300 1

*  lig.mflow vap.mflow int.vel. jun no.

1001301 0.0 0.0 0.0 11

*

stk Outlet Single Junction 130%*******.HOT-outlet

*

1300000 "sngljuno" sngljun

* from vol tovol fareafloss r.loss flag (fefvcahs)a=0 smooth, a=1 full
abruot change

1300101 100120002 190010001 0.002827 0.0 0.0 0000000

*  flag ligmflow vap.mflow int.vel.

1300201 1 0.0 0.0 0.0

*

FackkQutlet TDV 190 stttk HOT-outlet

*

1900000 "OUTLET" tmdpvol

* farea 1 vol azi vert dz rough hyd d flags
1900101 0.002827 6.0 0.0 0.0 0.0 0.0 0.0 0.0 0000000
*Time dependent data to be pressure and temperature
1900200 103

* time Pa K

1900201 0.0  10000000.0 513.0

*

Fadeadik]150 TDV-COLD-inlet BCH etk

*

1500000 "Source" tmdpvol

*flow area of inlet volume is selected the same as the flow area of pipe

* fa(sq.m) length(m) vol(m3) azi vert dz rough hyd.d flags

1500101 0.002827 6.0 0.0 0.0 0.0 0.0 0.000.0 0000000*check

*Time dependent data to be pressure
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* ebt(fluid type, no-boron, initial thermodynamic state)
1500200 103
* time  Pa K

1500201 0.0 10000000.0 483.0

*

*kskxk% ] 60 TDJ-inlet BC**#* kx5 x5k k%% %% *TDJ-COLD-inlet

*

1600000 "inlet" tmdpjun

* from vol tovol farea

1600101 180010001 300120002 0.002827
* vel/flow trip*

1600200 1 0

* time lig.mflow vap.mflow int.vel.

1600201 0.0  20.0 0.0 0.0

*

*HAAXE%300 Pipe Properties™******COLD PIPE

*

*6cm diameter 30 meter stainless steel pipe
3000000 "pipel" pipe

*  no. of vols

3000001 12

* flowArea vol no.
3000101 0.002827 12
* lengh vol no.
3000301 0.5 12

*  az.ang vol no
3000501 0.0 12

*  vt.ang vol no
3000601 0.0 12

*  rough  hyd vol no.
3000801 0.0000 0.0 12

* floss r loss jun. no.
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3000901 0.0 0.0 11

*  volflag vol no

3001001 0000000 12

*  junflag jun.no

3001101 0000000 11

*  flag Pressure(P) temp(K) vol.no.

3001201 103 10000000.0 483.0 0.0 0.0 0.0 12

*pipe junc.cont.word(mflow will be entered as inital values at pipe junctions)
3001300 1

*  lig.mflow vap.mflow int.vel. jun no.

3001301 0.0 0.0 0.0 11

*

1700000 "sngljuno" sngljun

* from vol tovol fareafloss r.loss flag (fefvcahs)a=0 smooth, a=1 full
abruot change

1700101 300010001 150010002 0.002827 0.0 0.0 0000000

*  flag ligmflow vap.mflow int.vel.

1700201 1 0.0 0.0 0.0

*

1800000 "sink" tmdpvol

* farea 1 vol azi vert dz rough hyd d flags
1800101 0.002827 6.0 0.0 0.0 0.0 0.0 0.0 0.0 0000000
*Time dependent data to be pressure and temperature
1800200 103

* time Pa K

1800201 0.0  10000000.0 483.0

*

*Condenser Heat component 200 (31 tubes, 0.016 id, wall = 0.001m thick, 1.7m long):

*

**Condenser Heat Structure component 100 HX to 100 and 3(QQ##kesk stk

*

* nhs np geotype(Cyl) steadyi inner radius(left)
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11000000 12 6 2 0 0.025 *Check
* flag mesh format

11000100 0 1

* np-1 outer radius(right)

11000101 5  0.03

* comp np-1

11000201 55 5

* source np-1

11000301 1.0 5

* temp mesh point
11000400 0
* temp mesh pt

11000401 513.0 6

*left BC volume num increment BCtype SA type height hs.num(Hot side)
11000501 100010000 010000 1 1 6.0 12

*left BC volume num increment BCtype SA type height hs.num(cold side)
11000601 300120000 -010000 1 1 6.0 12

* src.type src.mltp. mod.heat.multp.

11000701 140 0.08333 0.0 0.0 12 * src.mltp 0.08333=1/12 where 12 is
number of vol.

* ht.hyd.d. htd.l.fr. grd boil.fctr(1.0 no power)

11000800 0

11000801 0.0123 10.0  10.0 0.00.0 0.0 0.0 1.0 12 *Check
11000900 0

11000901 0.0123 10.0  10.0 0.00.0 0.0 0.0 1.0 12

*

skosk ko skok Material*********************

*

20105500 c-steel

*

20214000 power
20214001 0.0 0.0
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20214002 10.0 1.0

*

*******Plot Requests*******

*

20300021 mflowj 100010000 1
20300022 mflowj 100110000 1
20300023 mflowj 300010000 1
20300024 mflowj 300110000 1
*

20300011 p 100010000 1
20300012 p 100120000 1
20300013 p 300010000 1
20300014 p 300120000 1

*

20300041 tempf 100120000 1
20300042 tempf 100010000 1
20300043 tempf 300010000 1
20300044 tempf 300120000 1

*

*20300031 httemp 100000101 1
*20300032 httemp 100001201 1
*20300033 httemp 300000101 1
*20300034 httemp 300001201 1
. End
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