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Abstract

Design of Complex Systems to Achieve Passive Safety:
Natural Circulation Cooling of Liquid Salt Pebble Bed Reactors

by
Raluca Olga Scarlat

Doctor of Philosophy in Engineering-Nuclear Engineering
with Designated Emphasis in Energy Science and Technology

University of California, Berkeley
Professor Per F. Peterson, Chair

This dissertation treats system design, modeling of transient system response, and
characterization of individual phenomena and demonstrates a framework for integration of
these three activities early in the design process of a complex engineered system. A system
analysis framework for prioritization of experiments, modeling, and development of detailed
design is proposed. Two fundamental topics in thermal-hydraulics are discussed, which
illustrate the integration of modeling and experimentation with nuclear reactor design and
safety analysis: thermal-hydraulic modeling of heat generating pebble bed cores, and scaled
experiments for natural circulation heat removal with Boussinesq liquids. The case studies used
in this dissertation are derived from the design and safety analysis of a pebble bed fluoride salt
cooled high temperature nuclear reactor (PB-FHR), currently under development in the United
States at the university and national laboratories level.

In the context of the phenomena identification and ranking table (PIRT) methodology, new
tools and approaches are proposed and demonstrated here, which are specifically relevant to
technology in the early stages of development, and to analysis of passive safety features. A
system decomposition approach is proposed. Definition of system functional requirements
complements identification and compilation of the current knowledge base for the behavior of
the system. Two new graphical tools are developed for ranking of phenomena importance: a
phenomena ranking map, and a phenomena identification and ranking matrix (PIRM). The
functional requirements established through this methodology were used for the design and
optimization of the reactor core, and for the transient analysis and design of the passive natural
circulation driven decay heat removal system for the PB-FHR.

A numerical modeling approach for heat-generating porous media, with multi-dimensional
fluid flow is presented. The application of this modeling approach to the PB-FHR annular
pebble bed core cooled by fluoride salt mixtures generated a model that is called Pod. Pod was
used to show the resilience of the PB-FHR core to generation of hot spots or cold spots, due to
the effect of buoyancy on the flow and temperature distribution in the packed bed. Pod was used
to investigate the PB-FHR response to ATWS transients. Based on the functional requirements
for the core, Pod was used to generate an optimized design of the flow distribution in the core.

An analysis of natural circulation loops cooled by single-phase Boussinesq fluids is presented
here, in the context of reactor design that relies on natural circulation decay heat removal, and
design of scaled experiments. The scaling arguments are established for a transient natural
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circulation loop, for loops that have long fluid residence time, and negligible contribution of
fluid inertia to the momentum equation. The design of integral effects tests for the loss of forced
circulation (LOFC) for PB-FHR is discussed. The special case of natural circulation decay heat
removal from a pebble bed reactor was analyzed. A way to define the Reynolds number in a
multi-dimensional pebble bed was identified. The scaling methodology for replicating pebble
bed friction losses using an electrically resistance heated annular pipe and a needle valve was
developed. The thermophysical properties of liquid fluoride salts lead to design of systems with
low flow velocities, and hence long fluid residence times. A comparison among liquid coolants
for the performance of steady state natural circulation heat removal from a pebble bed was
performed.

Transient natural circulation experimental data with simulant fluids for fluoride salts is
given here. The low flow velocity and the relatively high viscosity of the fluoride salts lead to low
Reynolds number flows, and a low Reynolds number in conjunction with a sufficiently high
coefficient of thermal expansion makes the system susceptible to local buoyancy effects
Experiments indicate that slow exchange of stagnant fluid in static legs can play a significant
role in the transient response of natural circulation loops. The effect of non-linear temperature
profiles on the hot or cold legs or other segments of the flow loop, which may develop during
transient scenarios, should be considered when modeling the performance of natural circulation
loops. The data provided here can be used for validation of the application of thermal-hydraulic
systems codes to the modeling of heat removal by natural circulation with liquid fluoride salts
and its simulant fluids.
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Introduction

‘Everybody gets so much information all day long that
they lose their common sense. They listen so much that
they forget to be natural. This is a nice story."

Gertrude Stein, 'Reflection on the Atomic Bomb" (1946)

How do we design innovative nuclear reactors in a cost and time-efficient manner, and how do
we prove that they are safer than reactor technology for which the industry has decades of
operational experience for hundreds of reactors? More broadly posed, the question that
motivates this dissertation is how do we demonstrate the safety of complex engineered systems
for which the experience base is very small or none at all?

Passive safety systems are systems that do not rely on external sources of energy for
operation, and they have been adopted as a way to simplify design and lead to cheaper more
reliable systems. They have capability to provide more robust safety, and this capability must be
demonstrated. This dissertation demonstrates how passive safety features are designed for
integration within complex engineered systems, and how the capability to predict system
behavior and evaluate its safety is developed early in the conceptual design process of the
complex system. Natural circulation cooling of a pebble bed reactor is analyzed here from the
point of view of reactor design, transient system response, and individual underlying
phenomenology. A systematic methodology is proposed for the interaction among these three
types of activities that are needed for the technological development of this passive safety
feature, and for its integration in the design of a large complex system, a nuclear power plant.

In the United States, the safety goal of nuclear facilities is defined by a 1986 policy statement,
which sets forth qualitative and quantitative health objectives. The quantitative objective is
defined in terms of prompt fatality and cancer mortality. The risk of cancer or prompt fatality
posed to an individual in the vicinity of a nuclear plant must be below 0.1% of all the risks from
all other causes to which the U.S. population is exposed. The value of 0.1% was chosen because
it represents the year-to-year variation in the sum of the risks all other causes. Conceptually, the
goal is for the incremental risks caused by nuclear plants to be within the noise of the sum of
risks from all other sources'. For a nuclear plant, the main hazard is emission of radionuclides, so
the quantitative health objective is generally translated into radioactive dose to which a person
would be exposed at the site boundary, from external exposure to radiation, inhalation of
contaminated air, and ingestion of contaminated water. Thus, demonstrating the safety of a
nuclear plant requires demonstrating that operation of the plant will not lead to radionuclide
release outside the site boundary that can pose significant risk to the population.

The paradigm for ensuring the safety of nuclear power plants centers around the defense in
depth concept for preventing release of radionuclides to the environment, which can be briefly
summarized as follows. Several barriers between the source term and the environment
independently prevent release. Reactor safety systems maintain the conditions to which the
barriers are exposed below their respective degradation limits, in order to ensure the integrity of
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the barriers to release of radioisotog)es The safety systems and the barriers to release are
designed to be redundant and diverse” . The source term for release of radioactive material that
is primary considered in this dissertation is the fuel inside of the reactor core.

In the design for safety of complex engineered systems, the first level of defense is inherent
safety, which entails elimination or reduction of the source of risk. One such example is
elimination of the sources of stored mechanical energy from a reactor, such as a pressurized
vessel, which could drive dispersion of radioactive material in the environment. The second level
of defense is passive safety systems, which rely on the inherent physics to protect the system.
Natural circulation is an example of a passive safety system. Heat transfer from the core to
ambient air is driven by solely by the temperature difference between the core and the ambient
air, with no need for moving mechanical parts, or external sources of energy. The third level of
defense is active systems. A pump that provides forced circulation cooling of the core is one such
example. The last level of defense is procedural, or operator action in the event of transients to
which the plant was not designed to respond automatically.

Safety risks are quantified in a two-dimensional space: probability of event versus
consequence of event. Figure 1 shows a schematic illustration. The metric used on the
consequence axis depends on the scope of the analysis. At the highest level analysis of the entire
plant across all scenarios, the metric is dose at the site boundary. For more detailed analysis of a
subset of scenarios and a group of subsystems, the consequence metric may be the peak
temperature or pressure to which one of the barriers to release is exposed, and it is subordinate
to the higher level consequence metrics. For nuclear reactors, a two-dimensional representation
of risk is more appropriate than a one-dimensional representation of risk (frequency multiplied
by consequence), because a high probablht%/ low consequence event is managed differently from
a low probability high consequence event’®. Plant events are grouped in three broad categories,
based on their estimated frequency. Anticipated Operational Occurrences (AOOs) have
frequencies of 0.01 per year per plant or higher; they are expected to happen at least once in the
lifetime of a plant. Design basis events (DBEs) have frequencies of 10* or higher; they are
expected to happen once in the lifetime of a fleet of 100 reactors. Beyond design basis events
(BDBEs) have frequencies of 10 or higher; they are very low probability events, which are not
expected to happen in the lifetime of a plant, for an entire fleet. The three sets of scenarios,
AOOs, DBEs, and BDBEs, are generally termed licensing basis events (LBEs)"®. LBEs can be
initiated by internal events, such as a component failure or operator error, or external events,
such as earthquakes or airplane crashes. They are systematically identified and plotted on the
frequency versus consequence plot, also termed the Farmer’s chart. The safety limits are also
plotted on the Farmer’s chart. An isorisk line on the Farmer's chart has a slope of negative one,
and the product of frequency times consequence is equal at any point on the line. A risk-adverse
line has a steeper slope than the isorisk line; the product of frequency times consequence is
lower at higher values of consequence and lower values of frequency. Nuclear plant licensing
adopts a risk-adverse set of limits.
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Figure 1. Probabilistic quantification of safety risk

It must be demonstrated that all the LBEs for the reactor design remain to the left and below
of the safety limit lines. The magnitude of the consequence is evaluated by system models that
model the transient response of the reactor. For active systems, the frequency is evaluated
through probabilistic risk assessment (PRA), which computes the probability of scenarios based
on event trees and component reliability data at prototypical conditions. Modeling of
phenomena with very large time-scales, which can lead to component failure, such as material
degradation, also contributes to generating event frequency data.

Reactor licensing is performed by the nuclear regulatory body of the country in which the
reactor is to be built and operated. In the United States, nuclear reactors are licensed by the
Nuclear Regulatory Commission (NRC). The reactor vendor must demonstrate, through
analysis supported by sufficient experimental data, that the reactor meets a range of regulatory
requirements, which include limits on the risk of radiation exposure for members of the public.

There are two licensing approaches: deterministic and probabilistic. Deterministic safety
analysis relies on prescribed design recommendations, which are based on previous operating
experience with similar technology, and on conservative safety margins. The probabilistic
approach is more flexible and permits analysis of technology for which the experience base is
limited; it also permits a realistic quantification of the safety margins, enabling prioritization of
resources for the scenarios that lead to the smallest safety margins. Probabilistic safety analysis
relies on computation of scenario probabilities and consequences and uncertainty quantification
for both of these dimensions. The 95/95 rule for error bands is generally accepted as providing
sufficient confidence: 95% confidence for the 95th percentile of the distribution of the variable.
Recognizing that incomplete information and understanding also introduce uncertainty, both
deterministic and probabilistic methods also require that principals of defense in depth be used
in design.

Reactor design and safety analysis activities can be classified into three categories: system
design, modeling of system response to specific scenarios, and characterization of individual
phenomena. Figure 2 illustrates the role of modeling and experimentation in demonstrating
reactor safety and in developing a reactor design. System design is iterative with identification of
system states and transient scenarios. Modeling of system response relies on simplified models
for behavior of the subsystems and the components and focuses on accurately representing the
response of the overall system to the specific scenarios of interest. The system transient models
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must be validated by experiments termed integral effects tests (IETs), which demonstrate that
the system model accurately predicts the behavior of the system. Characterization of
phenomena focuses on establishing the knowledge base for the underlying individual
phenomenology, and it can be based on empirical measurements, analytical or numerical models
that require experimental validation, or semi-empirical models. The experiments in support of
phenomena characterization are termed separate effects experiments (SETs). Interactions
among these activities follow a combination of top-down and bottom-up approaches.

CHAPTER 1 System Design
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Transient Scenarios A et System

Numerical Model
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Figure 2. The role of modeling and experimentation in demonstrating reactor safety

In a top-down approach, the system design and scenario description (i.e., LBEs) drive the
system decomposition, which dictates the structure of the transient system model and the
simplification assumptions. The transient system model prioritizes efforts for characterization
of phenomenology, based on sensitivity analysis to input phenomena. The system design and
scenario definition also prioritize the need for phenomenology characterization, based on expert
opinion. In a bottom-up approach, phenomena characterization provides phenomenological
models that are used as inputs for the system transient model. The system transient model
informs the design such that complex system behavior and the possibility for system instability
are avoided as much as possible. Phenomena characterization informs system design such that
desirable features are exploited and phenomena that are difficult to characterize are preferably
eliminated from the design. The top-down and bottom-up approaches are complementary, and
they are used iteratively.

The use of passive safety systems to meet the safety-related functions of nuclear reactors
eliminates the need for external power sources to perform safety functions. The equipment used
in passive safety systems is generally simpler than for active systems and does not require
routine operator surveillance. Thus passive safety equipment can commonly be placed in
locations where access can be infrequent, which also simplifies physical security requirements.
The regulatory definition of a passive system used by U.S. Nuclear Regulatory Commission also
requires that no operator action or off-site support be needed for 72 hours after the initiation of
an accident’. Advanced light water reactors incorporate various types of passive safety features,
such as gravity-draining cooling water tanks, and natural-circulation decay heat removal”. In
order to ensure diversity, redundant passive and active systems will be designed to meet the
safety functions, whenever possible. Passive systems are typically designed with few or no
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moving mechanical parts (commonly moving parts are limited to automatic valves) and do not
rely on external sources of energy, and their performance is dominated by the inherent physics of
the overall system. By definition, the reliability of their constituent components is not the
dominant factor that determines the likelihood of the passive system to perform its function
when it is needed. The ability of passive systems to perform their function is sensitive to system
conditions, and the prediction capability for the performance of passive systems is sensitive to
uncertainties in model inputs such as material properties, characterization of individual
phenomena, system geometry, and other model inputs. Thus, for LBEs that rely on the function
of passive systems, both the consequence and the probability are evaluated by system models
and integration among the activities presented in Figure 2 is further emphasized for reactors
that use passive safety features.

This dissertation investigates two fundamental topics in thermal-hydraulics that illustrate
the integration of modeling and experimentation with reactor design and safety analysis.
Chapter 2 studies thermal-hydraulic modeling of heat generating pebble bed cores, and Chapter
3 studies scaled experiments for natural circulation heat removal with Boussinesq liquids.
Examples of natural circulation systems in nature are abundant, among which magma flow,
ocean circulation, atmospheric circulation™. In the energy field, natural circulation systems have
applications such as water circulation in solar water heaters®, and passive extraction of heat
from a geothermal reservoir. Porous media thermal-hydraulics has applications to other heat
generating media, such as biological tissue”', packed bed chemical reactors™, and heat removal
or heat addition to a solid porous media for the purpose of thermal storage™.

Chapter 1 presents a system analysis framework for prioritization of experiments and
modeling, which is applicable to technology early in the development path. System reliability
and safety analysis performed in the first stages of design of complex systems has high influence
on the design at small cost expenditures, whereas in the subsequent phases of design the
influence decreases rapidly and the expenditures rise sharply'. This dissertation presents
examples for reactor design, integral effect experiments design for validation of system transient
models, and characterization of individual phenomena, and demonstrates the framework for
interactions among these activities.

Case studies used in this dissertation are derived from the design and safety analysis of a
pebble bed fluoride salt cooled high temperature class of nuclear reactor (PB-FHRs). The FHR
concept is currently under development in the United States at the university and national
laboratories level. PB-FHRs are cooled by liquid fluoride salt eutectic mixtures, with a randomly
packed bed of heat generating fuel pebbles, which rely on natural circulation for emergency
decay heat removal to ambient air. Water and heat transfer oils can be used as liquid salt
simulant fluids and they provide the tremendous advantage of low distortion thermal-hydraulic
experiments at significantly lower temperatures, reduced geometric scale, and reduced thermal
power input. The phenomena analysis presented in Chapter 2 and Chapter 3 contribute
significantly to understanding the thermal-hydraulic behavior of PB-FHR systems, which has
important implications for the design optimization and safety analysis of this class of reactors.
The goal of FHRs is to provide an energy technology with a short commercialization timeline,
with significant safety advantages compared to advanced light water nuclear reactors currently
under construction, and at costs that are competitive with natural gas. The framework
developed in this dissertation provides a structured methodology for prioritization of time and
resources and integration of safety analysis in reactor design from very early in the technology
development path of a reactor.
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CHAPTER 1

A structured methodology for conceptual design of complex
engineered systems

In the design of large complex engineered systems, as the design progresses, changes become
increasingly costly and challenging to implement. Post et. al. shows that 65% of the lifetime cost
for a chemical process plant is committed in the planning phase, and 80% is committed in the
preliminary design phase; he argues that system reliability and safety analysis performed in the
first stages of design has high influence on the design at small cost expenditures, whereas in the
subsequent phases of design the influence decreases rapidly and the expenditures rise sharply'.
Most complex engineered systems, including nuclear reactors, are regulated to assure that their
safety, public health, environmental, and security impacts are acceptable. If the analysis tools
used to assess safety and other regulatory performance requirements can only be applied to a
well-developed design, then the cost of meeting regulatory performance criteria requirements
can be high, and the ability to improve beyond minimal compliance doubtful. As problems are
identified, the lack of robustness in the system design can lead to costly back fits or premature
decommissioning.

For example, methodologies that are common practice for the safety analysis of nuclear
reactors, such as CSAU, PIRT, and H2TS", while flexible in the sense that they are technology-
neutral, require well defined designs. This pushes system designers towards incremental
changes to evolutionary systems, which rely on the experience with previous technology in
order to design for safety and other regulatory performance requirements. Thus, tools that
enable integration of safety analysis and other types of risk analysis very early on in the design
process of a complex engineered system are needed for the development of revolutionary
technologies.

The system analysis framework demonstrated in this chapter is derived from safety analysis
methodology, specifically Phenomena Identification and Ranking Tables (PIRT), but with
significant modifications to account for the fact that the system being studied does not have a
well-defined detailed design. For complex engineered systems that are still early in the
development path, several options are pursued in parallel for many of the design choices, in
order to manage the failure risks of implementing new technologies. Directly applying safety
analysis methodology at this stage in the design would be unreasonably time-consuming,
requiring specific analysis of each combination of design options.

The case study treated in this chapter is the characterization of the thermal-hydraulic
behavior of the primary coolant system in PB-FHR. This case study generates a prioritized map of
the modeling tools and experiments that are needed. As opposed to a prioritized list, a prioritized
map more rapidly adapts to changes in design, and more easily integrates new understanding of
the underlying phenomenology.
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1.1 PIRT Exercise for PB-FHR Thermal-Hydraulics - Background

Best Estimate Plus Uncertainty (BEPU) methodologies were developed by the NRC in the
1990s, as an effort to complement the existing rule-based, deterministic licensing approach. The
BEPU approach includes the Code, Scaling, Applicability and Uncertainty (CSAU)
methodology'”. CSAU is a structured methodology to identify the phenomena that need to be
modeled for a specific transient of a specific nuclear plant, to select an applicable code, and to
quantify the aggregate uncertainty to the prediction of a representative metric for the specific
transient being studied. While CSAU is a thorough methodology for quantifying uncertainty,
because it is time and computationally-expensive it has not been broadly adopted in its entirety.

Embedded in the CSAU methodology is the Phenomena Identification and Ranking Table
(PIRT) methodology, which has been much more broadly adopted. PIRT is a methodology that
relies on analysis, scaling, and expert judgment to identify and rank key phenomenology for a
specific system undergoing a specific time phase of a specific transient. The PIRT process
generates a prioritized list of key phenomena that need to be characterized and modeled for each
component of the system. It also ranks the knowledge level for each key phenomena for each
component, thus identifying critical gaps in the understanding of specific phenomena. In the
CSAU methodology, the step that follows PIRT is identification of a code that is appropriate for
modeling the system with the key phenomenology that was identified in the PIRT results.

Previously, the PIRT process has been applied to reactors in operation, or reactors for which
detailed engineering design exists, and for reactor designs where a wider base of expert
knowledge exists. We are interested here in applying the PIRT process much earlier in the
design of the reactor, which allows for integration of safety analysis early on in reactor design.

The methodology presented in this chapter very closely parallels the PIRT methodology,
however the system to which it is applied and the goals of this PIRT exercise differ from a
conventional PIRT. Firstly, the methodology is applied to a system where detailed design does
not yet exist and where a large number of design options remain and are developed in parallel.
Secondly, the set of scenarios is spanned, but for a narrow set of phenomenology. As described in the Next
Generation Nuclear Plant (NGNP) Phenomena Identification and Ranking Table (PIRT)
Report, ‘the PIRT is a structured expert elicitation process designed to support decision
making"”." The approach taken here follows the same distinct steps as the NGNP PIRT, with
modifications to some of the steps, which are summarized in Table I-1.
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Table 1-1. Deviation from PIRT methodology for application of safety analysis early in the design path

Step1 | define the issue that is driving the need for a PIRT
Step 2 | define the specific objectives for the PIRT

Step 3 | define the hardware and the scenario for the PIRT PASSC + H2TS decomposition
Step4 | define the evaluation criteria
Step 5 | identify, compile, and review the current knowledge base | define functional requirements

Step 6 | identify the plausible phenomena span a range of transients
Step 7 | develop importance ranking for phenomena

Step 8 | assess knowledge level for phenomena

Step9 | document PIRT results

PIRT Methodology Modifications

ranking maps, and interaction
matrices (PIRM)

1.2 Step I: Define the issue

There are three top level issues that motivate this exercise:

L

(0]

Design development.

A systematic methodology to guide reactor design, with early integration of safety
analysis is needed.

The subsystems and components that need further detailed design, in order to better
characterize the transient behavior of the system, need to be prioritized.

If dominant not well-characterized phenomena can be excluded from the design, PIRT
will help to identify these early in the development process.

The phenomena interactions that lead to complexity need to be identified, and design
revisions shall be proposed to reduce these.

Construction of system-level transient modeling tools and integral effects experimental
facilities.

The modeling tools and experiments that are needed for design and safety analysis need
to be identified and prioritized.

A system decomposition framework for system modeling, and design of scaled integral
effects tests needs to be provided.

Construction of separate effects experiments and modeling tools for the characterization
of individual phenomena and phenomena coupling.

Dominant phenomena that are not well characterized need to be identified and
prioritized. Future SETs and simulation efforts that are needed to reduce system model
uncertainty and experimental distortion need to be defined and prioritized.

Dominant phenomena coupling that is not well characterized needs to be identified.

The potential areas or components for which multi-physics and multi-dimensional
modeling are needed, need to be identified and prioritized.
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1.3 Step 2: Define specific objectives

The case study treated in this chapter is the characterization of the thermal-hydraulic
behavior of the primary coolant system in PB-FHR. The specific objectives of this exercise are as
follows:

1. Establish evaluation criteria for the thermal-hydraulic performance of PB-FHR.

2. Establish a decomposition scheme for the system.

3. List the functional requirements that form the basis of design assumptions that are used
for the development of this PIRT.

4. Identify the dominant thermal-hydraulic phenomena that are not well characterized.

5. Identity and rank the thermal-hydraulic coupling among subsystems and components.

1.4 Step 3: Hardware and scenario

141  System Decomposition

The system decomposition approach proposed here integrates the higher-level plant, areas,
systems, subsystems, and components (PASSC) break-down convention ™ used by NGNP with
the decomposition paradigm for hierarchical two-tier scaling analysis (H2TS) methodology".
Figure 1-1 shows schematically the integration of the two system decomposition approaches.

PASSC NGNP Convention

‘ Functional SSCs

| Requirements Classification

"‘Systems, Structures, and Components"l

(SSCs) |
' GEMETRICAL

CONSTITUENTS CONFIGURATIONS PHASES FIELDS

H2TS Decomposition Paradigm

Figure 1-1. System decomposition paradigm used with the PIRT methodology

The PASSC convention includes areas, systems, subsystems, and components. It is
convenient to use this convention because the 'systems, structures, and components (SSCs)"
terminology is important in safety classification established by 10 CFR 50.69" and it easily maps
onto the systems, subsystems, and components levels of the PASSC convention.

Hierarchical two-tier scaling is a methodology for decomposing a system based on temporal
and spatial scales and phenomenology coupling. This enables the breakdown of a large system in
smaller systems that can be more easily studied, and which contribute to the understanding of
the overall system with little distortion due to their separation from the larger complex system.
It also enables the study of simplified larger systems, with little distortion due to the simplified
treatment of the subsystem. The methodology has been very powerful in enabling an
understanding of the system evolution in response to disturbances, or initiating events, and it
has enabled better management of the safety of nuclear plants, and better understanding of the
system vulnerabilities".
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The H2TS system decomposition paradigm includes the system, subsystems, modules,
constituents, geometrical configurations, physical phases (gas, liquid, solid), fields and
phenomena. Fields are chosen to be consistent with scaling methods. For PB-FHR, fields include
energy, fluid momentum, pebble momentum, neutron flux, chemical potential, cover gas
pressure, and mechanical stresses in solid components. The example in this chapter focuses
specifically on the energy field. Using this paradigm allows for direct application of the
Phenomena Identification and Ranking Table (PIRT) results to the design of scaled
experiments. It also facilitates application of analytical calculations to support qualitative
phenomena ranking rationale.

In the FHR system decomposition, the module level of the H2TS paradigm coincides with
the component level of the PASSC convention. Figure 1-1 compares the decomposition levels for
the two conventions, and the way that they are used for a consistent FHR decomposition
scheme. Functional requirement definition (discussed in Step 5) and safety classification are
done at the system, subsystem and component levels; phenomena identification and ranking
(discussed in Step 6 and Step 7) and subsequent prioritization of modeling and experimental
efforts additionally use the lower levels of the system decomposition. Integration of the two
decomposition approaches enables an iterative process between the identification of system
behavior and identification of individual phenomena, which makes the PIRT methodology
applicable to complex technology for which a complete system description is not yet available.
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1.4.2  Hardware description

Table 1-1, Figure 1-2 and Figure 1-3 summarize and depict the key areas, systems and
subsystems for PB-FHR. Only two of the system areas, Nuclear Heat Supply and Heat
Transport, are used for the analysis in this chapter. Further detail about the PB-FHR reactor
design is given in Appendix A. The FHR decomposition approach presented here was selected

to be generic enough to encompass a broad range of FHR design options.

Table 1-2. Summary of Key FHR Systems and Subsystems

AREAS SYSTEMS SUBSYSTEMS
Fuel
Primary coolant
Primary pump
Reactor Graphite reflectors
Core barrel & downcomer
Upper core support structures
Reactivity Reactivity control system
Control Reserve reactivity control system
Nuclear Heat Supply DRACS heat exchanger & diode (DHX)
DRACS DRACS piping & insulation/ electrical heating
Natural Decay Heat Exchanger (NDHX) and Air Stack
Reactor Vessel/Guard Vessel
Reactor Vessel | Reactor cavity cooling & insulation
and Reactor Electrical heating subsystem
Cavity Buffer salt subsystem (if used)
Concrete walls
Intermediate heat exchanger (IHX)
Power conversion heat exchanger (PCHX)
Intermediate Process heat exchanger (PHX)
Heat Transport - -
Loop Shutdown cooling and maintenance heat removal

subsystem

Piping and drain tank subsystem

Main Support Systems

Coolant chemistry, particulates & inventory control

Cover gas chemistry, particulates & inventory control

Fuel handling and storage

Plant instrumentation and control (1&C)

Power Units

Power conversion system
Process heat system

Balance of Plant

Fire protection system

Reactor citadel

Seismic base isolation

External event shield

Heating, ventilation, and air conditioning
Component cooling & service water system
Radioactive waste handling

AC/DC power supply and distribution

Control rooms
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Air Stack for
DRACS Heat Sink

Pebble Transfer Cell

Cavity Cover

CoverGas Control System

Figure 1-2. FHR Reactor Building Schematicl6: reactor cavity (yellow), filtered confinement (green), and

external event shell (blue/purple)
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Figure 1-3. PB-FHR Schematic Diagram
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14.3  Scenarios

Modeling and experimentation programs need to be established that are capable of spanning
a wide range of potential transients, which for nuclear applications are termed licensing basis
events (LBEs), including (1) steady-state behavior, (2) short term anticipated transients (such
as start-up and shutdown), (3) short term design basis events (DBEs) and beyond design basis
events (BDBEs), and (4) long term material degradation under steady-state operation.

LBE identification is an extensive process, and it is iterative with functional requirement
identification'’. To keep the scope of the present exercise manageable, only a subset of [ BEs are
identified here, which are representative of the span of phenomenology that the system may
exhibit'"'*:

0 Loss of forced circulation (LOFC) with or without SCRAM, with passive decay heat

removal.

0 Loss of heat sink (LOHS) with or without SCRAM, with passive decay heat removal.

0 Normal start-up and shutdown transients, using the normal heat removal systems.

1.5 Step 4: Define the evaluation criteria

The evaluation criteria for FHRs are:

1. Peak coolant outlet temperature, which is directly related to peak temperature of metal
structural materials.

Minimum primary coolant temperature and margin to freezing.

Average fuel temperature, which affects ATWS response.

Peak fuel temperature, which correlates with the fraction of failed TRISO particles.
Sharp local temperature transients, and large local temperature gradients leading to
thermal shock, thermal striping, thermal gradient, and differential thermal expansion of
components, which can lead to stresses on the structural components.

I URN

1.6 Step 5: Identify and compile the current knowledge base

The knowledge base depends on the one hand on the availability of design information for
each of the subsystems and components (or potentially similar systems), and on the other hand
on the fundamental understanding of the phenomena governing their behavior. For complex
systems that are early in the technology development, the knowledge base for the systems for
which detailed design is not available is replaced with functional requirements for the system
behavior. These functional requirements document the basis of assumptions used for the
development of this PIRT analysis. An iterative series of refinement of the system design and
PIRT analysis provides a systematic methodology for technology development.

1.6.1  Functional requirements definition

As the design options are explored, assumptions must be made about how the systems and
subsystems might perform. Functional requirement definition provides a systematic method to
document assumptions about system behavior that are made before the detailed design is
available. Functional requirements then guide detailed design. A hierarchical approach to functional
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requirements, following the system decomposition scheme established in Step 3, should be
adopted.

Table 1-3 provides the top level design requirements for FHRs, and one of these requirements
is to ensure and demonstrate safety. The safety design criteria (SDCs) are used to define a high-
level strategy for ensuring safety of FHRs, and they are listed in Table 1-4. The SDCs proposed
here to assess the safety of FHRs are adapted from similar top level safety-related design criteria
that have been established for other reactor technologies. The six FHR "SDCs" are equivalent to
the eight LMR "Top Level Safety Functions' and the six PBMR "Required Safety Functions.">"
The PBMR 'Safety Functions' are organized in a hierarchical structure that includes the first
four of their 'Required Safety Functions' along with the additional 'supporting safety
functions,” which are not required, but provide defense in depth. Before addressing specific
licensing requirements for FHRs, the initial step is to define the overall safety philosophy for
FHRs. The SDCs and the strategy for meeting them will guide the review of nuclear reactor
licensing requirements for applicability to FHRs, and will provide a framework for ensuring
completeness of the FHR safety strategy.

Table 1-3. Top level FHR design requirements

Top Level Requirements Motivation

Safety Design Criteria (SDCs) Ensure safety

Economics (E)

End-user
Investment Protection (IP)

Safeguards (SG)
Physical Security (PS)

Nonproliferation and security

Each SDC defines a class of lower-level safety functions, which guide design. As an example,
Table 1-5 lists the safety functions subordinate to SDC 3, control of heat removal and addition.
The control of heat removal is important to prevent overheating of reactor structures and to
limit thermal stresses and thermal creep deformation during transients and accidents. The
control of heat addition and excessive heat removal is important to prevent and to recover from
overcooling transients that might cause localized freezing of the primary or secondary coolants,
and subsequently inhibit control of heat removal.

Table 1-4. Proposed FHR Safety Design Criteria (SDCs)

FHR SDCs

1. Maintain control of radionuclides

2. Control heat generation (reactivity)

3. Control heat removal and addition

4. Control primary coolant inventory

5. Maintain core and reactor vessel geometry

6. Maintain reactor building structural integrity
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The safety functions lead to a subset of the system and subsystem functional requirements.
Appendix A has a more extensive list of functional requirements for the reactor system and its
subsystems. A subset of these are further discussed in Chapter 2 and Chapter 3, in the context of
system design and optimization.

Table 1-5. Engineered safety functions primarily related to SDC 3

SDC 3: Control Heat Removal and Addition

1. Normal heat load (power units)

2. Shutdown, start-up, and maintenance cooling
3. Passive decay heat removal (DRACS)

4. Reserve shutdown cooling for decay heat removal (if used)

5. Reactor cavity cooling

6. Heat sink throttling for parasitic heat load control

6. Reactor cavity thermal insulation and electrical heating

7. Electrical heating systems for salt inventories external to reactor cavity

1.7 Step 6: Identify the plausible phenomena

This PIRT exercise focuses strictly on energy transport phenomena. To a very limited extent,
it may also include momentum transport phenomena, in the cases in which these are tightly
coupled with the energy transport phenomena.

Thus the set of plausible phenomena is: nuclear heat generation (fission and decay heat),
irradiation heat deposition, convection, mixing, conduction, thermal radiation, temperature
boundary condition, and heat flux boundary condition.

1.8 Step 7: Rank the phenomena

181 Phenomena ranking map

Phenomena importance is specific to each component, and of course to each scenario.
Mapping the importance of specific phenomenology across the system is a useful graphical tool,
which is instrumental in refining the system decomposition, and defining system boundaries of
integral effects experiments and numerical systems models that will lead to minimal distortion
of the system behavior.

Figure 1-4 is a simple example of such a map, which ranks the mass flow rate in various flow
paths, and the thermal mass of the solid components for the primary coolant circuit of PB-FHR.
The blue boxes indicate the solid constituents in contact with the primary coolant. Purple
indicates the primary coolant free surfaces, where the coolant is in contact with the cover gas.
The temperatures are representative temperatures of the primary coolant during normal
operation. The darkness of the black lines ranks the importance of the respective flow paths.
Thick black lines indicate regions of high flow rate or high fluid inventory, thin gray lines
indicate regions of low flow rate and low fluid inventory. The width of the blue boxes indicates
the relative thermal mass of the solid component. Wide boxes indicate high thermal mass,
narrow boxes indicate low thermal mass components.
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A scaled integral effects experiment for the dominant coolant flow path identified by Figure
1-4 is discussed in Chapter 3. Future iterations of this experiment will be built to also take into
account the thermal inertia of the dominant solid components identified in Figure 1-4.

1.8.2  Phenomena Identification and Ranking Matrix (PIRM)

In addition to prioritizing the key phenomena for each of the components, it is also crucial to
understand the importance ranking of the coupling among components. Thus, the phenomena
identification and ranking table (PIRT), more appropriately becomes a phenomena
identification and ranking matrix (PIRM).

PIRM is a square matrix, with each row representing a component, and the columns
representing the components that may affect the behavior of this component. Each cell lists and
ranks the dominant phenomena by which each two components are coupled. The phenomena
and component coupling are ranked based on three levels of importance: (1) dominant effect, (2)
secondary effect, or (3) negligible effect. The level of importance is scenario-specific. Since this
PIRT is focused on identifying the modeling and experimentation capabilities that are needed,
the highest importance level across all scenarios will be listed in the PIRM.

Table 1-6 shows the PIRM results for heat transfer phenomena in the primary coolant circuit
of a PB-FHR, across the range of transients defined in Step 3. For example, the outer graphite
reflector (row 3) will exchange heat with the core (column 1) by convection and thermal
radiation, with convection being a dominant phenomenon. The reflector is also heated by
neutrons and gammas coming from the core; this is also a dominant coupling. Reading across the
first row, the key components which affect the behavior of the core can be identified. The
diagonal of the PIRM identifies and ranks the phenomena relevant within each component, and
it is in effect equivalent to a PIRT table. The PIRM matrix is not necessarily symmetrical, since
component coupling is not always two-way, or it may not have the same ranking in both
directions.

PIRM is a useful tool in guiding modeling work and design of integral and separate effect
experiments. As an example, Table 1-7 shows a simplified version of the larger Table 1-6. For
modeling the thermal behavior of the core, the PIRM results show that heat generation and
convective heat transfer are key phenomena inside the core. The effect of external components
on the behavior of the core will have to be accounted for through boundary conditions. The
primary external component that affects the core is the inlet plenum, which will specify the core
inlet coolant temperature. Secondary external components are the secondary inlet plenum,
inner reflector, outer reflector, and other primary coolant flows. In an initial modeling of the
core, the coupling to these components can be neglected. Such an initial numerical model for the
PB-FHR core was built, and is discussed in Chapter 2. For a more accurate model of the core,
the boundary conditions will be adjusted to take into account the effects of these secondary
components; this achieves only a one-way coupling. For an even more accurate model of the
core, the boundary of the model will expand to include components with which the core
couples; this achieves a two-way coupling.
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Table 1-6. Energy Field PIRM for PB-FHR Primary Coolant Circuit, with grouping for modeling of primary
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CD = conduction, R = thermal radition, CV=convection, T = temperature boundary condition
G = heat gen/extenal heat sink, D = irradiation heat deposition, F = heat flux boundary condition
M = mixing
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Table 1-7.Simplified energy field PIRM for PB-FHR primary coolant circuit, Expansion of the active core cell
to a two-by-two matrix
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X = dominant effect CD = conduction, R = thermal radition, CV=convection, T = temperature boundary condition
X = secondary effect G = heat gen/extenal heat sink, D = irradiation heat deposition, F = heat flux boundary condition
-—=negligible M = mixing

Once the boundaries of the system have been expanded, the analysis is repeated. The
convenience of PIRM is that a single matrix is needed for analyzing models at multiple scales,
that is, models consisting of a single component or a group of a large number of components. As
a second example at a larger scale, Table 1-6 considers the system that includes the first nine
components in the matrix, such that all of the components that couple with the core behavior
are included. The interior of the nine-by-nine matrix provides a map of key phenomenology that
the model must include. The exterior of the nine-by-nine matrix provides a guide to the external
component coupling that needs to be accounted for when specifying the boundary conditions.
Reading to the right of the nine-by-nine matrix, the primary components with which this
system couples are the upper core structures, IHX, DHX, diode, and downcomer. Reading below
the nine-by-nine matrix, one can identify that the coupling with the upper core structures, the
IHX, and the DHX is bi-directional, so a decision may be made to additionally include these
components within the boundary of the model, to increase its fidelity.

It is possible to also reduce the detail of the matrix by essentially compressing a group of
components to a single cell. The nine-by-nine matrix discussed above can be converted to a
single cell, with regards to its interactions with some of the components, while maintaining the
higher level of detail for the interaction with the rest of the components. The outcome of such a
selective compaction is illustrated in Table 1-8. This is a useful feature for bridging scales and
characterizing interactions at the scales at which they are most relevant and best understood.

Irrespective of the scale of the model, containing a single component or a large number of
components, the PIRM is read in a similar manner. Each group of components can be joined
together in a single subsystem. Each component can be expanded into its constituent sub-
components. This is illustrated in Table 1-7. The rows of PIRM can represent components or
subsystems of very different scales, without generating inconsistencies. This is possible because
the coupling effects are ranked, and the matrix is not symmetrical. For example “pump” (Table
1-6, row 12) is at a different scale than “reactor cavity walls” (Table 1-6, row 18).
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Table 1-8. Energy Field PIRM for PB-FHR Primary Coolant Circuit, with compacted subsystem interactions.
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X = dominant effect CD = conduction, R = thermal radition, CV=convection, T = temperature boundary condition
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A discussion of the reasoning behind the rankings in the matrix should be documented as
part of the PIRM exercise. As an example, the ranking rationale for Table 1-7 is given here (cell
referencing: [row, column]). The salt is somewhat transparent to thermal radiation, so thermal
radiation between the fuel pebbles and the salt will lead to an effective increase in the
convection coefficient (cells [1,2] and [2,1]). During steady state operation, heat transfer
between the core and the inner and outer reflector are designed to be minimal. However, during
transients, the reflectors have a large thermal inertia and heat exchange between them and the
core must be characterized. Thermal radiation can occur between the graphite reflectors and the
salt, but because the temperature difference between the two is much lower than the
temperature difference between the fuel and the salt, radiation is negligible (cells [1,3] and [3,1]).
Conduction and thermal radiation between pebbles and the adjacent graphite reflector wall will
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lead to some heat transfer between the two, but generally heat transfer between these two
components via convection with the salt will be prevalent (cells [1,3] and [2,3]; [3,1] and [3,2]).
The inner and outer reflectors are physically separated by the active core and they are not
coupled (cells [3,4], [4,3]). The surface area of the inlet plenum is small, and the residence time
of the fluid in the inlet plenum is also small, thus from an energy field point of view, the inlet
plenum is essentially decoupled from the rest of the components in this matrix (cells [5,i] and
[°1,5]), with the exception of the coolant in the core, for which it provides the inlet boundary
condition (cell [1,5]).

1.9 Step 8: Rank the knowledge level

Knowledge level ranking helps identify significant gaps in understanding of the fundamental
phenomenology, or of the behavior of specific coupling between components. Overlaying
knowledge level ranking on the PIRM tables helps prioritize separate effects experiments, and
numerical models for the characterization of individual phenomena and of specific coupling
between components.

Three knowledge level (KL) categories are used here, for the KL ranking: sufficient
understanding, significant gaps, and little understanding. The KL ranking categories for PIRM
were titled to emphasize that the KL is ranked with respect to the KL that is necessary for the
specific application being investigated. The NGNP PIRTs defined the ranking levels as high
being 70-100% complete knowledge and understanding, medium being 30-70%, and low being
0-30%”". These KL ranking levels were not adopted for PIRM because their quantitative nature
does not have utility in the context of a PIRM that needs to be done relatively quickly in order
to be useful early in the design process. The PIRM KL categories do however closely parallel the
those of the NGNP PIRT.

Table 1-9 gives an example of KL ranking for the simplified energy field PIRM table for PB-
FHR. There is one dominant phenomena that has significant gaps in the knowledge level:
convection in the core. A modeling tool for heat transfer in a pebble bed core is presented in
Chapter 2 of this dissertation; the modeling results identify the dominant effects, and they guide
the design of experiments for investigating convective heat transfer in the pebble bed core. The
KL ranking also identifies that detailed design is needed for the inner and outer reflectors.

1.10 Step 9: Documentation of the PIRT Results

This PIRT exercise studied the thermal-hydraulic behavior of the primary coolant system in
the PB-FHR. The following documentation material was generated as part of this exercise:

0 Functional requirements for the PB-FHR Reactor System and its subsystems.

0 Representative set of scenarios that spans the PB-FHR phenomenology.

0 Evaluation criteria for the thermal-hydraulic performance of the PB-FHR system.

0 Phenomena ranking map for the momentum field of the coolant (primary coolant flow
paths), and for the energy field of the solid components.

0 Phenomena identification and ranking matrix (PIRM) for the energy field.

0 Knowledge level ranking of a simplified PIRM for the reactor system.
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Table 1-9. Energy Field PIRM for PB-FHR primary coolant circuit, with Knowledge Level Ranking

§ 5 Knowledge | evel Ranking

] 2 S £

o % 2 é [ | Sufficient understanding

(7] e o] a

é’ 5 . ; [ ] significant gaps

4 3 £ - A Little understanding

1 2 3 B :
1 &6, o7 oy, U o u m Phenomena Importance Ranking
2 v, D, f L‘L.\. - X = dominant effect
3 ¢V, D, CD, | = E@ . X = secondary effect
4 . -- = negligible

CD = conduction, R = thermal radition, CV=convection, T = temperature boundary condition
G = heat gen/extenal heat sink, D = irradiation heat deposition, F = heat flux boundary condition
M = mixing

1.11 Conclusions

The phenomena identification and ranking table is a structured methodology that relies on
expert elicitation to identify and prioritize modeling capabilities and experimental facilities that
are needed for design and analysis of complex systems. PIRT was developed as one of the tools
in the probabilistic safety analysis of nuclear reactors, and it has applicability to any well
defined complex system. Previously, the PIRT process has been applied to reactors in operation,
or reactors for which detailed engineering design exists, and for reactor designs where a wider
base of expert knowledge exists. This chapter studied the application of the PIRT process much
earlier in the design of the reactor, at the preconceptual design stage. In the context of the PIRT
methodology, new tools and approaches were proposed and demonstrated here, which are
specifically relevant to technology in the early stages of development. The case study discussed
here was thermal-hydraulic analysis of the PB-FHR.

The PASSC and H2TS system decomposition schemes were applied in a complementary
manner. Definition of system functional requirements complemented identification and
compilation of the current knowledge base for the behavior of the system. Two graphical tools
were developed for ranking of phenomena: phenomena ranking map, and phenomena
identification and ranking matrix (PIRM). Phenomena ranking is performed for each of the
fields defined by the H2TS scheme, and an important element that these new tools add is the
ranking of system and subsystem coupling.

The functional requirements established here are further discusses in the Chapters 2 and 3,
in the context of design and optimization of the core, and of the passive decay heat removal
system for PB-FHR. The PIRM results guide the modeling approach for the annular pebble bed
reactor core, which is presented in Chapter 2. The phenomena ranking map guides the design of
integral effects experiments for the natural circulation decay heat removal system, which is
discussed in Chapter 3. The knowledge level ranking applied to the PIRM, identifies convective
heat transfer in pebble beds as an important phenomena with significant knowledge gaps.

Future PIRM studies should map system coupling across multiple fields: neutronics, fluid
momentum equation, etc. As further understanding is gained about the PB-FHR system, the
matrices should be updated.
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CHAPTER 2

Heat Generating Packed Pebble Beds Thermal-Hydraulic Modeling

This chapter presents a numerical modeling approach for fluid flow and heat transfer in porous
media with internal heat generation. Two-dimensional incompressible flow in cylindrical and
spherical coordinates leads to a continuously changing flow velocity, and hence to a non-
uniform Reynolds number in the porous media. This in turn leads to non-uniform friction losses
and non-uniform convective heat transfer between the solid media and the coolant. Temperature
dependent fluid viscosity and buoyancy are implemented in the model. An approach for
coupling this porous media thermal model with neutronic calculations for nuclear reactor
pebble beds is also presented.

Steady state flow through porous media with heat transter between the liquid and the solid
has applications to heat generating media, such as biological tissue”, endothermic or exothermic
reactions that occur at the surface of the packing material for a packed bed*, pebble bed nuclear
reactors”, and molten nuclear reactor core debris following accidents such as the ones at the
Fukushima Dai-Ichi Plant in 2011**, and at Three Mile Island Plant in 1979%. It may also be
applicable to quasi-steady state problems for heat removal or heat addition to a solid porous
media, such as a pebble bed or a rock pile, for the purpose of thermal storage™. The treatment of
coupling of the thermal-hydraulic modeling with the kinetics of the nuclear reactor core is more
difficult to extend outside the nuclear reactor field; one could envision a chemical system with
reduced reaction kinetics at higher temperatures, but no specific examples can be cited.

For illustration, this modeling approach is applied here to calculating the steady state
temperature and flow distribution in the annular pebble bed core of the pebble bed fluoride salt-
cooled high temperature reactor. These calculations provide a reference point for the steady
state temperature and flow distribution and for the pressure drop in the reactor core, during
normal operation and during decay heat removal. This information is needed for design
development of the reactor systems and subsystems, for safety analysis of PB-FHRs, and for
design and prioritization of separate effects and integral effects experiments.

The porous media investigated here is a randomly packed pebble bed with pebbles of
uniform size. The coolant investigated is liquid flibe, a high Prandtl number coolant with high
volumetric heat capacity, and relatively high viscosity. The thermophysical properties of the
coolant lead to moderate Reynolds numbers in the packed bed, so that both viscous effects and
form losses contribute significantly to the momentum equation of the fluid.

Section 2.1 describes the model inputs and the details of the PB-FHR core, based upon a
2009 point desi%n for a Pebble Bed Advanced High Temperature Reactor, referred to here as the
2009 PB-AHTR™. Section 2.2 describes the constitutive equations and some details pertaining
to the numerical solver, and highlights the model capabilities and limitations. Section O presents
an optimization study for the flow distribution in the core during full power operation with
forced circulation through the core. The optimization objectives are derived from the core
functional requirements identified in Chapter 2. It also calculates the pressure drop through the
optimized core, as a function of mass flow rate; these results are needed for the characterization
of natural circulation heat removal from the core, which is discussed in Chapter 3. Section 2.4
studies the sensitivity of flow and temperature distribution to buoyancy effects, and
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temperature-dependent viscosity. Section 2.5 summarizes the results and conclusions presented
in this chapter, and gives recommendations for future work.

2.1 Model Case Study: Pod

A thermal-hydraulic model was developed for the PB-FHR annular pebble bed core, and the
model name is Pod, the "Pb-thr cOmsol moDel." Pod is primarily a tool for reactor design
optimization, and for design of experiments. It can generate high resolution temperature and
flow distributions, it is flexible in terms of changing the geometry and adding features or
additional phenomenology, and the solving time is relatively short (tens of seconds or minutes
on a Intel i7 processor, with 6.00 GB of memory, and 64-bit operating system). Parametric
studies can be automatically set-up, for optimization studies, or sensitivity studies.

The objectives of thermal-hydraulic modeling of the core are: (1) to predict the coolant and
fuel temperature distribution in the core, (2) to predict pressure drop in the core, and (3) to
predict the temperature distribution along the fluid inlet and outlet faces. The following
parameters are determined by subsystems external to the core, and are not considered in this
analysis: (1) minimum coolant temperature, and (2) bulk coolant temperature rise across the
core.

Pod also generates important data that can be used for code-to-code comparisons for
thermal-hydraulic system codes used to model the transient response of PB-FHRs. For PB-FHR
thermal-hydraulic system transient response analysis, two systems codes are being investigated:
RELAP5-3D and Flownex. These system codes have quality assurance (QA) pedigree, and either
or both may be appropriate for FHR safety analysis calculations. However, neither of these
codes has gone through verification and validation (V&V) for modeling salt-cooled pebble bed
cores. An important component of V&V is comparison with independent calculations using
different modeling tools, and Pod provides this capability. It is also a tool to investigate the
sensitivity of the core behavior to various simplifications and input parameters, and thus
informs the decision to develop additional features in the system codes for better fidelity models
of the pebble bed core.

RELAP5-3D was developed by Idaho National Laboratory (INL) and the U.S. Nuclear
Regulatory Commission (NRC); it has been used for the licensing of light water reactors
(LWRs), along with an extensive code verification pedigree and a validation base for modeling
of LWRs™. Flownex SE is an engineering simulation environment, which was developed by M-
Tech under QA standards™. The Flownex Nuclear module was developed for the safety analysis
and licensing of the pebble bed modular reactor (PBMR) in South Africa, which is a gas-cooled
reactor that uses fuel similar to the PB-FHR fuel. Capabilities and modeling approaches of Pod
are compared with those of these system codes, whenever relevant to the steady state modeling
of the PB-FHR core, or the ATWS transient response modeling.

211  Description of the PB-FHR Pebble Bed Core

This section describes the model inputs that are specific to the PB-FHR core studied here.
The 2009 PB-AHTR is the specific core design that is studied here, and it is part of the PB-FHR
class of reactors. The core is a packed bed of pebbles that are buoyant in the coolant. The core
consists of an annular region filled with randomly packed pebbles, through which coolant flows
upwards and radially outwards.
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Pebble fuel allows for continuous and fast throughput online refueling. The pebbles are
circulated several times through the reactor, before they reach full burn-up (BU). Before being
returned to the core, the pebbles have a brief cooling time outside of the core to allow Pa-233 to
decay, preventing generation of neutron poisons in the fuel and increasing the final BU of the
fuel. Once the fuel composition in the core reaches equilibrium, the core operates with very little
excess reactivity, and the radioactive material source term is smaller, compared to that of batch-
refueled cores.

Figure 2-1 provides the geometry and dimensions for the 2009 PB-AHTR reactor core that is
studied here. The core has five distinct regions. The shape and the naming of these regions
comes from the pebble fuel movement requirements through the core. Region 5 at the bottom of
the core is the Fueling Chute, through which fuel pebbles are inserted into the core. It is
designed to be sufficiently wide to allow for radial zoning of the fuel, sufficiently narrow to
ensure subcriticality of this region, and sufficiently tall to lead to reduced neutron flux at the
bottom of the fueling chute, where separating rings for radial fuel zoning are located. Region 5 is
assumed to be fully packed, with the pebble bed free surface located below the bottom of the
region. Region 4 is the Diverging Region, which expands the width of the bed to the dimensions
determined by reactor physics optimization studies. The fuel then moves vertically in plug flow
through region 1, the Central Core Region, and then through region 2, the Converging region,
which reduces the thickness of the bed to that of the defueling chute. Region 3, the Defueling
Chute, is a long and narrow region, which is subcritical, and just sufficiently wide to prevent

pebble bridging and pebble flow blockages™.

PB-FHR Anular Core Geometry
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Figure 2-1. 2009 AHTR Geometry and dimensions of the 2009 PB-AHTR Annular Pebble Bed Core27

Figure 2-2 shows typical locations of the inlets and outlets for the coolant. The detailed
distribution of these flow sources and sinks is optimized to provide uniform heat removal from
the core and low pressure drop, and thus depends upon the detailed design of the core. Each of
the faces marked in the figure will have ports for coolant inlet or outlet, and the density and
location of these ports on each of these faces determines the coolant flow distribution in the core
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and are core optimization parameters. The results of the optimization study for the coolant inlet
and outlet port distributions are given in section 0.

PB-FHR Annular Core
Fluid Inlet and Outlet Faces

__—Outlet Face 3.2

-

-<—— Outlet Face 3.1

<—— QOutlet Face 2

<—— Dutlet Face 1

Inlet Face 1

Inlet Face 4 1

/

Inlet Face 5

Figure 2-2. Schematic location of the coolant inlet and outlet ports for the 2009 PB-AHTR Annular Pebble
Bed Core

When considering whether core thermal-hydraulics can be decoupled from pebble motion
there are two issues: (1) the bed recirculates slowly, and (2) pebbles can move individually or in
clusters in discrete sudden movements, when the static friction forces break. After taking into
account these two considerations, for all thermal-hydraulics studies the pebbles are assumed to
be stationary. The timescales of pebble movement in the core are significantly longer than the
timescales of fluid dynamics and heat transfer. Pebbles are recirculated through the core at very
slow speeds, with residence time of around one month compared to coolant residence time of
minutes. The recirculation of pebbles results in a non-uniform distribution of porosity, with
experiments and simulation showing porosities of 43% in converging region of the core,
compared to the expected 40% value for an infinite randomly packed pebble bed. The porosity
in the diverging region is expected to be similar to that in the converging region’”. 1In the
analysis presented here the porosity is assumed to be uniform.

The movement of pebbles in discrete intervals, as the static friction forces break, creates
time-dependent, localized changes in porosity. The timescales of localized porosity variation are
below a second. The time scale of discrete and rapid pebble motion when pebbles slip is defined
as the time for a pebble to move the length of its radius under gravity, starting from zero
velocity. For PB-AHTR it is 015 seconds, with one pebble radius being a conservative
overestimation of the average slip distance for a pebble. In summary, the duration is under a
second and the spatial scale is small, for the regions of local porosity variations and high pebble
velocity that are created when the bed recirculates due to the non-continuous motion of the
pebbles®.

When averaged over larger volumes, the porosity and permeability take on quasi-steady
values even with the localized, time-dependent variability that occurs due to individual pebble
slip-stick movement. The quasi-steady porosity varies compared to the expected 40% average
value in regions where the pebble flow area expands or contracts, in the range of 37% to 43%
porosity””. In the analysis presented here the pebble bed is assumed to be stationary, and this
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variability of the quasi-steady porosity is neglected. Localized porosity variations are not
expected to significantly affect the volume-averaged heat transfer or hydrodynamic behavior of
the core. Heat transfer to individual pebbles may be affected, but variability of individual pebble
temperatures compared to average values is not considered to be particularly important due to
the large thermal margins for FHR fuel. Sensitivity studies should be performed to demonstrate
the validity of these assumptions.

The power peaking map was generated by MCNP neutronic modeling of the core at
isothermal coolant temperatures of 650°C and isothermal kernel temperatures of 800°C. Figure
2-3 shows the power density distribution in the core. The central core region is radially zoned,
with a high BU LEU region closest to the center reflector, a low BU LEU region, and then a
thorium region at the interface with the outer reflector wall. A coarse, 8-element radial mesh
was used in MCNP for region 1, to generate the power peaking map shown in Figure 2-3. For the
rest of the regions no radial discretization was applied, and the fuel was modeled as a radially
homogeneous mixture. Thus, the axial power profile was available from MCNP modeling for
each of the regions, and the radial power profile was available only for region 1.
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Figure 2-3. Power distribution for the PB-FHR Annular Pebble Bed (left), and radial power peaking in the
Central Core Region (right)

The volumetric heat generation term, Q(7;2), for each region was input in the following form:

Q(r, 2)[W/m®] = Qcore/Veore * Quxiar(2) * Qragiar (1) (2-1)

where Quoreis the total core power, Veore the total core volume, Qaxiai(z) the axial power peaking
function, and Qradial(7) the radial power peaking function.

Fuel radial zoning affects the power peaking profile in the core. Radial zoning of the pebble
fuel in the core creates physical separation among different types of fuel, without the need for
solid walls exposed to a high radiation environment. The zoning pattern is established in the
fueling chute, and it remains as such as the fuel moves upwards through the core. Radial zoning
of the pebble fuel permits the creation of fuel zones of varying burn-up, leading to a more
radially uniform power density in the core. It also permits the creation of thorium fuel blanket,
with approximately 25% of the total energy generation from the thorium fuel. Thorium fuel is
potentially cheaper than uranium fuel, because thorium is a waste stream from some rare-earth
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mines (rare-earths are used in the semiconductor industry) and also otherwise abundant, and
because thorium fuel does not require enrichment, which is an energy intensive and expensive
step of uranium nuclear fuel production®**. Lastly, if a blanket of thorium fuel or inert graphite
pebbles is used at the interface with the graphite reflectors, the walls of the reflectors are
exposed to a lower neutron flux, extending their lifetime.

The fuel pebbles are 3 cm in diameter, and they have an internal structure that consists of an
inner graphite core, an annular fuel region, and a final thin graphite layer. The annular fuel
region consists of coated particle fuel embedded in a graphite matrix. The coated fuel particles
have a diameter of 1 mm or less, and they consist of fuel kernels coated with subsequent layers of
graphite and silicon carbide, as depicted in Figure 2-4”. Nominal values for the detailed
dimensions and thermophysical properties for the fuel element are given in Appendix B.

Pebble Fuel Element TRISO Fuel Particle
Inert Graphite Core Fuel Kernel
Fuel Region (TRISO Particles) Porous Graphite Buffer
Inert Graphite Shell Inner Pyrolytic Carbon

Silicon Carbide

QOuter Pyrolytic Carbon

3cm 300 um 100 pum

Figure 2-4. PB-FHR Fuel (drawings by A. T. Cisneros)

The coolant investigated is liquid flibe, a high Prandtl number coolant with high volumetric
heat capacity and relatively high viscosity. The thermophysical properties of the coolant lead to
moderate Reynolds numbers in the packed bed, for which both viscous effects and form losses
contribute significantly to the momentum equation of the fluid. Fluid properties are evaluated at
the average temperature of 650°C; the temperature-dependent thermophysical properties for
flibe fluoride salt mixture are given in Appendix C.

Table 2-1. Summary of Nominal PB-FHR Parameters

Primary coolant flibe
Core Power 900 MWth
Core geometry annular core with radial fuel zoning
Nominal coolant temperature rise in the core 100 °C
Coolant inlet temperature 600 °C

Nominal temperature for coolant

thermophysical properties evaluation 650°C
Pebble fuel diameter 3cm
Pebble fuel design annular fuel zone
Fuel form coated particle (TRISO fuel)

The modified PIRT exercise in Chapter 1 established as a set of thermal-hydraulic
performance metrics, and a set of functional requirements for the subsystems of the PB-FHR
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core. The subset of requirements applicable to thermal-hydraulic modeling of the reactor pebble
bed core is listed in Table 2-2. Each requirement is associated with metrics that are calculated
from Pod results.

Table 2-2. Reactor functional requirements related to thermal-hydraulic modeling of the pebble bed core

Functional Requirements ToIE)e::vel Metrics computed by Pod
PRIMARY COOLANT
1-1 Provide negative temperature feedback SDC 2 Predict temperature distribution in the core
1-2 Coolant remains in liquid phase SDCs 3,5 Control minimum coolant temperature

Maintain low temperature for coolant in

1-3  vicinity of reactor vessel and other core SDCs 5 Maximum outlet coolant temperature
metallic components
Provide sufficient flow to maintain

1-4 . . . E Core temperature rise
design basis core temperature rise

1-5 Control reflector by-pass leakage E Minimize core pressure drop
GRAPHITE REFLECTORS
2-1  Provide thermal inertia SDCs 5 Quantify heat transfer flux between the

graphite reflectors and the coolant

FUELING STAND-PIPES

Minimize core inlet pressure (i.e. core

3-1 Prevent primary coolant inventory loss SDC 4
pressure drop)
FUEL SUBSYSTEM
Predict temperature drop across the fuel
4-1 Transfer heat to the coolant SDC 3 element; Predict core pressure drop during

natural circulation, which determines
natural circulation flowrate
Fuel element geometry should respect

42 Fuel element manufacturability (and fuel

qualification requirements) manufacturability limits
Provide the first barrier to radionuclide .
4-3 vie “ SDC1 Predict peak fuel temperature
emission
Provide negative temperature reactivi . P
4-4 M gativ peratu vity SDC 2 Predict temperature distribution in the core
feedback
Minimize difference between average Minimize coolant to fuel temperature
4-5 fuel and coolant temperatures at full P P

difference

power operation (for ATWS response)

¥ System functional requirements are subordinate to top level performance requirements, listed in
Appendix A. E is economic optimization, and IP investment protection. SDCs are safety design criteria. For
FHRs, there are six SDCs and they are listed in Chapter 2.

212 Application for Pod: ATWS Point Reactor Model

One of the functional requirements for FHR core design is to minimize the temperature
difference between the coolant and the fuel (Table 2-2, requirement 4-5), which motivated the
inclusion of the fuel temperature equations in the steady state Pod model. This functional
requirement is driven by the reactor response to ATWS scenarios. Some back-ground on the
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ATWS transients for FHRs is given here, in order to provide a context for the way the fuel
temperature was modeled, and the way that Pod results for the fuel temperature should be
interpreted.

Anticipated Transients Without SCRAM (ATWS) is a class of nuclear reactor transient
scenarios in which the normal and reserve shut down systems do not function, and reactor shut
down relies solely on the negative temperature reactivity feedback of the core. There are two
typical anticipated operational occurrences where a reactor scram should normally occur, Loss
of Forced Circulation (LOFC) and Loss of Heat Sink (LOHS). In an ATWS accident the normal
and reserve shutdown systems would not function, and the temperature of the core would rise
until the reactor core becomes sub-critical and the reactor shuts down at a new, elevated quasi-
steady state core temperature. The key design question for the ATWS accident is whether this
elevated temperature exceeds the safety limits for metallic primary structures including the
reactor vessel.

The FHR class of reactors has the unique potential of ATWS response that leads to
temperatures sufficiently low that the reactor systems remains within designed operating
temperatures, and thus does not lead to damage of the fuel or the structural materials of the
reactor. In addition to the reactor control system, the reactor shutdown system and the reserve
shutdown system are designed for high reliability, and the probability of all these systems failing
and leading to an ATWS event is low enough that ATWS events are beyond-design-basis events
(BDBE) and it is an open debate as to whether these types of events need to be studied, for the
licensing or design of an FHR. Mild ATWS response can provide an attractive feature for
investors, since such a feature provides investment protection, ensuring that the reactor system
will continue to be operable even after a low probability ATWS event. Furthermore, a fully
passive ATWS response coupled with fully passive natural-circulation decay heat removal with
ultimate heat sink to ambient air greatly increases the intrinsic capability of the reactor to cope
with events such as station blackout without the need for operator intervention or external
sources of energy. Lastly, the ATWS response of FHR systems has unique differences from
LWRs and HTGRs, due to the very low volatility and significant contribution to moderation
provided by the FHR coolant. So ATWS merits investigation, at least as a bounding event for
evaluation of FHR safety, and because it has phenomenology that is unique to FHRs.

The desired endpoint of ATWS is safe shutdown; in safe shutdown the core is subcritical
and the fuel generates power at decay heat levels. At full power operation the temperature
difference between the fuel kernels and the coolant is on the order of 100°C. At decay heat levels
of power generation, the fuel kernel and bulk coolant temperatures are almost equal, because the
temperature difference between the coolant and the fuel kernels is driven by the power density.
Figure 2-5 depicts the fuel and coolant temperatures at normal operation, and at decay heat
power levels. If the coolant temperature increases to a value below that of the fuel kernel
temperature, then the negative reactivity insertion due to the rise in coolant temperature will be
counterbalanced by positive reactivity insertion due to the drop in fuel kernel temperature at
the decay heat power level. Similarly, if the coolant temperature increases to a value below that
of the average temperature of the carbon in the fuel pebble, then the carbon in the fuel pebble
will contribute with positive reactivity. Conversely, if the coolant temperature increases above
the average temperature of the carbon in the fuel pebble, then the carbon in the fuel pebble
contributes with negative reactivity insertion.
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Figure 2-5. Schematic diagram of fuel and coolant temperatures at the beginning and end of ATWS transient

The temperature of the graphite reflectors also affects neutronics. Predicting its transient
evolution requires larger system models, as those described in Chapter 3 , which take into
account the evolution of the heat sinks and heat sources in the entire circuit of the primary
coolant flow, which was mapped out in Chapter 1. The present analysis is concerned with
steady state conditions, when the graphite can be assumed to be in thermal equilibrium with the
coolant. Hence, in this steady state model of the core the effective reactivity associated with the
coolant, is actually the sum of the coolant reactivity plus the graphite reflector reactivity. The
assumption of thermal equilibrium between the coolant and the graphite reflectors disregards
gamma heat generation in the graphite reflectors, which leads to a temperature difference
between the graphite and the coolant. This temperature difference is likely very small compared
to the temperature rise across the fuel pebble, since the power density of gamma heating is
significantly lower than the power density in the core.

Thus, the minimum coolant temperature rise that will allow for ATWS safe shutdown is the
temperature at which the sum of positive and negative reactivity insertion from the coolant, the
fuel, the carbon in the fuel pebbles, and the graphite reflectors sum to zero. For a given core
design, this temperature is determined by the coolant to fuel temperature difference at full
power. Coolant flow in the FHR core should be designed such that it minimizes this
temperature difference (Table 2-2, requirement 4-5). Pod was used to perform this optimization
of the coolant flow in the core.

ATWS response is driven by the feedback between the neutron physics of the core and the
temperature distribution of the core, so coupling of neutronic and thermal-hydraulic modeling is
necessary in order to understand ATWS response. It remains to be investigated how tight the
coupling between the two models needs to be, and the spatial and temporal fidelity needed from
each of the models to accurately model this transient.
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An initial estimate of the ATWS response can be calculated by assuming that the
temperature reactivity coefficients are constant within a temperature range and that core
reactivity can be described using a point reactor model that depends on the respective
temperatures of fuel kernels, carbon, and coolant in the core.

Design studies that optimize across a large number of flow and temperature distributions in
the core do not permit iteration of Pod and MCNP for each of the cases, and an approximate
treatment of the reactivity of the constituents is needed. Driscoll et al. recommends power
density as the most appropriate weighing factor for reactivity averaging'. Core optimization
with regards to ATWS response uses the volume averaged temperatures for each constituent
weighted by the power density distribution in the core. The RELAP5-3D systems code, which
has been used in the licensing of LWRs, implements the same approach to point kinetics: every
volume element of the mesh has a weighing factor, which must be specified as an input by the
user. The Flownex systems code, whose nuclear module was developed for the licensing of the
PBMR, calculates only a volume-averaged temperature of the constituents in the core, with no
weighing factor; this is a more simplistic approach, but for a core with no significant power
peaking, it remains a reasonable approximation.

Figure 2-6 illustrates the loose coupling between thermal-hydraulic and neutronic models,
for the purpose of predicting the minimum temperature rise of the coolant at which the core can
be in ATWS safe shutdown. A core power distribution generated by a code like the Continuous
Energy Monte-Carlo neutronic (MCNP) based on an average core temperature is used by Pod to
calculate the core temperature distribution at full power. Fuel, coolant, moderator and reflector
reactivity coefficients also generated by steady state MCNP calculations at a set of average
constituents temperatures are used to predict the equilibrium constituents temperature at the
ATWS shutdown state as a function of the power level. The temperature distributions
estimated for the shutdown conditions are then used in neutron transport modeling to calculate
the k-effective to verify that safe shut down is indeed reached at the predicted average
temperatures in the ATWS scenario. Pod can generate core temperature distributions of the
coolant, fuel kernels, and fuel graphite for input into MCNP. Pod uses the power distribution in
the core, and the fuel, graphite and coolant temperature reactivity coefficients as inputs from
MCNP.

. Tfuel(r‘z) q 4
TH Modeling T (rz) Neutronic Modeling 5, v
(Pod) Tcoolan( ({2 (MCNP) e minimum coolant
y - ebble-C' "reflector-C
- steady state pebbleC™ " Sl stateh T T, average temperature in the core
- fine mesh p caisemas for ATWS safe shutdown
Q(r,z)

Truel is the average temperature of the fuel kernel, Tcoolant the bulk coolant temperature, Tpebble-C
the average temperature of the carbon in the fuel pebble, (r,z) are the spatial coordinates in
cylindrical pebble bed geometry, Psuel, Pcoolant, Ppebble-C, Preflector-c the neutronic temperature reactivity
coefficients for the fuel kernels, the coolant, the carbon in the fuel pebble, and the graphite
reflectors, respectively.

Figure 2-6. Loose coupling between thermal-hydraulic and neutronic models, for ATWS modeling
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2.2 Governing Equations and Model Development

A steady state numerical model of temperature and flow distribution through an annular
heat generating pebble bed was built in COMSOL, which is a commercially available finite
element method (FEM) differential equation solver. The momentum and energy equations for
the fluid were modeled using the modules Porous Media Flow and Porous Media Heat Transfer,
respectively”’. These two modules are predefined differential equations built in COMSOL and
they are described in this section. The temperature of the fuel kernels is derived from the coolant
temperature; this calculation was manually implemented in COMSOL, and it relies on a data
table that provides the temperature rise between the pebble surface temperature and the
average temperature of the fuel kernels as a function of local power density. This data table was
generated by solving the conduction equations for the pebble fuel, using Mathematica code, which
is described in this section.

Pod demonstrates the ability to model flow and heat transport in porous media, in cylindrical
coordinates, with three-dimensional fluid flow, non-uniform heat generation in the porous
media, temperature-dependent thermo-physical properties, and buoyancy effects. It has a high
spatial resolution, and quick solving time. Basic verification calculations were built-in, and their
results are calculated and exported with every data set generated by Pod.

Pod has the capability to model spatially dependent porosity, but verification and mesh
refinement studies have not yet been done for this feature. Thermal radiation heat transport
between fuel surfaces and the fluid, which may absorb and emit in the infrared, is recommended
as a future development, but it is not treated in this study. Other future developments for Pod,
which require relatively little effort include addition of dispersion effects for flow in porous
media, migration for the Mathematica code for the fuel element conduction equation to the
COMSOL model, and design of a temperature data output file that matches the mesh uses in the
neutronics model.

More elaborate developments for Pod include demonstrating capability to run transient
problems, and implementing semi-permeable walls as boundary conditions for the fluid outlet
faces. As features are added to Pod, the built-in verification calculations should be updated and
additional checks should be added, as appropriate. Implementing transient problems is
challenging primarily because of the heat capacity of the fluid and the fuel, which are modeled as
homogenized coupled media. For transients that rely on the temperature reactivity feedback of
the core’s fuel, graphite, and coolant, point kinetics or coupling with a neutronics code will also
have to be implemented.

The fluid outlet boundary conditions are currently set as uniform outlet pressure
boundaries. In reality, the outlet faces contain a certain number of circular outlet ports, all of
which duct fluid to a common outlet plenum. The distribution of outlet flow on the outlet face
depends on the distribution and dimension of outlet ports, or otherwise described, it depends
on the distribution of outlet flow area over the outlet faces. Pod currently models this as a set of
fictitious very thin outlet disks of varying location and outlet flow area. This approach allows
for the optimization of the flow distribution in the core. The downsides of this approach are that
it poses some meshing challenges in the vicinity of the outlet ports, makes the model slower, and
it renders some problems more difficult to converge to a solution. One alternative to this
approach is to define the outlet condition as a non-uniform pressure boundary. This approach
functions in the 4.3 version of COMSOL, but it did not function in previous software versions.
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So, while this approach has been implemented here, it hasn't yet been fully tested, because a
large part of the Pod development work was done before transitioning to the 4.3 version of
COMSOL. The ideal approach would be the possibility to implement an outlet boundary of
constant pressure, but varying outflow cross-sectional area. This would be the closest to the
physical approach, and numerically the most straight-forward solution. At present, there is no
default COMSOL option for such a boundary condition, so this will have to be implemented
either by manually editing the boundary condition equations in the COMSOL differential
equations solver, or by constructing an ingenious set of fictitious outlet geometries, or geometry
transformations.

The results of any simulation are only as good as its inputs. The friction losses are
implemented as Ergun correlation coefficients, which are semi-empirical and based on data for
straight channel flow. These coefficients are applied here for multi-dimensional flow in
cylindrical coordinates, and they may no longer be valid. Experiments that demonstrate that
these friction coefficients are appropriate in more complex geometries are needed. Sensitivity
studies for the fluid and solid thermophysical properties should also be performed, particularly
because there is large uncertainty for some of these values. Finally, to demonstrate the validity of
the modeling approach described here, experimental data should be obtained, and code-to-code
benchmarking should be performed. In the future, if Pod will be used and developed by several
users, some form of version control will have to be implemented.

2.21 Momentum Equation

The momentum equation for fluid flow in the pebble bed is written in terms of the
superficial velocity, & or up as defined in the COMSOL module for Porous Media Flow with
Forcheimer Drag’™™:

inertia = pressure gradient + viscous dissipation + porous media friction losses + body force

€p €p

_ _ _ _ _ 2u _ _ _
+ oV u= V[—p1+ (E”—p(vm 7)1 —%(V-ﬁ)l)} - (kim+/3p|a| +pv-a)a+F 2-2)

14
e _"r 3
€p =€= 7 (2-3)

where Vis volume, and the subscripts s and frefer to properties intrinsic to the solid and the
fluid in the porous medium, respectively.

For Pod the only body force is buoyancy, and it is defined as

F = pgBlT(r,2) = Tyl€, (2-4)
The body force is defined such that it models buoyancy, not gravity. The hydrostatic pressure is
not modeled, because for a closed flow loop it makes no difference if the hydrostatic pressure
field is modeled or not.

The momentum boundary conditions are specified as a slip condition in the locations where
the walls are impermeable”’. For the surfaces where injection occurs into the bed, either the
inlet velocity perpendicular to boundary surface is specified, or the total mass flow rate through
the bounding surface. The actual injection flow distribution will be more complicated, but it is
assumed that the injection manifold will include orificing that provides a controlled distribution
of injection flow similar to the rates imposed artificially in these calculations. The outlet
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boundaries are set to zero pressure. For each specific reactor power, the total inlet mass flow
rate is calculated based on the target average coolant temperature rise through the core:
=

where my is the coolant mass flow rate, Qcore the core thermal power, ¢y the specific heat of the
coolant, and AT the coolant bulk temperature change across the core.

The pressure losses in the pebble bed are modeled using the Ergun correlation®* which
was developed for axial flow through packed beds. The Ergun correlation assumes that pressure
drop in a packed bed occurs dominantly due to viscous effects at very low Reynolds numbers,
and due to kinetic effects, or form losses, at high Reynolds numbers. At intermediate Reynolds
numbers, the transition from one type of flow to another is smooth. He postulates that the
viscous effects are proportional to those in a set of thin parallel tubes that have the same liquid
volume and surface area as the porous media. He also postulates that the kinetic term is
analogous to the kinetic term for capillary flow, except that the entrance effects observed for
capillary flow should repeat a number of times that is proportional to the length of the bed.
Thus, the Ergun correlation for pressure loss in packed beds is a summation of two friction
coefficients, the viscous term or drag that is inversely proportional to Reynolds number, and the
kinetic term or form losses that is independent of Reynolds number. The two terms are
multiplied by coefficients, E; and E,, which are empirically determined. In the literature, the
friction loss correlation is expressed as several algebraically equivalent forms, each of them with
different pairs of semi-empirical coefficients. Table 2-3 summarizes the equation forms and
Table 2-4 provides the relationships between the various coefficients and the Ergun coefficients,
which are a priori independent of porosity, flow velocity, or pebble diameter. Table 2-5 provides
several cases of corresponding values for these pairs of coefficients, which are available in the
literature®. The "Case 1" are the Frgun coefficients, and they are used in this thesis as the
reference values for pressure drop calculations. They are based on experimental data for
0.1<Rep<10,000, with water and gases.

The user-input parameters that characterize the porous media flow in COMSOL are
porosity, ¢, permeability, K, and the Forcheimer drag coefficient, fr. The latter two are computed
from the Ergun coefficients, based on the equations in Table 2-4. Sensitivity analysis for the
Ergun correlation coefficients should be performed. Furthermore, these coefficients were
derived for isothermal beds. For heat generating beds, with a fluid viscosity that varies
exponentially with temperature, the coefficients may be significantly different. Experimental
measurements of the friction losses in a heat-generating packed bed, at steady state and during
thermal transients should be performed. Also, the Ergun coefficients were measured for one-
dimensional axial flow through a packed bed, but we apply them here for three-dimensional
flow in cylindrical coordinates. Experiments should be performed to verify that the Ergun
coefficients still hold for multi-dimensional flow through a packed bed.

(25)
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Table 2-3. Equivalent semi-empirical expressions for the pressure drop in a packed bed.

Forcheimer flow dp n
—=—up+ fr-up
(used in COMSOL)38 dex K HTPF TD
dp u p-up
Forchei flow*3 L Niet>)
orcheimer flow T U +cp N
. dp (1—8)?u-up 1—¢ep-ud
Ergun correlation* LR E, -
g dx ! g3 d? +E e d
pupd dp _f (pup’ f filf:
Req = dp _ [ (pup =Ly =R ]
‘ K dx d( 2 > f Red-i_f2 Re, +1/
Friction factor
Re = Plod _ Rea v _ fp (Pup’ f—fl—p‘l'f _ [fi/for +1]f
Iz € dx d\ 2 P"Re ‘* | Re 2p

pis the pressure, xthe spatial dimension, #and pthe fluid viscosity and density, respectively, evaluated at
the local bulk fluid temperature, dthe pebble diameter, the bed porosity, up the superficial velocity, u,
the pore velocity. K [m?] is Brinkman permeability, Sr[kg/m*] the Forcheimer drag coefficient, c-the
nondimensional form of the Forcheimer drag coefficient, £7and £> Ergun correlation coefficients, £ £, £z
friction coefficients based on superficial velocity, and £, f7,, £, friction coefficients based on pore velocity;
these are semi-empirical coefficients.

Table 2-4. Algebraic equivalence among different expressions of the semi-empirical coefficients for the
pressure drop in a packed bed.

P bility (K) Kot &
ermeabili =__- =
v E (12
E,
Forcheimer drag F =15 g _ p
= Cp
coefficient*3 (cr) \/—1 d Br=cr VK
with wall effects: cg,, = ¢ - (1 —-55 E)
(1—-¢)? 2d? E
f=2h——(— = LBy
f2 EZ
f, = 2E (1-9) _ 2¢pd
27— 4%27 3 - VK fp — fez
Friction
coefficients f - < 1— 5)2 f
= = &
1,p 1 1 fl_’p _ ﬂ 1—¢
1—¢ fz,p E, €
fz,p = 2E, . = f,&?

dis the pebble diameter, Dthe packed bed diameter, the bed porosity, pthe fluid density evaluated at
the local bulk fluid temperature. K[m?] is the Brinkman permeability, S~ [kg/m*] the Forcheimer drag
coefficient, cr the nondimensional form of the Forcheimer drag coefficient, £7 and £z Ergun correlation
coefficients, £ £, f>friction coefficients based on superficial velocity, and £, f7,, £z, friction coefficients
based on pore velocity; these are semi-empirical coefficients.
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Table 2-5. Semi-empirical coefficients for the friction losses through a porous media with 40% porosity, and
3-cm pebble diameter, derived from two sets of Ergun coefficients.

Case 1 Case 2
Blake-Carman-Kozeny*044 Macdonald3®
(base case)
Eq 150 180
E: 1.75 1.75
fi 1,688 2,025
f2 33 33
fip 675 810
fap 5.25 5.25
Cr 0.56 0.52
Br 1.1E+06 1.1E+06
K 1.1E-06 8.9E-07
fi/f; 51 62
fip/f2p 129 154

Porosity is modeled as a constant in Pod, and wall effects are not taken into account. For
smaller bed dimension to pebble diameter aspect ratio, modeling the bed with a spatially
dependent porosity that is lower at the walls may be sufficient to account for the wall effects,
but this would need to be verified experimentally, for multi-dimensional flows, and non-
isothermal beds.

For the pebble bed, the definition of flow cross sectional area can be based on the empty bed
or the filled bed. In this chapter, which is concerned with the analysis of flow within the pebble
bed, the cross-sectional area of the empty bed is used to calculate the superficial velocity of the
fluid. This convention is followed in order to be consistent with the built in equation for
COMSOL porous media flow. In Chapter 3 , which models the overall behavior of a pebble bed
within a larger fluid system, the converse convention is used, and the 1D momentum
conservation equation is written in terms of the pore velocity, in order to be consistent with
how all the other components of the fluid system are treated. The conversion between the
friction coefficients based on superficial velocity, and those based on pore velocity is given in
Table 2-4.

The first term of the pressure drop correlations is the Reynolds-dependent term of the
friction coefficient, and the second term is Reynolds-independent. The Reynolds-dependent
term becomes negligible for values of Re; = (10 fi/f;). This means that at higher Reynolds
numbers, friction losses are viscosity-independent and the momentum equation couples to the
energy equation only through the buoyancy term. At low Reynolds values, the pressure drop and
velocity distribution in the bed are also coupled to the temperature of the fluid in the bed
through the viscosity dependence on the bulk fluid temperature. The f,/f; ratio is proportional to
the packing fraction. A lower packing fraction leads to a lower threshold Reynolds at which the
Reynolds-dependent term becomes negligible. The Reynolds-independent term becomes
negligible at values of Reg<(0.01f,/f,).
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2.2.2  Fluid energy equation

The energy equation for the fluid in the pebble bed, as defined in the COMSOL module for
Heat Transfer in Liquids®, is

— — — Pex>1 —
peyii- VT = 7 - (kVT) + Q = pc,ii- VT = Q (2-6)

To expand this model to a transient thermal model, heat transfer between the solid and the
liquid must be added, heat generation must be modeled as present only in the solid (neglecting
gamma and neutron heating in the fluid), and the thermal inertia of the fuel must be taken into
account (pcy).

The energy boundary conditions are adiabatic at the walls and user-specified temperature at
the inlet faces. For normal operation the coolant inlet temperature is 600°C.

This equation neglects dispersion and thermal conductivity of the bed and of the fuel, which
is a valid assumption for values of Peclet number that are much greater than unity. In addition to
the fluid thermal diffusivity, fluid dispersion in the porous bed also contributes to the effective
thermal diffusion term.

1 _ efr B
Pe du 27
aeff = adisp + af (2'8)
k
OCf = E (2’9)

where auisp is the thermal diffusivity due to dispersion in the porous media, aris the thermal
diffusivity of the fluid.

2.2.3  Fuel Energy Equation

The fuel energy equation was added to the model to determine the average fuel kernel
temperature at steady state. This information is necessary for loose coupling to neutronics
calculations, for ATWS response scoping analysis. It is to be noted that the neutronic timescales
are most likely much shorter than the thermal response timescales, and in most cases loose
coupling between neutronics and thermal-hydraulic analysis of the core may be sufficient;
however, this assumption merits further investigation.

The average kernel temperature is calculated at every point in the core by adding the
difference between average fuel temperature and the bulk coolant temperature, AT, rc. The
ATy e is calculated based on the core local power density and local fluid flow conditions, and it
is a sum of temperature rises across the following domains:

ATgp e = ATcony + AT + ATy 5 + ATy (2-10)
A schematic diagram of the temperature distribution in the pebble fuel element if given in Figure
2-7. The thermal conductivity of the fuel layer was assumed to be the same with that of the
graphite in the outer graphite shell; this is likely a conservative assumption.
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Figure 2-7. Example of the temperature distribution inside a fuel pebble, referenced to the temperature at the
surface of the pebble. (Fuel design parameters: 20 MW/m3, 47 mW/kernel, 38% particle packing fraction,
300 pm kernel diameter, 1 cm graphite core diameter, 1340 kg/m3 graphite core density.)

The temperature rise from the bulk coolant temperature to the fuel pebble surface, ATy, is
calculated directly in COMSOL, by evaluating the following equations in the post-processing
segment of the COMSOL model.

dpebble 1
AT ony = surf — Tfluid = A:e—ll:ie “h (2’11)
1
h = Nu-L=2 + 11-Prs-Re,* (2-12)
Tsurf = Tfluid + ATcony (2’13)

where Ty, fis the pebble surface temperature, Ty, the bulk fluid temperature at the point where
the pebble is located, qyeppic the power generation per pebble, Ayl the exterior surface area of the
pebble, h the convective heat transfer coefficient, ky the fluid thermal conductivity, d the pebble
diameter, Pr the Prandtl number of the fluid evaluated at Tgy4, Req the Reynolds number of the
fluid at the point where the pebble is located calculated based on the superficial velocity of the
fluid at the point in the pebble bed where the pebble is located.

The temperature difference between the pebble surface and the kernel temperature is
calculated by solving the conduction equations for the graphite outer shell of the pebble, the fuel
shell of the pebble, and the buffer layer of the TRISO particle. The complete set of equations is
given in Appendix D. The boundary conditions for the graphite outer shell are heat flux on both
surfaces, and temperature continuity at the pebble surface. The boundary conditions for the fuel
zone are given heat flux and temperature at the outer surface, and adiabatic inner surface. The
volumetric average temperature of the fuel zone in the fuel pebble, Ty, is used as the outer
temperature boundary condition for the buffer region in the TRISO particle, as defined by
equation (2-14).
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2 Tar2dr
Tov = Wi ATqyy = Tap = T(12) (2-14)
where r; is the interface between the graphite shell and the fuel shell in the fuel pebble.

This approach is similar to that adopted for the modeling of gas-cooled reactor fuel in that
the temperature profile in the TRISO 5palrtlcle is superimposed to the temperature profile in the
pebble fuel element (see Figure 2-8) ©*. For both models, the primary temperature drop in the
TRISO particle is across the porous buffer layer, which has much lower thermal conductivity
than the pyrocarbon and silicon carbide layers. In the fuel element both the temperature rise
across the fuel region, and across the outer graphite shell contribute significantly to the
temperature rise across the pebble. The temperature rise across the TRISO kernel is slightly
higher due to the higher power density of the FHR fuel, and the temperature gradient in the
outer graphite shell is also higher due to the higher heat flux at the surface of the FHR pebble.
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Figure 2-8. Temperature profile for gas reactor pebble fuel, as modeled by TIMCOAT?.

There are two important differences between the thermal models for gas reactor fuel and
FHR fuel. (1) To assess fuel temperature reactivity feedback, the metric of interest is the average
temperature of the fuel kernel, not the peak fuel temperature that is of interest for loosing fission
product retention in the fuel particles. The boundary condition for the TRISO surface
temperature is the volume-averaged temperature of the fuel zone in the pebble. For gas-cooled
reactors the TRISO surface temperature is calculated as the peak temperature in the fuel
element. (2) The pebble fuel has a graphite core, with the fuel in an annular region at the
periphery of the pebble; FHRs cores have higher power densities than gas cooled reactors do,
and the inner graphite core helps keep the fuel temperatures low and enables high power
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density operation. FHR power densities are in the range of 10 to 30 MW/m’, with nominal
values given in Figure 2-9, for the 900 MWth PB-AHTR; gas cooled reactor power densities are
4.8 MW/m’ for the 400 MWth pebble bed modular helium reactor (PBMR), and 6.6 MW/m’ for
the 600 MW'th gas turbine modular helium reactor (GT-MHR) **%,

A relationship between the local core power density is established, and implemented as a
function in COMSOL (see Figure 2-9). The relationship is linear. Temperature rise across the
layers in the fuel pebble is proportional to the total power generation in the pebble, and
temperature rise across the TRISO particle is proportional to the total power generation in the
kernel. For a given pebble and particle fuel design, they are both linearly related to the local
power density in the core. For future studies, if peak fuel temperature is of interest, instead of
average fuel temperature, a similar correlation can be developed and additionally implemented
in the COMSOL model, with very little effort.
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Figure 2-9. Fuel temperature rise as a function of power density

2.2.4 Meshing

The mesh is generated in COMSOL. The mesh elements are triangular. Mesh refinement
studies were performed to verify model convergence, and they are discussed in section 2.2.4.
Boundary layer meshing is important for convergence of the energy equation, because of the
adiabatic boundary conditions at the walls.

For coarse meshes the mesh is elongated 5:1 in the axial direction, to create more mesh points
along the radial direction. For flow in cylindrical or spherical coordinates, it is important to have
narrow discretization in the radial direction, to ensure a low error on radial velocity component
in each mesh element. This is especially important at lower radial locations in the core. For finite
element models in COMSOL, there is also the alternative option to increase the polynomial
order of the test function, instead of decreasing the size of the mesh. For the central core, the
coarser meshes had a maximum element size of 0.25 m in the axial dimension and 0.05 m in the
radial direction, and extra fine meshes had maximum element size of 0.03 m.

As a comparison to Pod, RELAP5-3D models of reactor cores are currently limited to a nine
by nine rectangular mesh, and the fluid velocity in each element is evaluated based on the flow
cross sectional area for each element. The flow cross sectional area for each element is a user
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input parameter, and it should be defined such that it leads to appropriate calculation of friction
losses, heat transfer coefficient, and fluid momentum inertia. Code-to-code comparison of
RELAP5-3D results against Pod results will be very important to demonstrate appropriate
implementation of the coarse mesh.

2.2.5 Model Verification

Model verification is an important step of any numerical modeling. COMSOL is an FEM
code, and simple verifications, such as overall energy and mass conservation, are not inherent to
the code. It is important also to demonstrate that these conservation conditions are not sensitive
to the mesh, in order to demonstrate that a sufficiently fine mesh was used.

COMSOL is a finite element solver for differential equations, that is not specifically designed
for thermal-hydraulic modeling. The differential conservation equations are solved for the
discretized system, and the integral conservation equations are not applied to the overall system,
as a convergence criteria. Hence, the mesh makes a difference for the overall conservation
equations. For example, if a uniform triangular mesh, that is coarse and without boundary layer
meshing along the adiabatic walls will lead to a mass flow rate 7% higher than the inlet flow
rate, a core temperature rise is 5 degrees lower than expected, and 17% heat loss through the
adiabatic walls. Table 2-6 presents these results for three different meshes.

Table 2-6. Verification calculations for Pod, showing integral conservation equations sensitivity to meshing

Core temperature rise tass flow ratefinlet mass flow

esh Heat Flux Pressure (Pa)
) (K) rate
malaxlmm:l Total heat Total normal Heat Fluxat
e.em(en) Expected Calculated (W) heatflux  Adiabatic Inlet Outlet walls | Expected Calculated
en

size im & (W) Walls (MW)
Mesh1 0.03088 100 100.0 Q0000002 865,9001 -1 1.0000 0,39652  -0,000029 8,187 8,160
Mesh 2 0.39161 100 100.07 200.00002  867.01622 0.0z 1.0000 093616 -0.000001 4,187 8,153
Mesh3 0.11382 100 94.9 900.00002 1478.0003 -151.2 1.0000 1.07162 0.000033 a,187 9,014

Mesh 1 is a fine uniform mesh, with boundary layer meshing in the vicinity of the adiabatic walls; Mesh 2 is a
fine mesh in the radial direction, it is five times coarser in the axial direction, and it has boundary layer meshing;
Mesh 3 is a coarse uniform mesh. All meshes have triangular mesh elements.

The importance of model verification is well illustrated by the very large economic
consequences of a computational error that Mitsubishi made in modeling steam flow in the San
Onofre Nuclear Generating Station (SONGS) steam generators (SG). In January of 2012, a steam
generator tube leak was detected, and the cause was later identified to be tube-to-tube wear due
to fluid-elastic instability in the U-region of the steam generator tubes. The Mitsubishi FIT-III
thermal-hydraulic models under-predicted the flow velocity by a factor of 3 to 4 and resulted in
errors in the design of the tube supports, which lead to significant tube vibration and
consequent tube-to-tube wear. In light of the 0.5 design value for the ratio between the design
velocity and the critical velocity, this error in the calculation results is very large. Code-to-code
comparisons were recently performed, and showed a high discrepancy between Mistsubishi
FIT-II models and four other numerical models of the SONGS replacement steam generators at
Units 3 and 2% This error could most likely have been found with simple verification
calculations of the consistency of overall flow continuity, applied to the core velocities
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calculated by the model. This thermal-hydraulic calculation error caused an outage of almost a
year, to date, at units 2 and 3 of the SONGS plant. SONGS has proposed to restart Unit 2at 70%
power in order to limit the flow velocities in the SG, and hundreds of the SG tubes have been
plugged. The plan for Unit 3 restart are not yet known.

Pod performs a set of verification calculations for every run. The verification calculations are
set-up in COMSOL to be automatically calculated and exported with the data files, and they are
as follows: total mass conservation, energy conservation, temperature rise, no energy flux at
adiabatic boundary conditions, no mass flux at the walls. Table 2-7 gives verification
calculations implemented in COMSOL, using the COMSOL variable names.

For simplified cases, the pressure drop results can be compared against the analytical
calculation of pressure loss. Verification calculations for various power levels, for the central
core region with radial and axial flow are given in Table 2-8. For axial flow, the model
calculations perfectly match the analytical calculations with a very coarse mesh, and are
insensitive to mesh refinement. For radial flow through the core, the model calculations can have
below 1% error on the core pressure drop, for the coarse mesh.

For higher complexity problems, such as radial flow with buoyancy effects, the convergence
of the solver may be dependent on the initial guess. The default option for the initial guess is the
zero solution. When the solver is not successful with this guess, a simpler version of the
problem is solved, and then the solution is used as the initial guess for the more complex
problem. For example, the problem is solved with no buoyancy effects, and then the solution is
used as an initial guess for the same problem with buoyancy effects. Alternatively, the buoyancy
force can be gradually increased from zero to the desired value, solving the problem in several
discrete steps, each of which provides the initial guess for the subsequent step.
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Table 2-7. Pod verification calculations implemented in COMSOL

Verification Calculations

Definitions

my, is the inlet mass flow rate (user

1. mass .
conservation: P Vintet races 72 Binte faces "% =1 input)
inlet mass ﬂu;( my L subscript indicates liquid
properties
2. total net udS =0
mass ﬂuX inlet and
outlet
surfaces
tet TudA inlet TUdA
3. core ff‘}ztcfst If facos I, . htQtotdV
temperature - = ht.Qtot = heat generation, in W/m3
rise ffoutlet udA ff inlet UdA cpL-p f f inlet UdS
faces faces faces
4. adiabatic ht.ntflux = 0 ht.ntflux = heat flux normal to the
walls adiasic surface
face
5. total net ff ht.ntflux = fff ht. Qtot dV
heat flux il domain
faces

6. total heat

Il ore ht-Qtot dV )

Qth = core total power, in W
decay = decay heat power fraction of

generation Qth - decay the total core power
Analytical estimations for central core radial and axial flow Definitions
R m;d 5
Costi = . = 6.
7. Reynolds estimated 1L A Aaxlal 6.22m )
Aragia = 10.6 m
number
prd br.U = magnitude of superficial
Repyq = Ibr.U(r, z)e velocity
2
8. Pressure AP = m (%) <f1_P + fz,p> Loxiar = 3.0m
drop 2p, \A*d/\Re Lyqgiar = 1.4m
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Table 2-8. Verification calculations for pressure drop, coarse mesh

decay Pressure (Pa) Error
heat Analytical
fraction Pod results Calculations

1 8,156 8,187 -0.37%

- 0
Radial flow 0.06 64.8 64.9 0.14%
0.02 15.6 15.6 -0.07%
0.01 7.03 7.03 -0.04%
1 50,303 50,303 0.00%

0,
Axial flow 0.06 312 312 0.00%
0.02 65.7 65.7 0.00%
0.01 28.1 28.1 0.00%

New COMSOL software versions are frequently issued by COMSOL Inc., and the
development of the PB-FHR core has been done in versions 3.5, 3.5a, 4.0, 4.1, 4.2, 4.2a, and 4.3.
The results for the 2009 PB-AHTR core were generated in COMSOL 4.2a, version number
4.2.1.166. The results for the central core region were generated in COMSOL 4.3, version number
4.3.0.15L

2.3 Flow distribution optimization

An optimization study of the flow distribution in the core was performed, based on the
subset of the system functional requirements that applies to the thermal-hydraulic behavior of
the reactor core, which are listed in Table 2-2. The primary objectives for this optimization
study are: (1) minimize the temperature range for the core outlet temperature across all the
outlet ports, (2) minimize the difference between the average fuel temperature and the bulk
fluid temperature, (3) minimize core pressure drop during forced circulation (4) maximize heat
transfer with the graphite reflectors during transients, and manage bypass flow and neutron and
gamma heating in the graphite reflectors. The optimization is done for the forced circulation
mode, at full power heat generation. The optimizing parameters are the location of the inlet and
outlet faces, and the pressure distribution across these faces.

Conceptually, the objective of coolant flow distribution through the core is to route higher
flow rates of cold coolant in the regions of high power density, for two reasons. (1) This will lead
to a uniform temperature distribution across the outlet faces. Outlet temperatures that are
significantly above the average coolant outlet temperature indicate inefficiencies in the cooling
of the core. Furthermore, a uniform distribution of the temperatures in the outlet manifold will
minimize thermal stresses on the graphite reflectors and other structural components associated
with the outlet plenum, and thermo-chemical gradients that may accelerate corrosion. (2)
Efficient cooling of the high power density regions will keep the fuel temperatures closer to the
coolant temperature in these regions. These regions also have a higher weighting factor for their
contribution to the temperature nuclear reactivity feedback, and a smaller difference between
the fluid temperature and the fuel kernel temperature leads to lower temperatures at which
subcriticality is achieved under the influence of the temperature reactivity feedback.
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Lastly, maintaining a high radial component for the flow will ensure lower pressure drops
across the pebble bed core, which is important for two reasons. (1) The elevation rise of the fluid
level in the fueling standpipe above the fluid level in the reactor pool is proportional to the head
at the inlet of the core. This is a limiting design parameter for the normal operation mode. (2)
The elevation requirement of the primary coolant natural circulation loop for decay heat removal
increases with higher pressure drop across the core. This is a limiting design parameter for the
decay heat removal mode.

231 Boundary conditions

The total mass flow rate was always set such that the core temperature rise is 100°C, for any
given total heat generation in the core. Inlet boundary conditions were set on three faces (see
Figure 2-2 for the numbering scheme for the faces). For the inlets on the Inner Reflector wall,
faces 1 and 4, a uniform inlet velocity was set. The fraction of mass flow rate through Face 1 with
respect to Face 4 was an optimization parameter. For the inlet at the bottom of the defueling
chute, Face 5, a constant pressure boundary condition was set, because this face connects
directly with the inlet plenum, and no orificing would be feasible. The COMSOL input for this
boundary condition is actually a desired total mass flow rate; COMSOL will then solve for the
value of uniform pressure at this boundary condition which yields the specified mass flow rate.
The fraction of the total mass flow rate that enters the core through Face 5 was an optimization
parameter.

The fluid outlet boundary conditions were set as zero pressure boundaries. In reality, the
outlet faces, Faces 1, 2, and 3.1, contain a certain number of circular outlet ports, all of which
duct fluid to a common outlet plenum. The distribution of outlet flow on the outlet face depends
on the distribution and dimension of outlet ports, or otherwise described, it depends on the
distribution of outlet flow area over the outlet faces. Pod currently models this as a set of
fictitious very thin outlet disks. The location and outlet flow area of each of the outlet disks
were optimization parameters. The top of the defueling chute, Face 3.2, connects directly to a
large plenum, and there is no orificing across this face, so the entire face is set as a zero pressure
outlet boundary condition.

2.3.2 Results

The temperature and flow distributions for the full power operation of the optimized core
are shown in Figure 2-10. The pressure drop is 58.7 kPa. The Reynolds number based on pore
velocity ranges from 3500 at the inlet Face 1 and at the bottom of the defueling chute, 1800 in the
center of Regions 1 and 2, and 500 in Regions 4 and 5 at the inlet of the core. The peak
temperatures for the bulk coolant and the fuel kernels are 723°C, and 780°C, respectively. The
power density-weighed volume averaged temperatures for the coolant and fuel kernels are
650.7°C, and 711.2°C, respectively. Thus, AT, rcis 61°C, which indicates that it may be possible
to design a PB-FHR core that maintains the coolant core outlet temperature below 800°C and
does not lead to reactor damage under ATWS scenarios, which rely on temperature reactivity

feedback for shutdown.
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Figure 2-10. 2009 PB-AHTR Core with Optimized Flow Distribution, at Full Power Operation

The contributions to pressure drop from the various regions of the core are plotted in Figure
2-11. Regions 2 and 3 account for half the pressure drop in the core, while generating only 15% of
the total core power. This is partly due to the fact that there is a region of local power peaking at
the interface between the converging region (region 2) and the defueling chute (region 3), and in
order to provide sufficient cooling, flow must be forced upwards through the defueling chute. It
is also due to the fact that the defueling chute is long, narrow, and located at the smallest radial
location, so its cross-sectional area is small, and the flow is strictly axial. If the design permits, it
is best either to bring cold fluid to the bottom of the defueling chute, from one of the core bypass
flows, or to route the core outlet coolant radially instead of axially through the defueling chute.
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Figure 2-11. Pressure at domain boundaries for the 2009 PB-AHTR Core with Optimized Flow Distribution,
at Full Power Operational Mode.

The distribution of the coolant outlet temperatures is between 680 to 720°C. When the flow
rate drops to the 2% decay heat removal level, the distribution of coolant outlet temperature
broadens, and it ranges from 670 to 730°C. This occurs because the lower Reynolds numbers, the
friction coefficient becomes much more dependent on Reynolds number, and the high Reynolds
number regions become starved of flow. For example, the fractional mass flow rate exiting at the
top of the defueling chute drops from 7% to 3%, while the fractional power generation in the
region remains the same. This effect may be counterbalanced by local buoyancy effects, which
become significant at low flow rates, and merits further investigation. Temperature-dependent
fluid viscosity, and thermal dispersion in the pebble bed may lead to further uniformization of
the core outlet temperature, but these are expected to be second order effects because
temperature gradients in the core are small. Figure 2-12 provides a side-by-side comparison of
the temperature and flow distributions in the core at full power, and at 2% decay heat removal.
Figure 2-13 plots the coolant temperatures along the walls of the core, and shows the
distributions of coolant outlet temperatures.
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Figure 2-12. Comparison of core parameters between full power operation (left column) and 2% decay heat
(right column), with the same average coolant temperature rise across the core, for the 2009 PB-AHTR core
with optimized flow distribution.
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Figure 2-13. Bulk coolant temperature at the interface with the graphite reflector walls, for the 2009 PB-
AHTR core with optimized flow distribution.

For the characterization of natural circulation heat removal from the core, the evolution of
total pressure drop across the core as a function of mass flow rate is need. This plot is given in
Figure 2-14. Natural circulation heat removal is discussed in Chapter 3.
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Figure 2-14. Core pressure drop correlation for the 2009 PB-AHTR with optimized flow distribution

2.4 Core resilience to hot and cold spots

The effects of buoyancy and temperature-dependent viscosity on the flow distribution in a
pebble bed core with non-uniform heat generation, are investigated by studying a simplified
geometry. Only the central core region is modeled here, with a total power input of 900 MW at
full power operation, and the power density distribution given in Figure 2-15. Results are given
here for axial flow through the core at 2% decay heat power.
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Figure 2-15. Power density distribution of the central core region, at 2% decay heat, with 18 MW total power
generation in this region. (The r and z axes are shown in units of meters.)

Figure 2-16 shows the effect of buoyancy and temperature-dependent viscosity on the
coolant outlet temperature. Without buoyancy forces, the core outlet temperatures span a range
of 50°C. With buoyancy effects the outlet temperatures span a range of less than 10°C, with
temperature-dependent viscosity they span a range of 45°C. Buoyancy forces lead to higher axial
flow rates in the region of higher power generation, and hence a more uniform temperature
distribution at the outlet of the core. Temperature-dependent viscosity leads to higher Reynolds
and lower friction coefficient, therefore higher flow rates in the hotter regions of the core; hence
temperature-dependent viscosity also leads to a more uniform temperature distribution at the
outlet of the core, however the effect is much less significant than the effect of buoyancy. Figure
2-17 plots the Reynolds number in the core for each of these cases, calculated based on the pore
velocity in the bed.
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Figure 2-16. Effects of buoyancy and temperature-dependent viscosity on the coolant outlet temperature
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Figure 2-17. Reynolds number with and without buoyancy effects, and temperature dependence of viscosity.
2% decay heat power, axial flow, 1000C core temperature rise. (The r and z axes are shown in units of

meters.)

These results have important implications for the design of PB-FHR. The results indicate
that porous media cooled by fluoride salt mixtures exhibit resilience to development of hot
spots, or cold spots. In PB-FHR, this has application to the pebble bed core, for scenarios in
which local high power density regions arise. It also applies to heat exchangers with enhanced
surfaces, which can be modeled as porous media, which can develop local regions of high heat
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removal rate (cold spots), or of low heat removal rate (hot spots). A uniform coolant
temperature distribution leads to higher margin to coolant freezing, and a higher margin to
structural material damage due to exposures to high temperatures, or to high temperature
gradients. It may also have important implications for instrumentation of the bulk coolant
temperature, which is difficult to measure for a fluid that is not thermally homogeneous.

Components that are not thermally sensitive to variations in local heat fluxes may lend
themselves to easier modeling, numerically and experimentally. For example, this is important
for the core behavior under temperature reactivity feedback transients. If the coolant
temperature is relatively uniform irrespective of the power peaking in the core, then it becomes
easier to study thermal-hydraulic-neutronic transients: either full coupling is not needed, or a
simplified thermal-hydraulic core model will suffice. For integral thermal-hydraulic
experiments, modeling the behavior of the core as a simplified one-dimensional component may
lead to less distortion, than if significant coolant non-homogeneities were expected at the outlet
of the core.

The local buoyancy effects phenomenology in porous media cooled by liquid fluoride salt
mixtures should be investigated further to understand the regimes in which these effects are
important, and to characterize the integral behavior of such porous media systems. Separate
effects experiments should be designed to validate these thermal-hydraulic models.

2.5 Conclusions

This chapter presents the modeling approach for heat-generating porous media, with multi-
dimensional fluid flow. Fluid flow and pressure distribution in the core are solved using the
momentum equation for flow through a homogenous porous media. The energy equation for the
fluid phase is solved separately from the energy equation for the solid phase. For the solid phase,
multi-scale conduction equations are solved for; heat generating fuel particles are embedded in
pebble fuel elements that are randomly packed and form a homogeneous porous medium. The
application of this modeling approach to the PB-FHR annular pebble bed core cooled by fluoride
salt mixtures generated a model that is called Pod. Model verification shows good agreement of
Pod results with analytical calculations for simple fluid flow configurations.

Pod is primarily a design tool for reactor design optimization, and for design of experiments.
It can generate high resolution temperature and flow distributions, it is flexible in terms of
changing the geometry and adding features or additional phenomenology, and the solving time is
relatively short. Parametric studies can be automatically set-up, for optimization studies, or
sensitivity studies. Pod also generates important data that can be used for code-to-code
comparisons for thermal-hydraulic system codes used to model the transient response of PB-
FHREs.

Loose coupling between Pod and neutronics calculations is necessary in order to predict the
minimum temperature at which core subcriticality can be reached during an ATWS transient.
This metric is important because the core outlet coolant temperature determines the peak
temperature to which the metallic structural components of the core are exposed, which is a
limiting constraint for the design of PB-FHRs. A steady state point reactor model is employed
for the ATWS analysis.

Pod was used to generate a flow distribution in the core that optimizes core pressure drop
and effective average fuel temperature in the core. This optimized core is used as a point design,
and computation results are shown for full power operation, and decay heat removal operation
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of this core. A correlation for the pressure drop through the core, as a function of core mass flow
rate, was generated for this optimized core design; this is important for the design and transient
analysis of natural circulation driven decay heat removal from the pebble bed core, which is
discussed in Chapter 3.

Pod was used to show the effect of buoyancy on temperature distribution in the PB-FHR
core. At decay heat power levels, with non-uniform heat generation in the pebble bed, buoyancy
leads to significant flow redistribution in the core, and core outlet temperature variations are
only a few degrees Celsius, compared to 50°C in the absence of buoyancy. This means that the
core behavior during decay heat removal is relatively insensitive to the power peaking profile in
the core. This has positive implications for the design of integral effects experiments, and for the
modeling of transients that require coupling of thermal-hydraulics and neutronics core
responses. The effects of the temperature-dependent viscosity were shown to be similar to those
of buoyancy, but much less significant. Separate effects experiments that validate these effects in
het-generating porous media cooled by fluoride salt mixtures should be designed. The
temperature-dependence of viscosity is expected to have a second order effects, and
investigating these effects should have lower priority than investigating buoyancy effects.

251 Future work

Experiments are needed to investigate the applicability of the Ergun equation for friction
coefficients in a pebble bed to geometries more complex than straight channels. Multi-
dimensional flow in cylindrical coordinates, and non-isothermal bed conditions may
significantly modify the friction loss coefficients. Pod can be used as a tool for design of
experiments.

To demonstrate the validity of the modeling approach describe here, experimental data
should be obtained, and code-to-code benchmarking should be performed. In the future, if Pod
will be used and developed by several users, some form of version control will have to be
implemented.

2.5.2  Future Model Development

Future developments for Pod, which require relatively little effort include addition of thermal
radiation heat transport, addition of dispersion effects for flow in porous media, migration for
the Mathematica code for the fuel element conduction equation to the COMSOL model, and
design of a temperature data output file that matches the mesh uses in the neutronics model.

More elaborate developments for Pod include demonstrating capability to run transient
problems, and implementing semi-permeable walls as boundary conditions for the fluid outlet
faces. As features are added to Pod, the built-in verification calculations should be updated, and
additional checks should be added, as appropriate.

An automatic coupling between Pod and MCNP can be developed. This would enable faster
iterations between thermal-hydraulic and neutronic modeling, making it a more convenient
design tool.
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CHAPTER 3

Natural Circulation Integral Effects Tests

Natural circulation can be used to design heat transport systems that have no moving
mechanical parts, that require no energy input other than the temperature difference between a
heat source and a heat sink, and that need no operator action for their activation. Such systems
are called passive systems, they have high reliability and require less maintenance than active
systems. Natural circulation systems that are driven by buoyancy require low friction flow
losses, which generally leads to less compact systems than those driven by forced circulation,
which use pumps or an otherwise imposed driving pressure differential.

This chapter discusses single-phase natural circulation, with application to heat removal
from pebble beds, and with application to heat transfer fluids with high Prandtl number, high
volumetric heat capacity, and high viscosity. The analysis presented here is for Boussinesq
fluids, and non-uniform flow cross-sectional area loops with vertical heating and cooling
sections. Design considerations for natural circulation heat removal systems are discussed, and a
performance comparison of single phase heat transfer fluids is given. Experimental data for the
steady state performance of a natural circulation loop is given. Scaling approaches and design of
integral effects tests (IETs) for validation of numerical system models are discussed.
Experimental data that can be used for as validation data for system models is given.

The design and analysis of the natural circulation decay heat removal system for the pebble
bed fluoride salt high temperature nuclear reactor (PB-FHRs) is used as a case study. FHRs are
cooled by liquid fluoride salts, which are high Pradtl number fluids with high volumetric heat
capacity, and relatively high viscosity. While single phase natural circulation loops have been
studied extensively for water’”” and liquid metals™, there are a number of characteristics that
are different for liquid fluoride salt coolants. The fluid thermophysical properties lead to design
of systems with low flow velocities, and hence high fluid residence times. This, along with a high
volumetric heat capacity, leads to relatively slow thermal transients of the reactor system, which
is highly desirable feature for a nuclear reactor's response to an accident initiating event. Slow
thermal response may also be a desirable feature if it leads to decoupling of thermal phenomena
from other, more rapid phenomena, simplifying the modeling requirements of the system.

Section 3.1 provides an introduction to natural circulation phenomena. Section 3.3 provides a
description of the PB-FHR natural circulation driven decay heat removal system. Section 3.4
gives the conservation equations for natural circulation, with special treatment for the section of
the loop that consists of a heat-generating pebble bed. Section 3.5 discusses steady state
behavior of natural circulation loops, with application to design of natural circulation heat
removal systems. Section 3.6 gives the arguments for the scaling of transient natural circulation
loops. The progression of the loss of forced circulation (LOFC) transient for FHR, which relies
on natural circulation for decay heat removal, is presented here. It illustrates the integration of
the scaling arguments with temporal decomposition of transient scenarios. Section 3.7 provides
the experimental results for a natural circulation loop that uses simulant fluids for liquid
fluoride salts.
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3.1 Natural Circulation - Introduction

Natural circulation (NC) is buoyancy driven fluid flow, from a low elevation heat source to a
high elevation heat sink, for fluids whose density decreases with temperature. Fluid of lower
density located at a lower elevation than fluid of higher density rises, thus initiating natural
circulation flow. Figure 3-1 shows a schematic of a rectangular loop consisting of a heater, a
cooler, and connecting piping; this represents a simple example of a natural circulation loop.
Such loops are at the basis of natural circulation driven heat removal systems for nuclear
reactors. This chapter is concerned primarily with single phase incompressible Boussinesq
liquids for natural circulation, but compressible gasses and boiling/condensing liquids can also
establish natural circulation loops, often times more efficiently than Boussinesq liquids.

It is important to note that the local flow regime at each point around such a loop is forced
convection, not natural convection. The driving force for flow around the loop is the global
buoyancy force, integrated over the entire loop. On the other hand, natural convection flows are
driven by local buoyancy forces; a representative example would be a heat source immersed in a
pool of cold fluid. In natural circulation loops, flow along the heat exchange surfaces is driven
primarily by the loop buoyancy forces, and the orientation of the heat exchange surface can be
either vertical or horizontal. For sufficiently low natural circulation flow rates, and sufficiently
high heat fluxes, local buoyancy may have an effect on the local velocity profile, and hence on the
convective heat transfer coefficients and the friction loss coefficients for each individual section
of the loop; this flow regime is termed mixed convection.

Hot Leg ™. Heat Sink
(adiabatic) with
Temperature
Boundary
Condition
Heat
Generation Cold Leg
1 (adiabatic)

Figure 3-1. Simple natural circulation loop

Examples of natural circulation systems in nature are abundant. Earth magma flows in a
circuit from the hot inner core of the earth, to the outer cold crust; the interaction of the magma
flows with the tectonic plates can have an effect on seismic and volcanic activity™. Similar
phenomena occur on other planets as well; the effectiveness of natural circulation in magma
oceans on Mars after high-intensity asteroid impact determines the time to magma
crystallization, and subsequently may have determined the geological structure of Mars”. Water
circulation patterns in oceans and lakes are also driven by natural circulation; the water
circulation response to the change in thermal gradients affects the transport of nutrients, and
dispersion of pollutants in the body of water. The circulation patterns of global winds, from the
hot equator to the colder poles, the circulation patterns of winds along a mountain, and the air
circulation inside of a room all function on the same principles®. Minarets are an example of a
historical architectural feature that takes advantage of natural circulation to keep buildings
cool. Minarets are tall towers with windows at the top; cold air enters at the base of the
building, and is heated by people and solar radiation; the hot air then rises to the top of the tall
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towers, and exits through the minaret windows: a fully passive building ventilation system.
Thermal chimneys and other modern architectural structures follow similar principles™ .

Figure 3-2. Windows at the top of a minaret, for natural circulation ventilation, viewed from the inside.
Alhambra Palace, Spain, built in the Xth century AD. (photograph by C. Scarlat)

In the energy field, natural circulation systems have applications such as heat removal from
nuclear reactors’>’, water circulation in solar water heaters®, and passive extraction of heat
from a geothermal reservoir. Greif provides a review of the use of applications of natural
circulation to the cooling of engineered systems, such as engines and computers®.

In addition to buoyancy, chemical potential, magnetic fields, electric fields and any other
potential field can also establish natural circulation loops. Often times gradients in several
potential fields couple to enhance or to reduce natural circulation. For example, in solar ponds
the salinity gradient in a water pond inhibits thermally-driven natural circulation. Solar ponds
have been observed in nature, and have also been used as engineered systems for capturing and
storing solar thermal energy®”.

3.2 Scaled Experiments - Introduction

Scaled models are experiments that replicate, with various levels of distortion, the behavior
and phenomenology of the prototypical system. In nuclear engineering, being able to
demonstrate system performance at reduced scale, temperature, pressure, or power input leads
to significant cost and time savings in the development and licensing of a reactor design.
Therefore, reduced scale models are of most interest. In chemical engineering, the problem is
similar, but posed differently. Chemical processes are designed and demonstrated at small scale.
For production at larger scale, the processes must be scaled up with sufficiently little distortion
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to the key transport and reaction kinetics phenomena to ensure that the final product is
reproduced. With the advent the micro-reactors, which enable rapid scanning across a large
number of processes or reactions, scale-down of chemical processes is also of interest. Thus, in
the field of chemical engineering, design of scaled systems minimal distortion has applicability
to process implementation across scales of micro-reactors, bench-top reactions, small industrial
installations, and large industrial installations®’,

To design a scaled system, the model and the prototypical system must be characterized by
conservation equations and boundary conditions that are mathematically identical. The model
can be at different temporal and spatial scales, at different operating conditions, it can be built
with different materials, and be governed by different phenomenology than the prototypical
system. For thermal-hydraulic scaled experiments that do not use the prototypical fluid, the
model fluid is referred to as the simulant fluid. For PB-FHRs, water and heat transfer oils are
used as liquid salt simulant fluids, for thermal-hydraulic, hydro-dynamic, and pebble dynamics
experiments. The simulant fluids provide the tremendous advantage of low distortion
experiments at significantly lower temperatures, reduced geometric scale, and reduced thermal
power input. It is sometimes possible to use different phenomenology, which is easier to
investigate experimentally, than the prototypical phenomenology. One such example is the
extension of convective mass transfer data to the development of convective heat transfer
correlations®.

To minimize distortion in the replication of prototypical system behavior, the
nondimensional coefficients in front of each term of the conservation equations, boundary
conditions, and initial conditions must have comparable values between the model and the
prototype, and non-dimensionalization must be done using the appropriate characteristic
length, time, temperature, and mass scales. Because these nondimensional coefficients represent
ratios of competing effects (for example the Grashoff number represents the relative
contributions of buoyancy versus viscous forces in the momentum conservation equation), it is
particularly important to match closely those coefficients that have the highest values for a
particular conservation equation, because they indicate the most dominant phenomena.

Integral effects tests (IETs) are scaled models that integrate multiple important phenomena
and multiple components for the purpose of replicating the overall behavior of a system.
Experimental data from IETs is used to validate codes that predict system behavior. At the sub-
component scale, the components of scaled IETs may or may not replicate the geometry and
phenomenology of the prototypical system; what is required for the design of TETs is that the
overall behavior of each component, with respect to the way that it affects system performance,
and the way that the system performance affects its behavior are replicated. So each system
component must generate appropriate initial and boundary conditions, even if internally it does
not mimic in detail the prototypical system’s phenomenology.

Separate effects tests (SETs) are scaled models that investigate specific phenomenology,
generally at the sub-component scale where it is easier to externally impose a large range of
initial and boundary conditions, and to provide more instrumentation and diagnostics. A good
understanding of the phenomenology is necessary in order to adopt an accurate simplified
treatment of the integral behavior of each component, and to quantify the uncertainty in the
system behavior arising from these simplifications. For example, in an IET that investigates
natural circulation in the primary coolant system of a reactor, to enable studies at reduced
power the core is likely modeled as a simplified 1-D or 0-D component; SETs that study the 2-D
or 3-D core are needed to validate the understanding of phenomenology in the core, which is
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then used to generate analytical or semi-empirical relationships that characterize the integral
behavior of the core in 1-D or 0-D space, and to quantify the distortion arising from the
simplified treatment of the core.

This chapter provides the non-dimensional equations and the scaling arguments for a single
phase natural circulation loop. These scaling arguments stand at the basis of design of IETs.
They also identify the SETs that are needed in support of accurate scaling of the IETs.

3.3 Description of the PB-FHR Natural Circulation Driven DRACS System

Nuclear reactors continue to generate heat, after the core is shutdown, due to radioactive
fission reaction products, which decay exponentially (see Figure 3-11). The ability to remove this
decay heat is a key safety feature that nuclear reactors must demonstrate. The damage that was
done to three of the units at the Fukushima Dai-Ichi Nuclear Power Plant in March of 2011, was
due to the inability of the systems to remove the decay heat generated by the cores after
shutdown®®. The accident was initiated by a massive earthquake followed by Tsunami waves
of unprecedented height, which disabled all off-site and on-site power sources (extended station
black-out). Without power, the emergency core cooling systems could not operate, and
overheating of the core caused fuel melting, hydrogen generation and over-pressurization of the
reactor and containment vessels. The accident lead to severe land contamination, and required
evacuation and relocation of the population in the affected areas. Furthermore, the unavailability
of the reactors for energy production lead to significant power shortages. This highlights the
value of passive safety systems for nuclear reactors, which do not require power or operator
action, to perform their safety functions.

The Direct Reactor Auxiliary Cooling System (DRACS) is a natural circulation driven
passive emergency decay heat removal system for fluoride salt cooled high temperature nuclear
reactors (FHRs) and liquid metal nuclear reactors (LMRs). The main function of the DRACS is
to provide a diverse and redundant means to remove decay heat, in the event that the normal
shutdown cooling system does not function. The DRACS transfers heat to ambient air, which
serves as the ultimate heat sink for decay heat.

The DRACS Heat Exchangers (DHXs) are located in the top part of the reactor vessel, with
the primary coolant on the shell side, and DRACS coolant on the tube side. The DRACS coolant
loop uses natural circulation to transfer heat from the DHX to an air-cooled heat exchanger, the
Natural Draft Heat Exchanger (NDHX). The NDHX has the DRACS coolant on the tube-side,
and ambient air on the shell side. The air flow in the NDHX is driven by natural circulation in a
chimney structure located above the NDHX. Figure 1-3 shows a schematic diagram of the
DRACS system in PB-FHR. The baseline primary coolant in FHR is flibe, and the DRACS
coolant is potentially flibe, or another fluoride salt mixture. Fluoride salt mixtures are high-
Prandtl number, Boussinesq fluids, with high volumetric heat capacity, and relatively high
viscosity, very high boiling points, and relatively high freezing points (see

Table 3-7).

Normally, decay heat removal occurs using an active shutdown cooling system, that provides
controlled heat removal to minimize thermal stresses in the reactor vessel. For emergency
passive decay heat removal through the DRACS, natural circulation is established in the primary
system, with flow upwards through the core and outlet plenum, then downwards through the
DHX, fluidic diode, downcomer and inlet plenum. During normal operation of the reactor, the
primary coolant flows in forced circulation upwards through the core, and a small amount of
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coolant bypasses the core and flows upwards through the fluidic diode and DHX. The role of the
fluidic diode is to provide high flow resistance for upwards flow during forced convection, and
low flow resistance for downwards flow during natural circulation. Bypass flow during normal
operation of the reactor leads to parasitic heat removal through the DRACS system, and to a
lower core temperature at which heat is delivered to the power conversion system, through the
IHX, thus lowering the efficiency of the system. Figure 3-3 shows a schematic diagram of the
coolant flow paths and the bypass flows during forced circulation and natural circulation
operational modes.

Forced Circulation Natural Circulation
»—>—§) Pump > =T' Pump

LEGEND :
— Principal flowpath DHX IHX DHX
— Bypass flow

=

Diode ¢« Diode
Core Core

Figure 3-3. FHR primary coolant flow paths for forced convection and natural convection operational modes

The continuous parasitic heat removal from the core through the DRACS during normal
operation demonstrates the availability of the DRACS system for heat removal. As Marques
highlights in a reliability evaluation of passive safety systems for water-cooled reactors®, passive
safety systems need to be tested at prototypical conditions to demonstrate that they perform
their function, unlike active systems which can be more easily isolated for inspection and
testing,.

To address the fact that parasitic heat loss through the DRACS system directly affects the
efficiency of the reactor, a modification is made to this base design. The air intake stack can be
outfitted with mechanical dampers at the inlet to the NDHX that can be closed in order to
reduce the air flow through the NDHX, and hence reduce the parasitic heat loss during normal
operation of the reactor and during normal shutdown cooling. In the event of an accident where
normal shutdown cooling is not available, the reactor protection system automatically opens the
louvers, and if the automatic system does not work, operators have on the order of an hour to
remotely or manually open the dampers of the air stack, and allow the DRACS system to remove
heat from the core at full capacity. During an extended station blackout, the dampers can be
manually pulled open, with no need for electrical or compressed air power. The capability to
control the NDHX air flow is a functional requirement of the DRACS system, and it is also
subordinate to the FHR safety function to prevent overcooling and freezing. While an NDHX
design that leads to reduced heat removal rate at low core outlet temperatures can be envisioned
as a passive way to meet this functional requirement, the air dampers should also be considered
as a diverse and redundant option. For severe accident management, during which the plant
must respond to unforeseen scenarios, the option for operator action may be desirable, over a
fully passive system®. Reactors are designed to facilitate operator actions if they might be
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needed, particularly, to facilitate the ability to collect safety-related instrument readings to be
able to diagnose and understand the condition of the plant.

FHRs are designed such that there is sufficient thermal mass in the primary system to
accommodate the decay heat generation during the first hour after SCRAM, with the NDHX air
dampers at the position of lowest opening. Galvez *’ calculated that the most significant thermal
mass contributors in LOFC and LOHS transients are the primary coolant and the graphite
reflectors. The power for which the decay heat removal system is sized is an optimization
parameter, balancing peak coolant temperature during transients, and the size of the DRACS. As
an example of this design optimization option, Figure 3-4 shows the elevation requirements for
the primary coolant natural circulation loop, as a function of power for which the DRACS is
designed, for two potential primary coolants for PB-FHR, flibe and frbzr (section 3.5.3 provides
further details about this calculation). The current baseline design is a DRACS sized for removal
of 2% of the core power®.
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Figure 3-4. Natural circulation loop elevation requirements for the PB-FHR primary coolant circuit, as a
function of power inpu and for two values of temperature rise across the core.

In summary, the DRACS system uses multiple coupled natural circulation loops to transfer heat
from the FHR core to air (three loops in the baseline design). It can be designed to be a fully passive
system that does not require valves, pumps, or any other kind of active components, moving
mechanical parts, or operator action. In order to optimize its performance mechanical air dampers
are needed on the NDHX air inlet stack; the dampers would be external to the containment and
reactor building, and hence relatively easily accessible for manual operation, and they would be
maneuverable with very little energy input, both of which are important features in the event of a
station black-out, or other challenging states of the plant. Such a passive system would be fully
operational during an extended station blackout, as was experienced at the Fukushima Dai-Ichi
plant in Japan, in March 2011, as a consequence of a devastating earthquake and the consequent
tsunami waves. The functional requirements of the DRACS, which were an outcome of the modified
PIRT exercise describe in Chapter 1, are summarized in Table 3-1.
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Table 3-1. Functional requirements for subsystems of the DRACS System

DRACS SYSTEM FUNCTIONAL REQUIREMENTS

Provide a high reliability emergency heat sink

Capability to control heat removal rate

Minimize parasitic heat loss during normal operation

BDlw |-

Meet operational requirements for start-up and shutdown

DRACS SALT TO SALT HEAT EXCHANGER (DHX) & DIODE

Transfer decay heat from primary coolant to DRACS coolant, in natural circulation downwards
primary coolant flow through the DHX

Transfer decay heat from primary coolant to DRACS coolant, in forced circulation upwards flow
through the DHX (this scenario occurs when the primary pumps fail on, and the normal decay heat
removal system is not available; in forced circulation mode sufficient flow through the DHX must be
ensured)

1-2

1-3 Maintain low LMTD compared to NDHX LMTD, to prevent freezing of the DRACS system

DRACS PIPING & INSULATION/ELECTRICAL HEATING

Protect against flow blockages under all conditions, including overcooling and design-basis external

2-1
events

2-2  Transfer heat from primary loop to ultimate heat sink during an accident

2-3  Prevent overcooling and freezing, recover from localized freezing

NATURAL CONVECTION SALT TO AIR HEAT EXCHANGER (NDHX)

3-1 Use ambient air as the ultimate heat sink for decay heat removal

Control air flow with rapid response time (tens of seconds) to prevent overcooling, using air dampers

3-2 that fail open

3-3 Minimize heat loss under power operation and normal shutdown cooling conditions

Ensure that no operator action or mechanical part movement is needed in the first hour after SCRAM
3-4 (depends on the thermal mass of the primary system in relation to the core power, and affects the
design of the air dampers, hence bounding the position of lowest air flow)

Maintain sufficient minimum airflow to provide cooling for concrete structures around NDHX

3-5 chimney

3-6 Interface with the environment: prevent ingress of foreign objects and excessive deposition of dust

Interface with the environment: NDHX outlet air stream must entrain and mix with ambient air to

3-7 temper the temperature of the air discharged from the stack

3-8 Security: prevent intentional ingress of objects

External event shield must protect the NDHX chimney from external missiles, and ensure that the

3-9 geometry of the DRACS system is maintained

3.4 Governing equations for single phase natural circulation loops

Natural circulation loops rely on buoyancy to drive fluid flow in a closed loop, and the mass
flow rate at steady state balances the buoyancy driving force with the total loop friction losses.
When the loop integral of temperature versus elevation is negative, buoyancy forces will drive
flow through the loop (assuming that the fluid density drops linearly with temperature). In
other words, if there is a heat source located at lower elevation than the heat sink, lower density
hot fluid will push fluid movement upwards, and high density cold fluid will push fluid
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movement downwards. Natural convection operates on the same principles, but flow-paths
establish freely in a large open cavity, and system models must be 2-D or 3-D. For natural
circulation, a closed fluid circuit is needed, such as a pipe network, and a 1-D model is
appropriate.

The coupled momentum and internal energy conservation equations for the flow loop must
be solved, to characterize the behavior of natural circulation loops. This section presents the
governing equations, in dimensional and nondimensional form, for natural circulation loops
with single phase incompressible fluids, and vertical heat sink and heat source segments. Special
treatment is given to natural circulation loops for which the heat generating segment is a pebble
bed, with internal heat generation in the pebbles. Nondimensionalized equations are necessary
for design of scaled experiments with non-prototypical fluids, for scale-up and scale-down of
the prototypical system, and for simplified design scoping analyses.

341 Nomenclature and assumptions

The following analysis is for Boussinesq fluids, whose thermophysical properties are
constant with temperature and pressure, with the exception of density in the buoyancy term of
the momentum conservation equation. For the buoyancy term, density is assumed to vary
linearly with temperature, which means that the thermal expansion coefficient is constant with
temperature. The viscosity, y, specific heat capacity, ¢, density, p,, thermal conductivity, k, and
the coefficient of thermal expansion, f, are evaluated at the average temperature T,

The natural circulation loop is modeled as a one-dimensional loop, where s is the position
around the loop, t time, and T(s,t) the bulk temperature of the fluid around the loop, as a function
of time. It is generally convenient to segment the loop in discrete lengths, and consider only the
integral behavior of each segment. The subscript n, indicates that the variable applies specifically
for segment n. The PB subscript refers to the pebble bed.

The characteristic parameters of the loop, which are used for nondimensionalizing the
conservation equations, are indicated with the subscript r. The nondimensionalized parameters
have a * superscript.

The integral behavior of each segment is defined such that along the length of each segment
the behavior in terms of the friction loss correlations, vertical or horizontal orientation,
momentum inertia, advection, and energy boundary condition are treated as constants.

The flow cross-sectional area, A,, is used for calculating the flow velocity in each segment,
which determines the Reynolds number, the importance of the momentum inertia term in the
momentum conservation equation, and the importance of the advection term in the energy
conservation equation. Discretizing the loop such that each segment can be treated as a uniform
cross-sectional area simplifies the treatment of the conservation equations on each segment; in
this thesis, uniform cross-sectional area segments is adopted as a convention. For the pebble bed
the flow cross-sectional area is taken for the filled bed.

The characteristic diameter, d,, is used in the Reynolds number, the Nusselt number, and in
expressing the friction coefficient. For most segments the characteristic diameter is the
hydraulic diameter, d;. The hydraulic diameter is defined in equation (3-1), where P is the wetted
perimeter. For the pebble bed the characteristic diameter is the pebble diameter.

_4A

dy = (€R))

NATURAL CIRCULATION - INTEGRAL EFFECTS TESTS 58



The flow length, L,, is used in expressing the friction coefficient, and in the advection term of
the energy conservation equation. For segments with heat exchange between the fluid and the
wetted solid, S, is the heat exchange area between the fluid and the solid. The internal fluid
volume, V,, is used to calculate the residence time in each segment, and the total heat input for
segments with internal heat generation.

For segments of non-uniform cross-sectional area, u, is the average flow velocity of segment
n, such that the following approximations are valid for the inertia and the friction terms of the
momentum equation, where fis the friction coefficient, and L, the length of the segment.

Lnaait"= S, 2—1‘(15 (3-2)
U fo(U)Ln = [, [u?($)f (u(s))]ds (3-3)

Using equations (3-2) and (3-3) will lead to segment length, L,, and cross sectional area, A,
which cannot be used for calculating the fluid volume of the segment, V.
Vi # Ly (3-4)
For the special case where the friction coefficient is inversely proportional to Reynolds number,
such as laminar flow or Darcy flow through a pebble bed, equation (3-3) simplifies to be
identical to (3-2), and there is an additional degree of freedom in the definition of these
parameters. In this case, either equation (3-5) can be applied, or an ad-hoc value for L, can be
selected.

Vo =LyA, (3/5)

In the energy equation A, appears in the advection term. It also indirectly appears in the
convective heat transfer coefficient, because it is dependent on Reynolds number, which in turn
depends on the flow cross-sectional area.

3.4.2  Selecting the characteristic parameters

These characteristic values typically depend on the initial conditions, and they will depend
on the specific transient of interest.

T-T, t s AP,
m=—;T"= ;tt=—;s"=—; AP =
m, AT, t, L, AP,

(3-6)

The characteristic time interval, t,, is defined here as the transit time of the fluid around the
loop. Because fluoride salts have high volumetric heat capacity, the flow velocity is relatively
low, and the fluid transit times are relatively long (see Table 3-15), compared to systems cooled
by water, gas, or liquid metals.

PoVr
t, = 3
= (7)
m?
AP. = 3-8
T ZA%po ( )

3.43 Mass conservation equation

For non-uniform flow cross-sectional area loops, it is most convenient to express the
conservation equations in terms of mass flow rate, m, which is conserved around the loop, rather
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than velocity. In the literature®, the conservation equations are also often times written in terms
of a reference velocity, u,, which is the velocity in an arbitrarily chosen segment, of cross-
sectional area A,. The two approaches are algebraically equivalent. In this thesis, the first
convention is chosen, and all the conservation equations are expressed in terms of the mass flow
rate, m.

m = p,unAy (3-9)

3.4.4 Momentum conservation equation

The momentum equation for one-dimensional flow is given as

Du dp . putf
Poy =55 ~P9% &~

(3-10)

Because the fluid is incompressible, and the cross-sectional area of each segment is constant,
the velocity gradient along the flow direction is assumed to be zero.

T
Du ou du ds___ Du ou
_= — U—— — = —
Dt at das Dt ot

(3-11)

Re-writing the momentum equation in terms of mass flow rate, integrating the momentum
equation over each segment n, and diving through by p,, we obtain:

ifn[ lds
m
" Anbe L, dm AP 2
P m 1
wom AP 0op g _(_ ds) 312
Anpo Ot Po gfn Po 24303 dpn fn f ( )

The four terms of this equation represent fluid inertia (IT,), driving head (HT,), buoyancy
(BT,), and friction losses (FT,).

IT, = HT, + BT, — FT, (3-13)

3441 Inertia term

The inertial term, IT,, determines the time scale of accelerating and decelerating mass flow
rate in response to changes in driving head. The inertial term expressed in terms of mass flow
rate must use the correct cross-sectional area for each segment. Components with larger cross-
sectional areas, or slower velocities, have less momentum inertia and lead to faster transients.

L, om
Ty = (3-14)

For components with complex internal geometry, such as packed beds or the baffled shell-
side of heat exchangers, it can be challenging to define a flow cross-sectional area that
appropriately characterizes the integral behavior of the component across the operating
conditions of the transient of interest. Sub-component-scale modeling and separate effects tests
may be required to quantify the distortion associated with the 1-D integral treatment of the
segment, and to demonstrate that the one-dimensional model is appropriate for the transient of
Interest.

For a pebble packed bed, the pore velocity should be used in the integral momentum
conservation equation, so the filled bed flow cross-sectional area should be used, Ap, rather than
that of the empty bed. In Chapter 4, which discusses modeling of flow distribution within a
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pebble bed and treats the bed as a homogenized medium, the superficial velocity is used instead.
In the literature, the packed bed Reynolds number is often defined in terms of the superficial
velocity (empty bed cross-sectional area)***® because with this notation it is convenient to
generalize among various porous media.

3.4.4.2 Friction term

Some simplifications can be made to the friction loss term for each segment, FT,. The
integration of the friction coefficient, and grouping together all the terms with subscript n, leads
to a coefficient, F',, which fully characterizes the integral friction loss behavior of each segment.
The coefficient C, groups together the geometry parameters of segment n, with respect to which
the friction term is proportionally dependent.

FTn = an = ; (3’15)
F'y = éﬁfn f(s)ds = Cufn (3-16)
1 Ly
C, = (Ea_n) (3-17)
where AP, is the friction pressure drop, and f, the average friction coefficient.
F'=3,F (3-18)

The friction coefficient is a semi-empirical correlation as a function of the Reynolds number,
which is defined by equation (3-48). Equation (3-62) defines the correlation for friction losses
through a pebble bed. Table 3-4 and Table 3-5 define the correlations for friction losses through
a smooth-wall pipe for all flow regimes.

3443 Buoyancy Term

Some simplifications can be made to the buoyancy term for each segment, BT,, assuming that
the fluid density varies linearly with temperature, and that the temperature profile is linear with
respect to elevation for each of the segments

1dp (p-B)=const p

B=—tle L =1 -p(T-T) (3-19)
p B=const
BT, =—g [ p—dz=>BTn =—ghz, +gB [ (T —T,)dz (3-20)
YuBT, = gB $Tdz (3-21)
T(z)=linear
——— BT,, = —gAz, + gBAzn(Tav,n - To) (3-22)

For a simple loop, with a single heat input segment a single heat sink segment, both with
linear temperature axial profiles, and with no heat loss in the piping segments, we can express
the buoyancy term in terms of Azy, which is the between the center of the heat sink segment, z,
and the center of the heat input segment, z,, and ATy, the temperature rise across the heater.

$Tdz = AT, Az, (3-23)
From equation (3-23), (3-21) we see that changing the elevation of the loop has the same effect
on the buoyancy term as changing the power input to the loop.
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For non-ideal simple loops it is convenient to define an effective elevation for the loop, thus
maintaining the same equation form for (3-23). The effective elevation change of the loop, Az,
is defined here as the ratio of the temperature integrated around the loop as a function of height,
to the difference between the hottest and the coldest fluid temperatures on the loop.

AZNC = AT (3’24)
where AT;, is the sum of fluid temperature rise across the heat input segments. For the case
where there is only one segment with heat input, i.e. the core for a nuclear reactor system, ATj is
the temperature rise across the heat input segment. At steady state, AT, can be expressed in

terms of the power input to the loop, @k and steady state mass flow rate, my.
Qn = Mg, ATy, (3-25)

9B
Zn BT, = MQhAZNC (3-26)

The ratio of Azyc to Azg, provides a comparison of the loop of interest with an ideal simple
natural circulation loop. A sensitivity analysis for this nondimensional parameter will quantify
the effect of model parameters on the buoyancy driving term.

_ Azyc _ SﬁTdZ Zizoop[Tav,n'Azn]

Z 7 Azgy, Az AT, Az ATy (-27)

On a plot of temperature versus elevation (see Figure 3-5), the loop integration graphically
represents the area enclosed by the loop. In the idealized case, the fluid describes a
parallelogram, whose area is dependent only on the centerline distance between the heated and
cooled sections, and independent of the effective lengths of the heater and cooler. For actual
systems, such as reactor natural circulation loops, or scaled experimental natural circulation
loops, the shape of the plot will deform from a parallelogram due to heat losses, as well as due to
convective heat transfer boundary conditions that lead to temperature profiles that are non-
linear with height (see Figure 3-5).

The net temperature change between the inlet and the outlet of each segment is proportional
to the heat input for the segment and inversely proportional to the mass flow, so graphically the
relative heat inputs for each segment are easy to identify on the same temperature versus height
graph (see Figure 3-5).
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The Buoyancy Term in a Natural Circulation Loop
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Figure 3-5. Schematic diagram of the buoyancy term in a natural circulation loop (OriginPro drawings
generated in collaboration with Rohit Upadhya)

For the design of scaled IETs for natural circulation loops, it is sufficient to scale the value of
the area enclosed by the flow loop on a temperature versus elevation plot, without matching its
specific shape described by the coolant in the prototype loop. The evolution of this area over the
course of the transient of interest must also be replicated by the IET. An evaluation of the
sensitivity of its value to the parameters that vary during the transient will indicate whether it
can be assumed to be a constant. For example, for the experimental data given in section 3.7,
this area was up to 16% higher than the theoretical area for an ideal simple natural circulation
loop, due to non-isothermal conditions in the hot leg and cold leg piping. Whenever possible,
IETs should replicate the scaled geometry and the boundary conditions of the prototypical
components. For example the geometry of a shell-and-tube heat exchanger can be replicated by
building a model, of the appropriately reduced scale, and with a reduced number of tubes.
Extreme peaking factors for the heat generation in the core can be replicated using an electrical
heating element with variable axial electrical resistance. Isothermal hot leg and cold leg
conditions can be reached by taking measures to limit heat losses in the experimental set-up;
this can be achieved using electrical tracing of the piping, or heating the ambient temperature to
the average temperature of the fluid in the IET. However, when temperature profiles cannot be
identically matched, it is still possible to design a scaled IET that replicates the response of the
prototypical system; it is sufficient to match the total area on the temperature versus elevation
plot, and its evolution with the transient of interest.
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3.4.4.4 Summary of the momentum equation for a loop

The momentum equation for each segment becomes:

Lp om m? _,
= (Tt~ ghz,) + g [, (T = T,)dz — [ F (3-28)

Summing these equations around a closed loop:

loop
n am

LTL 2 !
o0t Zn E = gﬂ Sﬁ Tdz — ZngZn E, (3-29)

We then solve for the steady state natural circulation mass flow rate, myc.

2 _ 2 AzncATh
myc = 2po 9B 7

(Re(m,T(s))) (3:30)

If the system is at steady state, then the natural circulation mass flow rate can be expressed
as a function of power input and temperature rise.

onTmssplTh 3 _ 2p8gB _tanc(T(2)Qn .
NCss — cph F'(Re(mT(s))) (3-31)
The residence time in the baseline core is 24 seconds at full forced circulation flow rate, and
410 seconds at 6% of forced circulation flow rate (see Table 3-15). This means that at the
beginning of transients, there can be a significant time lag between the change in core power
and the change in core temperature rise, and the power input should not be used in the
momentum equation to replace the characteristic core temperature rise. In such cases equation
(3-30) should be used. In cases where the transients of interest have much longer time scales
than the residence time in the core, this substitution can be made, and equation (3-31) can be
used.

345 Non-dimensional momentum equation

To nondimensionalize the momentum conservation equation for the loop, characteristic
values must be selected for the mass flow rate, temperature difference, and time. Selection of the
values for the characteristic parameters is discussed in section 3.4.2.

For completeness, the nondimensional equation for each segment is given here, but it is not
needed for the scaling analysis discussed in this chapter.

L,m? om* m? g m2 /(1 L, 5
= AR =L | pdz——(—=-f ) m’ 3-32
A2V ot 2422 o, ) P T 2\, (3-32)
The nondimensional equation for a natural circulation loop is given.
b /LT" om*  [pZgBAT,.A
"4, |om PogP AR AZNc <Z ,) 2
=\—————|— I 3-33
v./2 | ot ( m2 ) w )" G
1/Fr 1 dm* 2
— =T, —-m' 33
HZ ot* 6 m ( 4)
M,>100 5
[y =m* (3-35)
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S pigBATAzyc(T*(2))

HZ_ 4 6_ 1 * * *
zznfl_:ll mTZ"ZnFn(m , T (S ))

(3-36)

When I1, is large, which is normally the case for natural-circulation systems, the momentum
inertia is negligible, and the friction losses match the buoyancy driving term for any system. For
a pebble bed core with a flow distribution that is optimized for low pressure drop in the core,
the values of II, and representative time scales are given in Table 3-15 for each of the LOFC
transient phases. To a first order approximation the inertia term is negligible. Higher core
pressure drop flow configurations would lead to shorter inertia time scales, and an even less
significant inertia term. A negligible inertial term means that the natural circulation flow rate
responds instantaneously to the changes in temperature distribution around the natural
circulation loop, and the transient time constant will be dominated by fluid residence time in
the loop and the time constant of the thermal transients or disturbances driving the momentum
transient. One must verify that the inertia term is also negligible with respect to all the other
shorter time scale phenomena that participate in the transient.

When m, is defined as the steady state natural circulation mass flow rate that corresponds to
AT,, Azne, and F', II; is by definition 1.0. Hence, to design a scaled model that replicates the
transient response, it suffices to match the functional dependence of IT; with respect to m’, T(5),
and T(3). Another way to look at this requirement, since m" equals 775", is that the dependence
between natural circulation mass flow rate and power input must be preserved.

For example, based on equation (3-31), with the laminar friction coefficient through the
piping, mass flow rate depends on power input and loop height to the power of 0.5; with
transition regime flow the friction coefficient takes a power law dependence closer to 0.3 (see
Table 3-4 and Table 3-5). Hence, the functional form dependence of the friction term F' on mass
flow rate must be matched, in order for the relationship between mass flow rate and power
input to be matched between the model and the prototype.

Ehm(m*T*(s") _ Fpp (m*T*(s"))

Fl - F)

Because F' is a sum of friction factors, each with different functional forms for the Reynolds
dependence, it is practical to match the friction factor in each respective (equation (3-37)). This
will ensure that the functional form of the summation is matched between the prototype and
the model loops. For segments that contribute minimally to the friction term over the entire
range of operating conditions, the functional dependence does not need to be matched, only the
order of magnitude relative contribution to the overall friction coefficient.

Careful attention must be paid to the point of transition from one flow regime to another,
which leads to a change in the Reynolds dependence of the friction coefficient. The model
components should be designed such that the transition occurs at the same nondimensional mass flow rate and
nondimensional temperature as for the prototypical system. This condition is, of course, not necessary if for
the transient of interest the flow remains in a single flow regime for each of the components.

In general, the low volumetric flow rates and Reynolds numbers that occur commonly with
fluoride salts, particularly in natural circulation, due to their high heat capacity, creates strong
incentives to design heat transfer surfaces to include enhancement. This may involve use of
pebble fuels in FHR reactor cores, and twisted tubes in heat exchangers. Enhanced surfaces
tend to increase the contribution of form-losses to pressure drop. Sections 3.6.2 and 0 discuss
the implications of significant form-losses in the natural circulation loop, with regards to design

(337)
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of scaled experimental models, and to performance evaluation of natural circulation decay heat
removal systems.

For model components that replicate the geometry of the prototype components, it suffices
to match the Reynolds number. Models that do not replicate the geometry of the prototype must
be analyzed case by case; section 3.6.2 treats the scaling of a cylindrical heater used to simulate
the behavior of a pebble bed core.

The other term of 775 that is dependent on power input is Azyc. Another way to think about
it is in terms of /7, which quantifies the distortion from an ideal natural circulation loop: non-
linear temperature distribution in the heat generation and heat sink segments, and non-
adiabatic hot leg and cold leg. The evolution of /7, in response to change in power input to the
loop, or other system disturbances characteristic to the specific transient of interest must be
matched between the prototype and the model.

3.4.6 Fluid internal energy conservation equation

The energy equation for one-dimensional flow, considering both internal heat generation
and heat exchange is given here. For the core segment, the heat exchange term is often times
insignificant; for the heat exchanger segment, the internal heat generation term is zero.
k 9%t 1 N

=—[q" = h3 (T = Toini)| (339)

PoCp 9s? PoCp

an

Z—I + u(s) Z—z -
where 9, is the total heat generation in segment n, "' the volumetric internal heat generation, h
the convective heat transfer coefficient, and Ty, the temperature at the heat exchange surface.
Re-writing the equation for each segment in terms of mass flow rate, and assuming axially
uniform internal heat generation on each segment:

aT m 0T k 0°T _ 1 [Qu _ hSp

at PoAn 0s  poCp 0s? - PoCp LV Vp (T - Tsink)] (3-39)

3.4.7 Non-dimensional fluid internal energy equation

To nondimensionalize the energy conservation equation, characteristic values must be
selected for the mass flow rate, temperature difference, time, and length along the natural
circulation loop. Selection of the values for the characteristic parameters is discussed in section
3.4.2. The nondimensional energy conservation equation is given.

or" /L moT"  k/I} 9°T” Qn/Va RS (T" = Tsii) / Vi
~ o 4, ods myc,/V, 0s** - m,c,AT, [V, a my.c,/V;

(3-40)

The characteristic temperature rise of the fluid in the loop is AT,. The temperature difference
between the heat exchange surface and the fluid in the loop, AT, is another characteristic
parameter of the loop, and it is independent of AT,. Thus, it is appropriate to define an additional
nondimensionalized temperature variable, A", which is the temperature rise that drives
convection normalized with respect to ATy,

A * _ Tsink,r_To _ ATsink,‘r = AB* —_ T*_Ts*ink —_ T—Tsink (3/41)
sinkr =™ 1, T am o T AT
r—lo T sink,r sink,r

The Peclet number, Pe, and Stanton number, St, are defined below, and they are introduced
in the energy equation. Peclet is the ratio of energy transport by advection to transport by
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diffusion. For the fluids of interest, the Peclet number is very large, and the conduction term is
negligible. Stanton number is the ratio of convective heat transport to advective heat transport.

me, d Nu hA
Pe=Re-Pr=—2--1; St= =—= 3-42
¢ e = A, RePr mc, (3-42)
u/p
Pr = 3-43
Ve (3-43)

The fully simplified nondimensional energy equation for each segment n of the natural
circulation loop is given. The equation is divided through by the coefficient of the thermal
inertia term, and four nondimensional coefficients arise. The geometrical parameters in each of
these coefficients are grouped together in parameters labeled 77.”

aT* m'aT* I, 0°T*

—+ 0 - =[5 — Stllg, A0 3-
ot T s T pe ds*? £3 Fe (3-44)
Vr ATsink,r
nL= ern;HE3 = I3Ilg; Ty = G—AT, (3-45)
d,V; V SV
L="l.n==;,1,="L; Q=—Q" (3-46)
A, L2 7, AV, c, AT, m,

The conduction term is generally negligible. This statement must be verified for the pebble
bed, where dispersion and conduction through the solid phase adds to the thermal diffusion
term, increasing the effective thermal conductivity of the segment.

I8

5o <001 (3-47)

In order to design a scaled experiment, three parameters must be matched: I}, I7g;, and St/Tg,,
where 77, is the advection term. 77, is matched for each segment if the relative flow cross-
sectional areas are matched between the prototype and the model. 77g;, is the heat generation
term; when the volume of heat generation segment is used as the representative volume, and at
the initial conditions the system is at steady state the value of [Tg;, is unity; St/ is the
convective heat transfer term; in order to match the functional dependence of this term on mass
flow rate and temperature, the Re,, Pr,, and Nu, will be matched, hence 77¢; must also be matched,
specific surface area, flow cross-sectional area, and temperature difference between the fluid and
the heat sink are the model parameters that can be tuned in order to match 7.

3.4.8 Reynolds number definition in a multi-dimensional pebble bed

[he R€yl’101dS number defined in terms of the mass flow rate:
Re = —-— 3-48

The fluid velocity is written in terms of the variable flow cross-sectional area.
u(s) = tm (3/49)

A(S) po
Using equations (3-2) and (3-3), in conjunction with the Ergun friction coefficient correlation
given by (3-62), a system of two equations is obtained, and L, and A, can be solved for
analytically for the simple case of radial flow through the annular pebble bed. These values are

independent of fluid density, bed height, and pebble diameter. The values are also insensitive to
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the mass flow rate in the bed, to the coefficients f; and f, for the Ergun pressure drop correlation,
and to the fluid viscosity, within a variation of seven orders of magnitude on each of these
parameters. The exact analytical solution is given in Appendix E. The numerical values for A,
and L, for the PB-FHR core geometry are given in Table 3-2.

Using incorrectly averaged values for A, and L, leads to a segment pressure drop that is off by
a factor of 0.8 at high flow rates, and 0.9 at lower flow rates (see Table 3-2 for a comparison with
using the cross-sectional at the centerline of the annular bed). All calculation details are listed in
Table 3-2, where F is defined by equations (3-15) and (3-16), and the geometry of the PB-FHR core
was defined in Chapter 2.

Table 3-2. Effective flow cross sectional area and length for radial flow and axial flow through the annular
central core region of PB-FHR.

Radial flow Axial flow
Effective Centerline oD ID
Ln m 1.39 1.50 1.50 1.50 3.00
An m? 10.6 31.1 45.2 6.79 6.22
LnAn/Va m3 0.79 1.00 1.45 0.45 1.00
Cn m-2 0.41 0.32 0.15 1.09 2.58
m kg/s 3727 (100%) teore S 9.8
S Re 1556 1331 915 2440 2661
8 f 5.7 5.8 6.0 5.5 5.5
S F m+ 2.32 1.86 0.91 6.00 14
§ Fu/Fneffective 1.00 0.80 0.29 2.59
m kg/s 224 (6%) teore s 163.8
E Re 93 80 55 146 160
8 f 12 14 18 10 9.5
é F m+ 5.09 4.43 2.68 10.7 24
S Fu/Fueffective 1.00 0.87 0.53 2.10
dn m 0.030
Vn m3 18.7
1 (650°C) Pa-s 0.006754 f1 675
Do (650°C) kg/m3 | 1963 f; 5.25

When flow through the annular core has both a radial and an axial component, A, and L,
must be computed numerically, and their sensitivity to boundary conditions and input
parameters must be calculated. If significant flow redistribution occurs in the core, and A,
changes over the course of the transient of interest, then this must be accounted for in the
integral model of the system. A , can be treated as a parameter that varies with time, or that
varies with another system parameter, such as core pressure drop, flow rate, or power input. PB-

FHR core pressure drop for a broad range of coolant flow rates was numerically calculated in
Chapter 2.
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If the Reynolds number is uniform over the length of segment n, then f, is a constant. Since
segments have been defined above to have uniform cross-sectional area, f, is a constant on
isothermal segments. For non-isothermal segments, the temperature-dependent viscosity can
lead to substantial variation of Reynolds along the segment, which must be accounted for. The
viscosity dependence with temperature is a power function of temperature, but for temperature
rises across a segment in the range of 100°C, it can be approximated as linear; in this case using a
constant friction coefficient, f,, evaluated at the average temperature of the segment, T,
introduces distortions in the friction losses of less than 2%. It is important that the average
segment temperature as a function of time is used to evaluate the segment friction losses, not the
loop reference temperature or the loop average temperature. This is a deviation from the
Boussinesq approximation, which assumes constant fluid viscosity. The effects of temperature-
dependent fluid viscosity on the pressure drop through a pebble bed are presented in Chapter 2.

fa(ua (1)) = fn(Tav,n(t)'un(t)) (3’50)
3.4.9 Higher complexity loops and networks

For single phase natural circulation loops with vertical heated and cooled sections,
instabilities can arise when there are multiple parallel heated or cooled branches. Vijayan™
provides a good review of instability analysis for single phase natural circulation systems. In
order to study the stability of the FHR decay heat removal system, the assumption of a simple
natural circulation loop is no longer appropriate. The system is rendered further nonlinear by
the possibility for overcooling leading to freezing, and by the coolant viscosity being strongly
dependent on temperature. This makes the study of the stability of the system with parallel
branches even more pertinent. This thesis only treats simple natural circulation loops, but a
brief discussion of how this analysis would be extended to flow networks is given here.

The mass generation term is zero everywhere in the system, and mass flow rate is constant
around a simple loop without branching nodes. At branching nodes, in order for mass to be
conserved, the sum of all inflows and outflows at each node must equal to zero. The convention
adopted in this thesis, of writing the momentum and energy conservation equations in terms of
the mass flow rate instead of flow velocity, facilitates the extension of this analysis to flow
networks.

A single set of characteristic values is selected, just like for the simple loop case. Nothing
changes for the treatment of the energy equation, (3-44), since each segment is treated
individually. The appropriate mass flow rate must be used in the equation for each segment. The
momentum equation needs to be integrated around each closed loop, and equation (3-29) must
be applied for each of the loops.

3.5 Steady state natural circulation: design considerations for natural circulation heat
removal systems

For the design of heat removal systems that rely on natural circulation, there is a trade-oft
among loop elevation, friction losses, and temperature difference between the hot leg and the
cold leg. The values for these three parameters are decided by design optimization. The
relationship among these terms depends on the thermophysical properties of the heat transfer
fluid. As an illustrative simple example, section 3.5.1 considers a simplified loop for which all
segments are straight channels with laminar flow. Section 3.5.2 repeats this analysis for a more
generalized friction coefficient form, which is applicable to systems that are dominated by either
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form losses or drag, but not a combination of both, and to systems for which flow through all
components that contribute significantly to friction losses are in the same flow regime. These
approaches are presented here because they have been previously used to generate figures of
merit for the selection of natural circulation heat transfer fluids™"”. However, they have very
narrow applicability to fluoride salt cooled systems. The low volumetric flow rates and
Reynolds numbers that occur commonly with fluoride salts, creates strong incentives to design
enhanced heat transfer surfaces, such as pebble fuel, and twisted tube heat exchangers.
Enhanced surfaces tend to increase the contribution of form-losses to pressure drop, making the
figures of merit of sections 3.5.1 and 3.5.2 inapplicable. Section 3.5.3 presents a fluid performance
comparison for natural circulation heat removal from a pebble bed. The approach taken here is
valid for any type of friction losses functional dependence on mass flowrate.

351 Anexample: Laminar Flow Through a Pipe

Assuming that all the components that contribute to friction loss in the natural circulation
loop are straight channels with laminar flow, the natural circulation steady state temperature
rise and residence times can be derived as explicit analytic expressions.

64
fiam = 57 (Re < 2000) (3-51)

For convenience, all of the derived expressions are written as a product of three factors: (1) a
factor that depends only on fluid properties, denoted by a Greek letter; (2) a factor that depends
only on the geometric dimensions of the natural circulation loop, G, as defined by equation
(3-52); and (3) the dependence on heat input to the loop.

(3-52)

The effectiveness of a heat transfer fluid to remove heat by natural circulation is
characterized by the first term of the equation below, ¢. Fluids with lower values of ¢ are more
effective to remove heat by natural circulation, and a priori are preferred for the design of natural
circulation loops (as discussed in the next section, this metric is not sufficient for the selection
of a natural circulation fluid).

ATh.lam X Quam G Qh (3/53)

U
Plam = |5 (3-54)
pocp,hgﬁ

The mass-flow-rate at steady state will determine the residence time of the fluid around the
natural circulation loop. For transients in which the fluid residence time determines the time
constant of the system response, it is important to consider the effect of fluid thermophysical
properties on the fluid transit time around the natural circulation loop. Fluids with lower values
of @ will have a shorter residence time around the natural circulation loop at steady state.
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p 1
Migm = . RV, Qn (3’55)
Wigm G
Vlooppo
=" 3-56
o (3:56)
VloopG
Tiam = Wigm —F7— (3'57)
V@
’ﬂ Cpn
Wigm = ;; = Wigm = Pram " PoCp,n (3’58)

To avoid instabilities, it is best if flow remains in the laminar flow regime. For flow in a smooth
pipe, the transition to turbulence occurs around Re = 2000. Smaller values of 9 lead to smaller
Reynolds number and allow the system to stay in the laminar flow regime at higher power inputs to
the loop. If flow is in the laminar regime, the alternative approach is to use enhanced surfaces, such
as twisted tubes, or pebble beds, which don't have flow transitions that can lead to instabilities.

Reyym =0+ nG Y, Qn (3’59)
psgp 1 7
9 S>S—=@wW'—= uc 3-60
.ugcp,h 9 p = Piam " p,h ( )

Table 3-3. Summary of key parameters for steady state heat removal by natural circulation, for laminar flow

Related Fundamental
Equation
AP 64

fam = € /20,) ~ e
3= p59B A’ZHL -Q,
Cph F (Re(m))

Equation that uses the

Parameter Definition
parameter

L1
Giam = 642(@2)
n

Parameter

Geometric loop
parameter, G

Ho
Effectiveness, ¢ Piam = [ ATy 1am = Pram* G- [AzycQy Qn = mcpAT,
P5Cp 9P - \

. ”ucph _ VLOUPG VioopPo
Rapidity, w w Tigm = Wigm —— _ loopFo
p y lam = am am \/m m
Maintain 59P dn _m d,
laminar flow, 9 D1gm = 13 Cph Reygm = Viam * A4.G R, AzZycQn Re, = w A,

9 for flibe is 1000 times lower than for water, and 170 times lower than for liquid sodium (see
Table 3-6). This means that for a system of a given geometry, and a given power input into the
natural circulation loop, the Reynolds number through a particular segment will be 1000 times
lower if flibe is the coolant, than if water is the coolant. Compared to water, flibe has a viscosity
that is higher by a factor of 90, and a thermal expansion coefficient that is lower by a factor of 13,
so for a given power input the resulting natural circulation flow rates are lower; this is balanced
by the fact that the volumetric heat capacity of flibe is high and low flow rates are needed to
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transport the same amount of heat; also, the viscosity of flibe being higher than for water, the
Reynolds numbers are much smaller. Another way to pose the problem is to consider two
different systems, one that is designed for water and another that is designed for flibe. They both
have the same temperature rise across the core, at the same reference power. The Reynolds in
the water system will be at least one order of magnitude higher than in the flibe system.

3.5.2 General treatment of the friction coefficient

The natural circulation steady state temperature rise and residence times can be treated
analytically, with the assumption that all the components that contribute to friction loss in the
natural circulation loop have a friction coefficient of the same functional form, which follows the
functional form given in Table 3-4. This functional form for the friction coefficient is followed
for flow through a pipe in all flow regimes, and for flow through a pebble bed in the extremes of
very high or very low Reynolds number.

The parameters ¢ and @ group the thermophysical properties of the heat transfer fluid, and
they can be used as metrics in the selection of heat transfer fluids. The parameter G groups the
geometrical dimension variables for the loop.
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Table 3-4. Steady state natural circulation parameters, for a generic friction coefficient.

Parameter

Parameter definition

Equation that uses the parameter

Geometric loop
parameter, G

o= o) [Gas) @)

1/(3+b)

AP
Cu(m?/2p,)

3th _ pSBIU” AzycQ,

= aRe?

Rapidity, w

w =

B9

T = " GV, - (AzycQp)

Cp,h G3+b
[ ~b/(3+D) 1-1/(3+b)
. = - AT, = G—
Effectiveness, ¢ (pgﬁg)l/(3+b)6.; 1/(3+b) n =9 1/(3+b)
1+b)/(3+b) 1/(3+b) _
(() )/( )Cp,/;f )IJ b/(3+b) _1/(3+b)

regime, J

Maintain a single flow

1/(3+b)
2 g)

9=(—=
<ﬂ3cp,h

Re, =9

d

nG (BzycQ)

n

1/(3+b)

Table 3-5. Natural circulation steady state loop temperature difference and residence time, for various
friction coefficients.

f AT, Ty ® ®
- |Rems<0.1 A Qa® o G puos ok
2 | fi/f Re Az? (Azy1,Qn) % (p3Bg)°*>cp® (Bg)°*
2 Q}?'GGG GV;,I 1 c 0.333
§ Reps > 10 f1 /1, f2 pG W W (Az;,Qn)°3% | (p2Bg)0333c5667 %
Laminar, 64 i ® GV o3 3;51/10 N
Re < 2000 Re Az9S (Azy,Qn)%® (p5Bg)°5cp® B
Transitional, | Re®33 G il w GV 1 potc 0 4
Re < 4000 381 Y8202 (A2 Q)2 | kO (P3BY)*3cp” po 1(39)0 3
Turbulent, 0316 G Qne*e " GV, p0091 o0 273 0364,,0.091
% Re < 30000 Reo-zs (p AZI(\)I.(_:?;64 (AZHLQh)O.364 (pgﬁg)0.364c7(3].636 (ﬁg)o 364
f Turbulent, 0184 Q0.643 GVn #0.071 pg .286 0,357”0 .071
S |Re>30000 |Revz0 | 7,037 © (025,00 | (02g)° 35" (Bg)°357
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Table 3-6. Natural circulation heat transport metrics, normalized to the respective values for flibe at 7000C.
Comparison among fluoride salt coolants.

flibe flibe flinak fnazr frbzr flizr
melting point oC 460 460 454 500 410 509
boiling point oC 1400 1400 1570 1350 1450 22
vapor press. at
900°C mmHg | 1.2 1.2 0.7 5 1.3 77
ref. temp. oC 700 650 700 700 700 700
ref. press. atm 1 1 1 1 1 1
M Pa-s 0.005494 0.006754  0.002900 0.005100 0.005100 0.005100
Do kg/m3 | 1938 1962 2019 3034 3223 3091
cp J/kg-K | 2415 2415 1882.8 1171.52 836.8 983
B 10-4/K | 2.53 2.50 3.62 2.90 3.10 2.99
3
PoCp El/m 4.680 4.739 3.801 3.554 2.697 3.039
o B kg/m3K | 0.491 0.491 0.730 0.880 1.000 0.925
Pr -- 13 16 6 12 11 13
o)
g |Rem<O0l o ome |1.00 1.10 0.66 0.83 0.89 0.87
o | fi/f2
2 [Rem>10 o pmme [1.00 1.00 1.02 115 1.35 1.26
£ | f/f
laminar, Re
<2000 @/@aive | 1.00 1.10 0.66 0.83 0.89 0.87
transitional,
Re < 4000 @/@ave | 1.00 0.98 1.11 1.23 1.47 1.36
> turbulent, Re .
2 | 30000 @/@nae | 1.00 1.01 0.94 1.08 1.25 1.18
% turbulent, Re
2 530000 @/@aive | 1.00 1.01 0.96 1.10 1.27 1.20
Re <01 ome | 1.00 112 0.54 0.63 0.51 0.57
o | fi/f
2 g|Res>10 e | 1.00 1.01 0.83 0.87 0.78 0.82
L m|fi/f
laminar, Re
< 2000 w/wae | 1.00 1.12 0.54 0.63 0.51 0.57
transitional,
Re < 4000 o/wae | 1.00 0.99 0.90 0.93 0.85 0.88
> turbulent, Re _
£ | <30000 w/wape | 1.00 1.03 0.77 0.82 0.72 0.77
% turbulent, Re
2 |~ 30000 w/oape | 1.00 1.02 0.78 0.83 0.73 0.78
Repp < 0.1
9/9aibe | 1.0 0.7 3.7 2.7 3.5 3.0
o |/t /Oib
laminar, Re
(] ’ .
& | <2000 9/9aibe | 1.0 0.7 3.7 2.7 3.5 3.0
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Table 3-7. Natural circulation heat transport metrics, normalized to the respective values for flibe at 7000C.
Comparison of flibe performance with other single phase coolants.

Dowtherm Drakesol

water Na Pb Pb-Bi A 260
melting point oC -1 98 327 123.5 12 n/a
boiling point oC 310 883 621 1670 257 265
oorocPress At mmHg [>760  >760 >760 8
Ref. temp. oC 302 627 627 627 90 140
Ref. press. atm 10 0.101 0.101 0.101 0.101 0.101
M Pa-s 0.000086 0.000201 0.001461 0.001140 |0.001122  0.0007124
Po kg/m3 | 711.9 805 10255 9875 1006 735
Cp J/kg-K |5723 951 143.1 146.5 1767 2000
B 104/K |32.33 2.95 1.32 1.40 8.19 6.80
PoCp MJ/m3K | 4.074 0.765 1.467 1.446 1.779 1.470
o B kg/m3K | 2.30 0.237 1.350 1.380 0.826 0.500
Pr -- 0.967 0.004 0.010 0.012 15 15
o]
g |Rem <01 0 mme |0.06 0.68 0.56 0.49 0.57 0.64
2| fu/f
2 [Rem>10 o onve | 047 3.18 2.70 2.67 1.29 156
& | fi/f
laminar, Re
<2000 @/ @nive | 0.06 0.68 0.56 0.49 0.57 0.64
transitional,
Re < 4000 @/ ®ive | 0.70 433 3.70 3.74 1.52 1.86
3 turbulent, '
£ | Re <30000 ©/@ae | 0.32 2.40 2.02 1.95 1.11 1.32
o | turbulent, _
2 | Re > 30000 @/@nive | 0.35 2.55 2.15 2.10 1.15 1.37
o
2 Repp < 0.1 w/wape | 0.05 0.11 0.17 0.15 0.21 0.20
2 | fi/f
2 | Rees>10 o/wape | 0.41 0.52 0.85 0.82 0.49 0.49
2 f1/f2
laminar, Re
<2000 w/waipe | 0.05 0.11 0.17 0.15 0.21 0.20
transitional,
Re < 4000 @/wnibe [0.61 0.71 1.16 1.16 0.58 0.58
3 turbulent, _
£ | Re <3000 w/waipe | 0.28 0.39 0.63 0.61 0.42 0.42
o | turbulent, _
2 | Re > 30000 w/oaipe | 0.31 0.42 0.68 0.65 0.44 0.43
Repg < 0.1
9/9%ibe, | 436 102 114 163 12 15
@ | f/f, /Onibe,
laminar, Re
(] ’ .
& | <2000 9/9me | 436 102 114 163 12 15
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3.5.3  Fluid comparisons for a pebble bed system

For designing a system that relies on natural circulation for heat removal, the selection of
working fluid may depend on the natural circulation performance of the fluid. Various single
phase reactor coolants are compared here. In addition to fluoride salt coolants, calculations are
also shown for liquid metals and pressurized water, as a point of comparison of FHRs with
PWRs and LMRs. The operation conditions for water were selected based on the NuScale”
reactor design, which is a small modular pressurized water reactor that relies on natural
circulation for decay heat removal.

Jens recommends two figures of merit for natural circulation heat transport, one for laminar
flow, and another for turbulent flow through pipes™". This approach is valid for loops in which
flow through all the segments is in the same regime, and hence the friction coefficient has the
same functional form dependence on Reynolds number. In these cases, the mass flow rate can be
factored out of the summation in equation (3-18), and the steady state natural circulation mass
flow rate can be solved analytically from equation (3-31).

The approach proposed by Jens can only be applied to selecting among fluids that will lead
to the same flow regime in the loop. For the same flow regime, the ratio of ¢ for two fluids is a
constant that depends on the thermophysical properties of the two fluids and the power
coefficient of the Reynolds number in the friction coefficient correlation, b (see Table 3-4). For
this case Jens recommends using the coefficient ¢ for comparing the effectiveness of natural
circulation of various fluids. Since ¢ depends on b, the comparison of natural circulation
effectiveness must always be done for a specific geometry, and a specific flow regime. For
different flow regimes, the elevation of the loop for the water-cooled system has a different
functional dependence on the power, the core temperature rise (AT), and the geometry
parameters of the bed. Hence, for different flow regimes, the ratio of ¢'s is no longer a constant.

Williams et al. uses the approach proposed by Jens to rank the natural circulation
effectiveness of various fluoride salts, and to compare them to water and liquid metals™". This
approach is only valid when the salt system is designed to operate in turbulent regime. Due to
the high volumetric heat capacity of the salt, and the relatively high viscosity, the natural
circulation Reynolds number is very low, and is likely to fall in the laminar regime, whereas the
same system cooled with water or with liquid metal will be in the turbulent regime.
Furthermore, this approach does not apply to flow through a pebble bed, or flow through a
geometry for which form losses are significant and the friction coefficient does not follow the
functional form of flow through a pipe (see Table 3-4).

The pebble bed friction coefficient is a summation of two terms: a Reynolds dependent
(drag), and a Reynolds-independent term (form losses). At very high or very low Reynolds
number, only one of the two terms is significant, and equation (3-31) can be solved analytically,
as for the pipe flow. When the pebble bed Reynolds number is between 13 and 1300, both terms
contribute to the friction coefficient, and the natural circulation effectiveness of the fluid, ie ¢,
would depend on the Reynolds number. Hence William's method is not applicable to flow
through a pebble bed with Reynolds number in this range. As a broad guidance, the method can
be applied for the two extremes of Reynolds below 13, and Reynolds above 1300.

The Reynolds number in the bed varies significantly among the fluids, for a given power
input and loop geometry and dimensions. For example, water will have a Reynolds number that
is 436 times that of flibe, and liquid sodium 102 times that of flibe. Among the fluoride salts, the
Reynolds number varies by a factor of about 4. These numbers are summarized in Table 3-6 and
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Table 3-7. It is likely that for water and liquid metals the Reynolds number in the bed will be
sufficiently high that the friction coefficient is Reynolds independent, whereas for flibe the
friction coefficient will be heavily Reynolds-dependent. The equivalent for pipe flow is that
water and liquid metals will have turbulent flow, whereas fluoride salts are likely to have
laminar or transitional flow, with flibe having the lowest Reynolds number of all the fluids
compared here.

Radial Flow through the Pebble Bed Radial Flow through the Pebble Bed
6% decay heat (54 MW) 6% decay heat (54 MW)

14000} |

12900 .Pb-Bi eutectic

10000 \\Na
8000 \d
6000k,
4000} YAt
2000F i —— B

0 60 80 100 120 140 10 &0 80 100 120 140
AT (C) AT ('C)

Figure 3-6. Reynolds number in the PB-FHR core, for various coolants, for steady state natural circulation
decay heat removal.

For a pebble bed, if the Reynolds number is below 1300 and above 13, there is no appropriate
figure of merit that depends only on fluid properties. Working fluid selection must be made
based on calculations for specific design conditions. For PB-FHR with flibe coolant the
Reynolds number is in the range of 10 to 1000 (see Figure 3-6). For water, liquid sodium, and
liquid lead, the Reynolds number for the same conditions remains above 1,300 and the friction
coefficient is a constant. Similarly, when two natural circulation fluids lead to different flow
regimes in the loop, it is not possible to compare the natural circulation heat removal
effectiveness of the two fluids independently of the power, the AT, and the geometry of the bed.
A universal comparison of natural circulation effectiveness for fluids is not possible.

The coefficient ¢ quantifies the tradeoff between loop elevation and temperature rise, and
we've used it so far as a metric for natural circulation effectiveness. However, one also needs to
consider that the acceptable temperature rise varies among fluids. FHRs can tolerate a
temperature rise of 100°C, or slightly higher. Fluoride salts operate with over 700°C margin to
boiling, and the limiting parameter for the core outlet temperature is the temperature to which
metallic structural materials can be exposed, which should be kept below 700°C for extended
periods of time. The limiting parameter for the core inlet temperature is a desired margin to
freezing of 100°C, which sets the minimum core inlet temperature at 600°C or slightly below.
Pressurized water reactors (PWRs) must maintain a margin to departure from nucleate boiling
(DNB) because above this limit convective heat transfer degrades significantly. PWRs operate
close to the boiling point of water, and the temperature rise is limited to a few tens of degrees.
NuScale is a small modular advanced PWR that employs natural circulation decay heat removal
and it operates with a core temperature rise of 40°C”. AP-1000 is a large PWR and it operates
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with a temperature rise of 40°C™. For this comparison, the acceptable temperature rise for
natural circulation cooling of LMRs is taken to be 150°C. The temperature rise in liquid metal
reactors is limited by similar constraints to FHRs: the upper end is limited by material
performance for the fuel, cladding, or structural materials, and the lower end is limited by the
freezing point of the coolant. Liquid metals require much taller natural circulation loops than
liquid salts or water, but, in theory they could accommodate high temperature rises in the core
because of the lower freezing point of the coolant. However, LMRs generally operate with a
temperature rise in the vicinity of 150°C", in order to maintain a high average coolant
temperature, which is important for the power conversion efficiency of the plant. Designing the
decay heat removal system to lead to a significant drop in average coolant temperature compared
to normal operation presents thermal-hydraulic and materials challenges, in terms of thermal
shock, and differential expansion.

As a representative example for natural circulation cooling of a pebble bed core, Figure 3-7
shows calculations for two flow configurations through the central core: fully axial, and fully
radial. These two cases bound the behavior of the PB-FHR core. Two decay heat power levels
are considered: 18 MW, which represents 2% of 900 MW; and 54 MW, which represents 6% of
900 MW. For illustration, only friction losses through the core are considered in this analysis. If
the friction loss correlations for the heat exchanger are similar to those for porous media, with
significant contributions from both drag and form losses, then the results are expected to follow
similar trends as depicted in this analysis. Complete design of the natural circulation loop will
entail an optimization study for the DHX. The analysis presented here discusses only
optimization of the natural circulation loop with regards to operational parameters for the core.

Figure 3-7 shows that the loop elevation requirement for a water cooled system with 40°C
temperature rise is the same as for a flibe cooled system with 107°C temperature rise, for axial
flow through the PB-FHR core, with 6% decay heat generation. Even though, water is more
effective at transferring heat by natural circulation than flibe, because flibe can tolerate a higher
temperature rise, the loop elevation requirements for the two fluids are the same. If we re-
evaluate the elevation requirements with radial flow through the pebble bed core, the water
elevation requirements with 40°C temperature rise, are matched by salt with 150°C temperature
rise. In this case water is a more effective natural circulation fluid. The liquid metal coolants
require higher loop elevations than both water and salts.

Figure 3-7 also shows a comparison of various fluoride salts. Frbzr has the most effective
natural circulation heat removal for both pebble bed flow configurations considered. The
performance of flizr as compared to flibe depends on the flow configuration and the temperature
rise; for axial flow flizr has worse performance, for radial flow with temperature rise above 65°C,
flizr has better performance. This example illustrates the importance of considering fluid
comparison on case by case scenarios, for systems with flow through a pebble bed.
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Figure 3-7. Natural circulation loop elevation requirements, PB-FHR primary circuit, for various coolants.

Figure 3-8 and Figure 3-9 compare the head loss and pumping power among the coolants, at
full power operation. Head loss is an important parameter for the design of a pool-type pebble
bed reactor with on-line refueling, because pebble injection is done through a stand-pipe, and
the liquid level difference between the standpipe and the reactor pool is determined by the
gauge pressure at the inlet of the core. Among the fluoride salts, flibe performs most favorably,
with the heavier salts having higher core head loss by a factor of 2 to 3. The pumping power of
flibe is lower than for water and much lower than for liquid metals. The other, heavier, fluoride

salts have higher pumping power than flibe.

The calculations performed to generate the figures in this section are given in Appendix F.
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Figure 3-8. Head loss in the PB-FHR core, for various coolants, at full power operation.

NATURAL CIRCULATION - INTEGRAL EFFECTS TESTS

79



Axial Flow through the Pebble Bed, 900 MWth

Radial Flow through the Pebble Bed, 900 MWth
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Figure 3-9. Pumping power for the PB-FHR core, for various coolants, at full power operation.
3.6 Transient natural circulation: design of scaled experiments

This section gives the scaling arguments for designing an experimental model that matches
the transient behavior of a prototypical natural circulation loop. The scaling arguments are
based on the nondimensionalized equations derived in Section 3.4. Subscript m refers to the
scaled experimental model, the subscript FHR refers to the prototype. The subscripts h, ¢, hp, cp
refer to the heated section, cooled section, hot leg piping, and cold leg piping of the experiment.
The subscripts PB, HX, HL, CL refer to the core, DHX, hot leg and cold leg of the prototypical
system.

There are four characteristic parameters of the loop that are specific to the transient of
interest: the mass flow rate, the heat input, loop temperature rise, and the difference between
heat sink temperature and loop average temperature. The transient of interest must be
decomposed in time phases, with each time phase having its set of characteristic parameters.
The scaling arguments must then be applied for each set of parameters.

3.6.1  Entire loop

The transient non-dimensionalized 1D momentum conservation equation for the core and
the heater section is given below.

1 dm”
— =g — m*? 3-61
HZ at* 6 m ( )

Assuming that the value of 1/I1; is sufficiently small for the inertia term to be neglected, only
the functional form of the dependence of the friction term on mass flow rate must be matched.
The friction term on each segment is scaled individually. The relative contribution of each
segment to the total friction losses is matched. The functional form of the friction correlation
with respect to nondimensional mass flowrate is matched for the segments with dominant
contribution to the friction losses.

For and idealized natural circulation loop 17, = 1.0. If the temperature profiles in the heat sink
and the heat source are significantly non-linear with elevation, or if the hot leg and the cold leg
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are not adiabatic, /7, deviates from unity. The evolution of /7, over the course of the transient is a
scaling parameter that must be replicated between the model and the prototype.

The energy equation is studied separately for each segment of the loop. Table 3-8 gives the
scaling arguments pertaining to the entire loop.

Table 3-8. Scaling requirements pertaining to the entire natural circulation loop

Physical meaning
of the scaling Scaling Requirement Equations
requirement

Experiment Design
Variables

Steady state , _ P3gBAT Azyc

. . m ———————————————
natural circulation T Y El (m*, T(s))
flow rate

F,{,m(m*, T*(s*))
Friction term - B
evolution over the "
course of the _Eip (m*, T*(s"))
transient B )

Buoyapcy term I, (T*(s"))
evolution over the
course of the =11, (T"(s))
transient

z — mr,m' AZHL,m! ATr,m

The .in.ertia term is 1, = 100 I, =
negligible P

3.6.2  Scaled model of the pebble bed momentum equation

For IETs, it is more convenient to use a straight pipe geometry to model the integral behavior
of the pebble bed, instead of constructing a reduced scale pebble bed. Using heated pebbles
involves several problems: heating pebbles electrically is difficult, the pressure drop may be too
high for a reduced scale pebble bed, wall effects become significant and can cause significant
distortion, and the thermal inertia may be difficult to scale. Because pebble beds have higher
friction pressure losses than straight channels, it is possible to use a straight channel in
conjunction with a needle valve to replicate the friction coefficient of a pebble bed, for which
wall effects are not significant. The straight channel can be designed with very low thermal
inertia, and the thermal inertia of the pebble bed is replicated in the experimental model using a
computer-controlled power input into the heater. Actual pebble bed heat transfer and fluid
mechanics can then be studied in separate effect test experiments.

The experimental model for flow through a pebble bed core will use a simulant fluid flowing
through a straight channel heater element and a valve with Reynolds-independent pressure
drop. This section discusses the sizing of the heater element and valve, such that the Reynolds-
functional dependence of the pebble bed friction coefficient is replicated.

The natural circulation decay heat removal flow rates in the PB-FHR correspond to the
pebble bed flow regime in which both the Reynolds-dependent and the Reynolds-independent
terms of the friction coefficient are significant. In order to model the dynamic behavior of the
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natural circulation loop, it is important that the friction coefficient of the pebble bed is

replicated over the entire range of probable flow rates. The pebble bed friction coefficient, fpg, is
given by

__h

fre = Repy + f2 (3-62)

Table 3-9. Empirical coefficients for the friction losses through a porous media, with 40% porosity

Formula Blake-Carman-Kozeny*044
E: Empirical 150
E, Empirical 1.75
_ 2
f, 2E, ( 1 s) 675
€
1 —
f, 2B, —° 5.25
£
fi/f hl-e 129
1/f2 E &

E;and Ezare Ergun correlation coefficients, f7and £
friction coefficients based on pore velocity, and € the
bed porosity.

To match the Reynolds-dependent part of the pebble bed friction coefficient, the straight
channel friction coefficient must have an inverse reciprocal dependence on Reynolds. Laminar
flow through a pipe has the 1/Re functional form, so the channel will have to be sized to ensure
that flow remains in the laminar regime.

64

fpipe = (3'63)

Repipe
Reyipe < 2000 (3-64)

To match the Reynolds-independent part of the pebble bed pressure drop, needle valves are
convenient to use because once installed, their pressure drop can be tuned to ensure that scaling
is appropriately achieved in the as-built experiment. Deltron needle valves™ have Reynolds-
independent friction coefficient. Pressure drop through the valve, AP\, is calculated using the
expression below, where Qy is the volumetric flow rate in English units (1 gpm-6.31E-05 m’/s)
and C, the flow coefficient. Valve curves provided by the manufacturer give the value of C, as a
function of the percent opening of the valve.

. Q5 lgpm]'sG p 2
AP, qipe[psi] = Eiz;lcg ; SG = 1000 [%] = APygpe[Pal = pm_cg (3’65)
5C, = IC, - 0.08655; Flyy, = —ovalve — 2 (3-66)

m2/(2p)  CF
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Figure 3-10. Valve curves for Deltrol needle valve76, English Units. 3/4" (1.905 cm) diameter piping (left), and
1" (2.54 cm) diameter piping (right).

Writing the total friction terms for the prototype and the model:

, fip/f2, Mo, fip/f2pA
Fpp = CPBfZ,p (lp—zp + 1) = Iy pp (%fB + 1) s Ue1,pp = CPBfZ,p; e2,p5 = Ups —p 22 23 (3’67)

Repp mprdp

32CHLC2AR

, 2 (32CpC2 Mgz, 2
F, = 6_3( — 1) = Me1n (;_Zh + 1): Mein =7 Moz p = b (3-68)

Rep mprdp

Thus, the scaling requirement is to match the 7y, parameter, and the heater flow must
remain in the laminar regime.

Hezpp = Ig2,n (3-69)

3.6.3 Heater section

The transient non-dimensionalized 1D energy conservation equation for the core and the
heater section is given below. The scaling requirements are summarized in Table 3-10.

orT* m*oT”

ot T Tas

The special case of a pebble bed core modeled by a straight pipe heated section was analyzed

in the previous section, as an example of integral scaling of components without replicating

component geometry. This analysis generated two additional scaling parameters, /15 and [Tg,.

These parameters are included in Table 3-10, and can be omitted if the geometry of the core is
replicated.

= g3 (3-70)
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Table 3-10. Scaling requirements pertaining to the reactor core

Physical meaning

Experiment Design

of the scaling Scaling Requirement Equations .
requirement Variables
1 — 32Cth . — fl,p/fz,p
62,h Reh » 1162,PB RePB
n H62,h = H62,PB
Function form of the . m,d, . I, e de AL C
pebble bed friction T ouA, T Akd, T HAe0 <0 Heo 0
coefficient
E; 1—¢
fip B ;B = 150; E,
fZ,p EZ
=175
Advective heat
transport (the
relative velocities
%4
in each segment Lp="Tpp IE = 7 ;1 Voo brims A
should match; TR
relates to fluid
transit time)
_ G W Vi My, Vi, AT
Heat generation I3gn = M3epp 3 = CpATrern Cno Vi 1t Ve B
Maintain laminar my, dy
flow in the model Re, <2000 Re, = —=- My, dp, Ap
Bn An '

heater

Relative
contribution to

Hg1n  Te1pp

2
lg1p8 = CPsz,pi Mg1n = 2

size all the other
components with

1 Lp\.
loop friction losses Ey, E Cn = (Ea)i F'n=Cnf, respect to F'prand F.
(Fo/F") instead of F,and F'.
Axial conduction is I, _dy _¢m dy

3.6.4 Heat Exchanger

The transient non-dimensionalized 1-D energy conservation equation for the heat
exchangers is given here. The scaling requirements are summarized in Table 3-11.
orT* m*oT”
o Th e
If the geometry is replicated, the heat transfer correlation will match as long as Reynolds and
Prandtl numbers are matched. At low mass flow rate and high power, the flow will be in the
mixed convection regime, and buoyancy effects will significantly affect the heat transfer
coefficient as well as the friction coefficient. In the mixed convection regime, the Reynolds,
Grashoff and Prandtl numbers must be matched. Sub-component modeling and separate effects
experiments should identify whether or not the Grashoff number needs to be matched, for the
transients of interest. It is important to note that the characteristic temperature used to
compute the Grashoff number depends on the temperature of the heat sink and it is different
from the characteristic temperature of the natural circulation loop.

= —Stll;, A0 (3-71)
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Table 3-11. Scaling requirements pertaining to the DRACS Heat Exchanger

Physical meaning of
the scaling
requirement

Scaling Requirement

Equations

Experiment Design
Variables

Match the friction
coefficient and the
convective heat transfer
coefficient functional
forms

Replicate the geometry,
and match Re, Pr, Gr

Advective heat
transport (the relative
velocities in each
segment should match;
relates to fluid transit
time)

111,(: = Fl,HX

Vol Ac

Heat exchanger

S tellgy, = Stux Mgy nx

Nu  h4,

St = =
RePr mc,

Functional form of the
heat transfer
correlation must match
(depends on
temperature, velocity,
and power input)

Nu, = Nuyy

Nu = f(Re, Gr, Pr) for mixed

convection

Match the Nu
correlation

Pr, = Pryy

Tav,c

Match the friction loss
correlation, and Nu

correlation for forced
and mixed convection

Re. = Reyy

mr,m' dC' AC

Match the Nu
correlation (for mixed
convection regimes)

Gr, = Gryy

— pggﬁATsink,r i

Gr
HoHo

ATsink,r,m: dc

Match the heat
exchange term, after
matching the functional
form of the heat
transfer correlation

HE4,C = HE4,HX

ATsink,r,m' Sc' Ac. Vc

(AT Vim)

Remain in the same
heat transfer regime
(mixed convection or
forced convection)

Nu, Gr
or ReO'SPT0'6

Nuy

Nuris for forced convection, Nu,
is for natural convection.

Either condition is met if Pr, Re,
Gr are matched.

Axial conduction in the
fluid is negligible

I,
Pe

<0.01

d,V, cpm dy
;Pe = RePr =2—.
At T e =TT

]"2=
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3.6.5 Hotleg

The transient non-dimensionalized 1-D energy conservation equation for the hot leg is given
here. The scaling requirements are summarized in Table 3-12. Friction and heat losses are
considered to be negligible.

oT”
at*

m*oT*

=0
b 9st

(3-72)

Table 3-12. Scaling requirements pertaining to the hot leg

Physical meaning of Experiment Design
the scaling Scaling Requirement Equations Variables

requirement

Advective heat

transport (the relative 7 App, (7 1)
o A

‘slgg(r)rfletrllissilnoi?;};natch; Lipp =i n= L4, (solve for A; L can be any

relates to fluid transit value)

time)

Friction losses in the hot Fip r—

leg are negligible Fy + Fyx <00t i =Gl

3.66 ColdIeg

The transient non-dimensionalized 1-D energy conservation equation for the hot leg is given
here. The scaling requirements are summarized in Table 3-13. If the cold leg contributes little to
the overall friction term in the natural circulation loop, a larger margin of error is acceptable on
matching the friction coefficient on this leg.

oT”
at*

m*oT*

+h——=0

das*

(3-73)

Table 3-13. Scaling requirements pertaining to the cold leg

Physical meaning of
the scaling
requirement

Scaling Requirement

Equations

Experiment Design
Variables

Advective heat
transport (the relative
velocities in each
segment should match;
relates to fluid transit
time)

rl,cp = rl,CL

Vol Acp

In order to match the
friction coefficient
correlation

Rey, ~ Reg,

My m, dcp' Acp
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3.6.7 Degrees of freedom for experimental design

The heater is taken here as the representative segment of the loop. To simplify the scaling
calculations, the volume of the heater is used for V,, and the length of the heater will be used for
l,, rather than parameter values summed over the entire loop. A summary of the experimental
design variables and the degrees of freedom for the design of a simple natural circulation loop are
given in Table 3-14.

Table 3-14. Summary of degrees of freedom for the design of the scaled natural circulation loop

Number of Number of . .
Degrees of Equations Geometry Design Variables
Freedom (DF) q
The heater is the _ Vi, I
lrm - lh
reference v T v
segment rm — Th
1 equation Azyymy ATy, My
130]31: for the (1 additional (@n = comMrmAT, )
P equation)
i Straight pi ,Cordp, Un, Ap,
6DFforthe | (o8 = 14 O ol
heater Zq h = "h™h
geometry wd,
equations Ap = —7—
d. = tube diameter ATsink,r,m' Tav,c' dc' Ac' Sc' Vc' lc
= pitch, n = number of tubes
5 scaling P = piteh, Pc, e
V. = A,
ngg)l: for the equations de  dpx
4 geometry Pe  Pux
equations A, = fldeperne)
S = f(dcr p. nc)
Straight pipe App
4 DF for the 1 scaling eqn. Vip = lhpAnp Vips Uips iy
hotleg piping | 2 geometry eqn. ndﬁp
App = 2
Straight pipe Aeps Acps
4 DE for the 2 scaling eqn. Vep = lepAcp lep)Vep
cold leg piping 2 geometry eqn mwd?
. o
Ay = 2
Rectangular natural Qr can b_e selected_ as desu‘_ed,
. , . and it will determine the size of
circulation loop with the 10o
26 DF total 24 Equations vertical heater and vertical P .
e —— In can be selected as practical for
the experimental loop, and it
will not impact the scaling.

3.6.8 Case study: Description of the LOFC Transient for FHRs

In order to identify the characteristic parameters of the prototypical system, a conceptual
understanding of the time progression of the transient is needed. An important step initial step
in the design of IETs is definition of the scenario, and decomposition in temporal phases. As an
illustration, an analysis of an FHR transient is given here.
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Loss of forced circulation (LOFC) and loss of heat sink (LOHS), are two classes of design
basis accidents (DBAs) for FHRs'", which employ the DRACS system for natural circulation
decay heat removal. The accident progression of LOFC with SCRAM is representative of
transients in these two classes, in terms of the phenomenology and the components that play a
role in the transient progression.

The LOFC transient is initiated by a failure of one or several of the primary pumps to provide
forced circulation. The reactor shuts down, and decay heat is removed through the DRACS.
Based on the dominant phenomenology, the LOFC transient is decomposed in three temporal
phases. Table 3-15 gives representative timescales for the phenomenology during each phase.

Table 3-15. Time scales for phenomena during FHR LOFC

LOFC Phase | LOFC Phase Il LOFC Phase 111

Q/qun power® 100% 6% 2%
Initial
Conditions M/ Ml power 100% 6% 2%

Core AP 50,000 Pa 240 Pa 41 Pa

I1> 17 22 34
System Inertia time scale? 0.74 s 9.3s 18s
response Fluid thermal responseP 1.0s 16s 48s

Residence time 24s 6.8 min 41 min

) SCRAM: 10 s

Er(;vrsllseiiﬁineratlon Reactivity feedback: 3 s Decay heat Decay heat
Transient Buoyant rod insertion’7: 40 s~ curve: 2h curve: days
drivers Decay heat curve: 5 s

Fluid momentum Pump trip: 20 s Flow reversal Air damper

transients Air damper opening: 20 s in DHX closing: 20 s

aThe inertia time scale is calculated as the kinetic energy of the fluid divided by pumping
power times volumetric flow rate before pump trip. Numerical results for PB-FHR core
pressure drop calculations are given in Chapter 2.

bThe fluid thermal response is calculated as ¢/Mc,4T:, where Qis the power generation at
initial conditions, M the mass inventory of primary coolant in the core, and 47} the change in
average primary coolant temperature. M = 36,631 kg. AT, = 10°C (10% of the core
temperature rise during normal operation.)

¢ Qtull power = 900 MWth. myun power = 3727 kg/s, which is calculated based on a 100°C core
temperature rise with flibe primary coolant.

During Phase I, the signal to SCRAM is sent after the primary coolant pump fails, and the
pump coast-down begins. In the event that the active SCRAM system fails to shut down the
reactor, the passive shutdown mechanisms (buoyant rod, or temperature reactivity feedback)
shutdown the reactor in response to temperature rise of the core. If the fluid residence time in
each branch is much longer than all the other phenomena time-scales, then, in the extreme case,
the fluid can be considered to be stationary, and the average temperature of the core during
Phase I rises proportionally with the cumulative energy produced. Once critical power
generation stops, the temperature difference between the coolant and the fuel drops, and the
excess fuel thermal energy transfers to the coolant.
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The beginning of Phase II is the point at which mass flow rate in the DHX is zero. If fluid
inertia has a rapid time-scale compared to the pump coast-down curve, this occurs when the
head generated by the pump equals the buoyancy driving head on the DHX leg. If the pump
coast-down curve has a more rapid time-scale than the fluid inertia on the DHX leg, then it will
determine when the mass flow rate in the DHX reaches zero. Based on Table 3-15, the pump
coast-down is the driver for the initiation of Phase II. The coolant temperature distribution at
the beginning of Phase II is a hot core, likely above its normal operating temperature, a cold
DHX, and a cold IHX, likely colder than normal operating temperatures, if heat removal
continues on the secondary side of the IHX after the initiation of the transient.

Once Phase II has initiated, the flow through the THX continues in parallel with flow
through the DHX, until the pump head is zero. The pump head balances the friction losses in the
IHX, and determines the mass flow rate through the IHX branch. The power at the initiation of
Phase II depends on the time of SCRAM, and the decay heat curve. If the pump coast-down time
is comparable with the time to insert the shutdown rods in the reactor, then the power at the
beginning of Phase IT will be at 1009% of full core power, and it will rapidly drop to 6% within 5
to 15 seconds of the core shutdown. If the time to insert the shutdown rods is shorter than the
pump coast-down curve, then the power will have dropped to 6% by the initiation of Phase II.
Based on Table 3-15, rod-insertion is more rapid than the pump coast-down, and the core is
likely generating power at 6% of the full core power.

The characteristic parameters for Phase II of LOFC are defined as follows: The characteristic
mass flow rate is the steady state natural circulation mass flow rate at 2% power, which is
reached at the end of the end of Phase II. The characteristic primary loop temperature rise is the
core temperature rise during normal operation, which is reached also at the end of Phase II. The
characteristic power is the power at the initial conditions of the transient, which is likely 6% of
the core full power. Table 3-16 provides additional considerations for experimental design of
IETs that validate FHR LOFC transients.
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Table 3-16. FHR LOFC transient description and IET design considerations

Phase I: Pump trip and SCRAM, power drops from 100% to approximately 6% (5-15s after SCRAM™; see Figure
3-11), core flow rate drops, normal shutdown cooling system fails to function, reactor protection system opens air
supply dampers to NDHX.

(o}
(o}

(0]

Initial condition: normal power operation.

Phenomena of interest: heat generation in the core, heat removal from the THX, thermal inertia of the fuel,
coolant, and graphite reflectors, momentum inertia of the coolant and pump.

Experimental objective: maintain core temperature rise, identify the maximum pump head at which
establishment of natural circulation through the DHX branch can occur. The second objective is important
because (1) having one or more of the primary pumps remain on with LOHS on the IHX changes the
functionality of the DRACS systems (the primary pumps cause upwards flow through the vortex diodes
and DHXs), and (2) it will provide an understanding of when Phase I ends and Phase II of the transient
begins.

Manipulated experimental parameters: pump head, IHX heat removal rate, decay heat generation in the fuel,
relative friction losses in IHX branch/core/DHX branch.

Main flow loop: primary pump, inlet-plenum, core, outlet-plenum, THX.

By-pass flow loop: primary pump, inlet-plenum, diode-up, DHX, outlet-plenum, IHX.

Phase II:
2%.

Flow reversal in the DHX and establishment of natural circulation, power drops from approximately 6% to

(0]

(0]

Initial conditions: end of Phase I (one of the objectives of Phase I is to determine these conditions).

Phenomena of interest: establishment of NC flow, decay heat generation in the core, heat removal from the
DHX, thermal inertia of the fuel, coolant, and graphite reflectors.

Objective: identify peak coolant temperature during transient, identify timing for when quasi-steady state is
achieved.

Manipulated experimental parameters: NDHX heat removal rate, initial conditions of coolant temperature
distribution, decay heat generation in the fuel, simulated effect of graphite and fuel thermal inertia on the
coolant in the core region, heat transfer rate in the DHX.

To consider: importance of core coolant distribution and variation of coolant residence time along different
flow streamlines. This may be important to study for identifying peak local temperature differences at the
outlet-plenum headers. However, for this study, it is important to understand if this effect plays an
important role on the establishment of natural circulation, or on the peak locally-averaged coolant
temperatures during the Phase II of the transient.

Main flow loops: (1) inlet-plenum, core, outlet-plenum, DHX, diode-down. (2) DHX secondary side, hot leg,
NDHX primary side, cold leg.

By-pass flow loops: (1) outlet-plenum, IHX, primary pump, inlet plenum, core (2) other core by-pass routes.

Phase III: Quasi-steady state natural circulation decay heat removal, power at 2% (2-14h after SCRAM™) and
slowly dropping.

(o}

(o}
(o}

Initial conditions: end of Phase II, quasi-steady state natural circulation flow at 2% power, with two out of
three DRACS loops removing heat with fully open air dampers.

Phenomena of interest: decay heat generation in the core, NC heat removal from the DHX.

Objective: control core temperature rise and core outlet temperature, prevent overcooling.

Manipulated experimental parameters: decay heat generation in the core and heat removal rate from the DHX,
relative elevation difference of DHX and core, length of heater section.

Main flow loops: (1) inlet-plenum, core, outlet-plenum, DHX, diode down. (2) DHX secondary side, hot leg,
NDHX primary side, cold leg flow.

Bypass flow loop: (1) outlet-plenum, IHX, primary pump, inlet plenum, core (2) other core by-pass routes.
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The time-scale of the LOFC transient is determined by the decay heat curve, and the thermal
response of the system. Figure 3-11 shows the decay heat curve for low enriched uranium (LEU)
cores. Unlike light water reactors (LWRs), the ultimate heat sink for decay heat removal in
FHRs is at a temperature below the freezing point of the coolant, and overcooling transients can
lead to freezing. The ANS71 standard is a decay heat curve that most likely over-predicts the
actual value, and it is recommended by the NRC as a conservative approach for analysis of LWR
transients. However, for FHR overcooling transients, a conservative assumption should select an
under-predicting estimate of the decay heat curve. Figure 3-11 highlights the difference between
the ANS71 and ANS94 standards. 2% power is reached after 14 hours according to the NRC
decay heat curve, and only after 2 hours according to the updated standard. Therefore operator
action to control the heat removal rate from DRACS and prevent overcooling is needed much
more rapidly than predicted by the ANS71 standard.

Proposed vs. Current Models
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Figure 3-11. Decay heat curve for light water reactors, with moderate fuel enrichment78. "1" is based on the
ANS94 standard and hasn’t been accepted by the NRC. "2" is based on the ANS71 standard and is currently
accepted by the NRC for licensing of LWRs.

3.7 The CIET Test Bay Natural Circulation Experiment

Steady state and transient data are presented here. For the steady state data, a comparison
with analytical prediction of the results is given. While the main objective of this experiment
was to provide steady state natural circulation data in support of design of DRACS, transient
data preceding the steady state points was also recorded and archived. The transient data is
presented without theoretical experimental predictions, and qualitative conclusions are drawn
about the transient behavior of the natural circulation loop. This data will be used in the future
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as an initial simple validation case for RELAP5-3D code's application to liquid fluoride salts and
their simulant fluids. The transient data collected from the CIET Test Bay is plotted in Figure
3-19.

A natural circulation experimental loop with simulant fluid for the liquid salts was built, the
CIET Test Bay. The fluid used was a heat transfer oil, commercially available under the name of
Dowtherm A or Therminol VP. Figure 3-12 shows the equipment diagram of the CIET Test Bay.
The natural circulation loop consists of a vertical annular heated section, a vertical straight pipe
heat exchanger with four parallel branches, and the connected piping. The hot leg is the piping
connecting the top of the heater to the top of the heat exchanger. The cold leg is the piping
connecting the bottom of the heat exchanger to the bottom of the heater. Appendix G provides a
description of the CIET Test Bay experimental set-up.

3.71  Pre-prediction plots

Before the CIET Test Bay was run, the plots in Figure 3-13 were generated to predict the
expected results. In this figure Qh is the heat input to the heater, m is the natural circulation
mass flow rate, calculated based on equation (3-31), Re heater is the Reynolds number in the
heater, DTh is the fluid temperature rise across the heater, Th is the bulk fluid temperature in
the heater and the average, inlet, and outlet temperature points are shown, DP are friction
pressure losses, and Head is the friction pressure losses in mm column of oil. These calculations
are based on literature correlations for the friction loss coefficients in each leg of the loop.

Mass flow rates are expected to be in the range of 0.0l and 0.04 kg/s, and the Reynolds
number in the heater is expected to be in the laminar flow regime for most of the experiment's
operational space, and in the transition region at high average temperature and power inputs
above 5kW. The pressure drop on the heater is expected to be the dominant contribution to
pressure losses in the loop, and in the range of 14-70 kPa (2-10 psi), which corresponds to head
losses of 1 to 7 mm.

At higher temperatures the natural circulation heat removal is more effective, with the
heater temperature rise is smaller, and the mass flow rate higher, for a given power input. Since
loop operation is limited to 200°C maximum fluid temperature, we expect to be able to operate
the loop up to a power of 9kW, when the average bulk fluid temperature in the heater is 150°C.
Since the cooling water temperature is 10°C or slightly below, the loop can be run only up to
2kW, if the desired average bulk fluid temperature in the heater is 40°C. The average heater
temperature is set by the power level and the heater inlet temperature. The heater inlet
temperature can be controlled by varying the heat exchange surface area.
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Figure 3-12. CIET Test Bay equipment diagram for the as-built. The flow path and instrumentation for the
natural circulation experiment are indicated in red.
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Figure 3-13. Pre-prediction for the CIET Test Bay natural circulation flow loop. Red plots use the transitional
flow friction coefficient, blue plots use the laminar flow friction coefficient.

Heat losses are an important experimental parameter that can affect experimental results.
The effect of heat losses for the CIET Test Bay is estimated in Figure 3-14, where dzHL is the
effective loop elevation as defined by equation (3-24), dz the physical elevation of the loop as
defined in equation (3-23), Qn the heat loss in each segment, and Qh the heat input to the
heater. Heat losses on the hot and cold legs change the effective elevation of the loop, which is
equivalent to changing the heat input to the loop, with regards to steady state natural
circulation behavior. For example, reading from the plot in Figure 3-14, 20% heat losses on the
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cold leg lead to a 219 reduction in the effective elevation of the loop or the effective power input
(see equation (3-31)). Thus, for 10 kW power input with 2 kW heat loss on the cold leg, the
steady state natural circulation parameters can be obtained from Figure 3-13 by reading the
values for Qh = 7.9 kW. Similarly, 20% heat losses on the hot leg will lead to an 1% increase in
the effective elevation of the loop or the effective power input. Thus, for 10 kW power input
with 2 kW heat loss on the hot leg, the steady state natural circulation parameters can be
obtained from Figure 3-13 by reading the values for Qh =11 kW.

dzHL/dz
1.2+

1.0
0.8¢
0.6f
0.4+
0.2¢

hot leg heat loss

cold leg heat loss

. ‘ . . ‘ — h
02 04 06 08 o=

Figure 3-14. Pre-predicted effect of heat losses on the buoyancy term.

3.7.2  Pressure drop measurement for the heater element

Friction losses across the heater, the heat exchanger, and the piping in between were
measured using three pairs of manometers. The heater element is the principal contributor to
friction losses in the natural circulation loop. The section shows the data and the calculation for
the heater element only. The rest of the manometer readings are documented in Appendix G,
and they demonstrate that the heater generates the primary friction losses.

Calculations on the data are performed using equations (3-74), (3-75), (3-76). The values for
the parameters that characterize the heater geometry, Cy, dj, and Ay, are given in Appendix G.
The thermophysical properties of the Dowtherm A fluid, which are given in Appendix C, are
evaluated at the average temperature of the heater, which is the average of the inlet and outlet
temperature measurements. The density of the fluid in the manometer lines is evaluated at the
measured ambient temperature.

' zp(Th,av) Fi;.
Fy = m2 APy f = C_h (3-74)
m d
Repy = ———F— 3-75
" M(Th,av) Ah ( )
AP, = p(Tamb)gAh (3/76)

Pressure drop measurements were taken with forced convection using the pump, with flow
downwards through the heater and upwards through the heat exchanger. The loop was
isothermal, with less than 1°C temperature rise across the heater, and less than 4°C between the
maximum and the minimum temperatures on the loop. Data for pressure drop was collected on
three days. The collected data is given in Table 3-17. The calculation for the predicted friction
coefficient, fyprediced, assumes laminar flow.
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Table 3-17. Data for friction losses in the heater element of the CIET Test Bay

# m APy, Thav  Tambient | Hn Ph Ren APy F'y fh fh
(M73- pred
M72) icted
[kg/s]  [m] [°C] [C] [Pa-s] [kg/m3] [-] [Pa] [1/m4] -1 []
1 0.0514 2.100 31.8 18.6 |0.00319 1051.0 622 21,882 1.74E+10 1.14 0.10
2 0.0481 2.053 328 186 [0.00308 1050.1 601 21,392 1.95E+10 1.28 0.11
3 0.0444 1894 33.1 186 [0.00306 1049.9 560 19,736 2.10E+10 1.38 0.11
4 0.0428 1.797 33.6 186 [0.00301 1049.5 548 18,725 2.15E+10 1.41 0.12
5 0.0408 1.721 34.0 18,5 |0.00297 1049.1 531 17,934 2.26E+10 1.48 0.12
6 0.0397 1.658 34.4 185 [0.00293 1048.8 523 17,278 2.30E+10 1.51 0.12
7 0.0372 1.587 34.8 18.6 |0.00290 1048.5 495 16,537 2.50E+10 1.64 0.13
8 0.0947 1.535 27.3 204 |(0.00375 1054.8 973 15972 3.76E4+09 0.25 0.07
9 0.1131 1.465 294 19.8 |0.00347 1053.0 1,258 15,251 2.51E+09 0.16 0.05
10 0.1378 1.455 308 19.8 [0.00330 10519 1,608 15,147 1.68E+09 0.11 0.04
11 0.1586 1.470 314 19.8 |0.00324 10514 1,890 15,303 1.28E+09 0.08 0.03
12 0.1706 1.760 32.6 19.7 |(0.00311 1050.3 2,116 18,323 1.32E4+09 0.09 0.03
13 0.1417 2.505 33.4 19.6 |0.00303 1049.7 1,804 26,081 2.73E+09 0.18 0.04
14 0.1314 1.465 25.0 20 0.00412 1056.8 1,228 15,248 1.87E4+09 0.12 0.05
15 0.1889 2.180 25.0 20 0.00412 1056.8 1,766 22,690 1.34E+09 0.09 0.04
o

dw/An [1/m] 38.56

In order to minimize uncertainty, instead of calculating a correlation for the nondimensional
friction coefficient, f,, we calculate F'. The parameter F'y(Rey) is an input to calculating the
natural circulation steady state mass flow rate is. To obtain the nondimensionless friction
coefficient, fy, from F', one must divide by the constant Cy, that depends on the dimensions of the
heater. Because the dimensions of the heater annulus are very small, the uncertainty for C, is 17%.
To avoid the introduction of this large uncertainty, we will work with F', instead of f;.

Assuming a laminar friction coefficient, it is possible to back-calculate the dimensions of the
annulus from measured pressure drop data; the results are given in Table 3-18. There is a 5% (+/-
Imm) discrepancy between the back-calculated values, and the measured dimensions of the
annular heater; this is outside of the measurement uncertainty bands, which are 1% for the back-
calculated value, and 2% for the measured value. Thus, there must be a systematic system error
that leads to a smaller effective hydraulic diameter. These reasons could be:

0 the steel tubes are not perfectly concentric
0 the teflon spacers that separate the two tubes may disrupt the laminar boundary layer,
and thus boundary layer development may be occurring several times along the length of
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the tube; boundary layer development is associated with higher friction losses, which
then necessarily appear as a smaller effective hydraulic diameter

0 the annulus is physically smaller due to deposition of decomposed organic material in

contact with the hot heater surface, or deposition of other debris; inspection of the
heater element upon disassembly can verify this, however, given that the loop operated a
total of less than ten days at high temperature, it's hard to believe that a Imm coating
could have formed in such a short time.

Note, however that d/A;, which is needed for calculating Reynolds, changes only by 1% or
less between the back-calculate geometry dimensions and the assumed geometry dimensions. So
generating a correlation for F' versus Reynolds number, from the pressure drop measurements, is
a good approach to circumventing the large uncertainty in Cy,ds, and Ay,

Table 3-18. Dimensions of annular heater element on the CIET Test Bay

As measured before  Back-calculated

(ST units) assembly, at room from pressure
temperature drop data

0D of annulus 0.01930 0.01827

ID of annulus 0.01372 0.01441

Hydraulic diameter, dj 0.005580 0.003867

Annulus length, Ly 1.7810 1.78100

Cross-sectional area, 4, 1.447E-04 9.925E-05

dn/An 38.56 38.96

Ch 1.52E+10 4.68E+10

Figure 3-15 shows the correlation for F' versus Re from data runs 8-15, and the correlation
from all data. The data that was collected at lower mass flow rates (run #1-7) yields a
suspiciously high friction coefficient, and a Reynolds correlation with an expectedly high
exponent for the Reynolds number. At Reynolds number below 700, we expect laminar flow
with a 1/Re dependence, and instead we observe a 1/Re** dependence. This type of erroneous
data can be caused by bubbles entrained in the flow, or gas pockets trapped in the manometer
lines. The data for Reynolds below 700 was collected in one day and repeatability cannot be
verified, the data in the higher Reynolds range was collected on two different days and we see an
indication of good repeatability. Because at this point additional data is not available, the best
option is to use the correlation based on runs 8-15, and extrapolate it in the lower Reynolds
region.
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Figure 3-15. Empirical friction coefficient for the heater element of the CIET Test Bay. Correlation used,
showing data runs 8-15 (left), and all collected data (right).

3.7.3 Natural circulation transients

Even though the CIET experimental natural circulation was not scaled to simulate specific
transients of FHR, a few conclusions can be drawn from the transient data collected on CIET.
Figure 3-16 shows the data for a natural circulation transient, as a representative example. The
two key metrics that characterize natural circulation performance are mass flow rate and
temperature rise across the heater.
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Natural Circulation, Raw Data - Steady State Data Point 6
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Figure 3-16. Experimental data for natural circulation transient

Mass flow rate is a directly measured parameter for natural circulation flow. From a mass
flow rate point of view, the loop reaches steady state instantaneously, since the [T, non-
dimensionless parameter for the CIET natural circulation transients is much greater than 100;
for data point 6 is it 418, with the reference mass flow rate defined as the steady state natural
circulation mass flow rate (see Table 3-20). This means that the response of the natural
circulation loop to power fluctuations is driven by the change in temperature distribution
around the loop.

The temperature rise across the heater is an important metric for the performance of heat
removal systems driven by natural circulation. For the CIET Test Bay, the thermal response of
the heater depends on the fluid residence time, which is 6% of the residence time in the entire
loop (18 seconds for Data Point 6). If the heat input to the fluid is increased by a step change,
then the temperature rise across the heater will reflect the full power only after a duration equal
to the residence time of the fluid in the heater.
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The thermal response of the heater also depends on the thermal inertia of the stainless steel
heater element, for transients that lead to a significant change in the average temperature of the
heater. The temperature of the heated outer tube is measured and it depends on the power
input, the bulk fluid temperature, and the convective heat transfer coefficient. The temperature
of the adiabatic inner tube reaches equilibrium with the fluid temperature at steady state.

For example, if there is a power ramp up that leads to 100°C increase in the average
temperature of the heater, the power input required to raise in 100s the temperature of the outer
steel tube is 1.8kW, and the inner steel tube 0.6 kW. These are not insignificant values,
compared to the 2.7 kW power input to the heater. The thermal inertia of the outer stainless
steel tubes will lead to a power input to the fluid that has a slower step change than the power
input to the steel tube. The thermal inertia of the inner tube will act as a temporary heat sink,
further slowing down the step change in the power input to the fluid. This effect will depend on
the convective heat transfer coefficient between the fluid and the inner and outer tubes, and its
timescale is likely dominant compared to the fluid residence time in the heater.

The heater outlet is instrumented with three in-fluid thermocouples: one immediately
downstream of the heater, and one a few inches downstream. As long as there is a time-variation
in the power input to the fluid (due to thermal inertia of the steel tubes, or due to change in
power input to the heater), the temperatures at the two locations will read slightly different
values. This is indeed what is observed in Figure 3-16.

The data shows significant temperature drop on the hot leg, and significant temperature
stratification at the end of the hot leg. It also shows a temperature rise on the cold leg. This can
be due to one or several of the following phenomena: thermal inertia of the piping, and mixing
between flowing fluid and fluid in the static legs that branch off from the hot leg, and heat
losses.

The thermal mass of the copper piping alone cannot account for the temperature drop across
the hot leg. The power loss and the energy loss between the inlet and the outlet of the hot leg, as
a function of time, are plotted in Figure 3-18. Heat losses alone cannot account for the
temperature drop on the hot leg as long as this temperature drop, as well as the stratification at
the heat exchanger inlet, continue to diminish over time, while the heater outlet temperature
and the mass flowrate remain relatively constant.

The effect of static legs was investigated by installing temperature measurements on the
surface of a hot leg piping. There is a point on the hot leg where two static legs connect to the
hot leg, through a cross fitting. Thermocouples were installed on the exterior surface of the
copper piping immediately upstream and immediately downstream of the cross (see Figure
3-17). A very large temperature drop was observed across this cross. Thermocouples were also
installed on the exterior surface of the copper piping immediately downstream of the heater
assembly, at the same point in the flow line, but at three different locations around the copper
pipe. These measurements indicated that some vertical stratification can be detected at the
outlet of the heater, despite conduction around the copper pipe, and despite some mixing in the
fittings at the outlet of the heater. However, the magnitude of this stratification is much smaller
compared to the temperature drop at the cross. This indicates that the static legs lead to fluid
exchange between the cold fluid in the static legs and the hot fluid flowing in the hot leg. In this
arrangement, the fluid exchange is aided by buoyancy; it is possible that fluid exchange with
static legs also occurs in a horizontal arrangement, without the aid of buoyancy.

The energy stored in the total mass of fluid in the static legs cannot account for the observed
temperature drop in the hot leg. The temperature drop across the cross persists over a long
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period of time during natural circulation, and is zero during forced circulation. Neither of the
static legs is insulated, so they provide a continuous source of cold fluid. A local natural
convection cell likely establishes between the hot leg, and the higher elevation uninsulated
static leg. If the cold fluid is 80°C below the hot fluid, then in order to maintain a 10°C
temperature drop on the hot leg, the fluid exchange rate with the static leg must be 14% of the
natural circulation flowrate in the loop.
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This transient natural circulation data provides an important data set for validation of the
application of thermal-hydraulic systems codes to the modeling of heat removal by natural
circulation with liquid fluoride salts and its simulant fluids. Liquid fluoride salt coolants are
high Prandtl number fluids (10-20), they have a high volumetric heat capacity, which leads to
very low flow rates and high fluid transit times. They also have a relatively high viscosity, which
leads to very low Reynolds numbers, which, among other effects, leads to ample opportunities
for local buoyancy effects to play a role in the temperature and flow distribution of the fluid.
Buoyancy effects were studied in Chapter 2,, and were demonstrated to have an important effect
on the temperature distribution in the core, during decay heat removal. The experimental data
in this section provides another example of local buoyancy forces driving fluid exchange of the
natural circulation flow loop with fluid in otherwise static legs.

Figure 3-19 plots the transient natural circulation data that can be used for validation
studies. Three type of transients were run: initiation of natural circulation from isothermal
conditions, upon pump shutdown, power ramp-up, and power ramp-down, while the loop
operates in natural circulation. The system code should be capable of modeling fluid flow with
natural circulation, with appropriate fluid residence times around the loop; it should also model
thermal inertia of the piping; it should be able to simulate mass exchange with the static legs in
a simplified manner, as a mass source immediately followed by a mass sink; and it should be able
to simulate heat losses through the piping. Momentum inertia effects are negligible.
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Figure 3-19. CIET Test Day Natural Circulation Transient Data

374  Steady state natural circulation results

Steady state natural circulation data is compared against natural circulation calculations
based on the measured friction losses in the heater element. The effective loop elevation, Azyc, is
calculated based on the measured temperatures around the natural circulation loop. Bulk fluid
temperature around the natural circulation loop is measured at discrete points, and the
temperature profile was assumed to be linear on each pipe segment between two adjacent
temperature measurement points. The results are given in Figure 3-20. With the exception of
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one data-point, the data agrees with the expected values for temperature rise across the heater,
and mass flow rate.

Table 3-19. Natural Circulation Steady State Data, Raw Data

Run Power m m err Th,av AT AT AT AT AT hx inl_e t
’ heater  hotleg HX coldleg stratification

# w kg/s % °C °C °C °C °C °C

1 4,725  0.0188 13% 111 138.7 -16.45 -128.15 5.9 12.5
2 5317  0.0193 13% 114 152.5 -18.1 -136.1 1.7 13.4
3 1,707  0.0133 19% 74 79.2 -2.75 -87.55 111 2.3

4 2,396  0.0145 17% 77 99 -13.95 -89.05 4 10.5
5 4,821  0.0175 14% 104 154.6 -22.2 -128.9 -3.5 15.6
6 2,748  0.0147 94% 86 100.4 -25.85 -84.35 9.8 20.5
7 5,295 0.019 73% 116 148 -15 -137 4 10
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Table 3-20. Natural Circulation Steady State Data, Calculated Parameters

Run

# ZNC (m) Ren I
1 1.12 867 246
2 1.09 922 229
3 1.23 398 595
4 1.12 452 515
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6 1.20 520 440
7 1.11 921 230
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Figure 3-20. Experimental results for steady state natural circulation.
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There is one data-point for which the temperature rise across the heater is lower than
predicted. The reason for this discrepancy could be that the loop hadn't yet fully reached steady
state. The transient that lead to this steady state data point, data point 6, was a loss of forced
circulation (the pump was turned off), and the transient data is plotted in Figure 3-16. The
initial condition was an almost isothermal loop with temperatures between 45 and 50°C. The
transient ran for 10 minutes after initiation, and with the residence time around the loop at the
measured steady state flow rate being 4.6 minutes. It is difficult to estimate the temperature at
the top of the heat exchanger, because the two adjacent thermocouples at that location read
temperatures that were 20°C apart, due to significant stratification in the hot leg. It is also
possible that the assumption of linear temperature profile with elevation, for the hot leg, is
inaccurate for this data point, which has a very high temperature drop across the hot leg. If the
static legs provide cold fluid to the hot leg, the effective elevation, zyc, of the natural circulation
loop will increase, because the static legs connect to the hot leg at an elevation that is higher
than the heat exchangers.

It is also informative to compare the results against the pre-predictions (Figure 3-21). The
pre-predictions were calculated for two average heater temperatures, 40°C and 150°C. The
average heater temperature for collected data was in-between these two values, and its value is
shown at the top of the plot. The temperature rise was much higher than the pre-predictions,
because the friction losses on the heater were much higher than expected. This discrepancy is
partly a consequence of small geometric dimensions with large tolerances, which leads to high
uncertainty in the flow velocity through the heater element.

Temperature Rise Across the Heater

1
200 + I I yO 50
100 O
160 e
|_.C
40
O 1201 J z
S 1 N .
= d\o’{\oﬂ‘ & c®”
= e 9@ Tl
< of transitional flow
80 e oo
40 1 = measured
e predicted
0 g T y . — - 1
0 2000 4000 6000 8000 10000

Q (W)

Figure 3-21. Data comparison with prediction (experimentally derived correlation for friction losses), and
with pre-prediction (literature correlations for friction losses)
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3.8 Conclusions

The non-dimensionalized governing equations for a one-dimensional model of a natural
circulation loop, cooled by a single phase fluid, were presented here. The scaling arguments were
established for a transient natural circulation loop, for loops that have long fluid residence time,
and negligible contribution of fluid inertia to the momentum equation. An degree of freedom
analysis shows that models with simulant fluids can be designed at any power level. The
temporal decomposition of a nuclear reactor transient that relies on natural circulation decay
heat removal is given as an illustrative example.

The special case of natural circulation decay heat removal from a pebble bed reactor was
analyzed. A way to define the Reynolds number in a multi-dimensional pebble bed was
identified. This method allows for a one-dimensional treatment of the packed bed, while
preserving the integral behavior of the core from the point of view of friction losses and heat
transfer coefficient. A way to replicate pebble bed friction losses by using an annular pipe and a
needle valve was proposed. The scaling methodology was presented. It is a significant
convenience for the design of IETs to construct a straight channel heater section, which models
the behavior of a pebble bed with very little distortion.

A comparison among liquid coolants, of the performance of steady state natural circulation
heat removal from a pebble bed was performed. Unlike for flow through a pipe, a constant
performance metric cannot be derived for pebble bed systems; fluid comparisons must be done
for the specific power level, and flow configuration of interest. For the PB-FHR core, flibe has
the best performance of all the alternative fluoride salt coolants, and it has far better
performance than liquid metal coolant. Compared to pressurized water, flibe has equivalent
performance for axial flow through the pebble bed, and poorer performance for radial flow
through the bed.

Natural circulation experimental data indicates that static legs can play a significant role in
the performance of natural circulation loops. The effect of non-linear temperature profiles on the
hot or cold legs or other segment of the flow loop, which may develop during transient
scenarios, should be considered when modeling the performance of natural circulation loops.

The fluid thermophysical properties of liquid fluoride salts lead to design of systems with
low flow velocities, and hence high fluid residence times. This, along with a high volumetric heat
capacity, leads to relatively slow thermal transients of the reactor system, which is highly
desirable feature for a nuclear reactor's response to an accident initiating event. Slow thermal
response may also be a desirable feature if it leads to decoupling of thermal phenomena from
other, more rapid phenomena, simplifying the modeling requirements of the system. The low
flow velocity and the relatively high viscosity of the fluoride salts lead to low Reynolds number
flows, and a low Reynolds number in conjunction with a sufficiently high coefficient of thermal
expansion makes the system susceptible to local buoyancy effects. Buoyancy effects on sub-
component temperature distribution and pressure drop should be investigated by phenomena
characterization models. This topic was addressed in Chapter 2, for a heat generating pebble
bed cooled by liquid fluoride salts.

The transient natural circulation data provided here is an important data set for validation of
the application of thermal-hydraulic systems codes to the modeling of heat removal by natural
circulation with liquid fluoride salts and its simulant fluids.
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3.81 Future work

For future experimental studies, better approaches should be explored for the measurement
of bulk fluid temperature, when significant stratification of the flow is expected. Heavy
instrumentation of the exterior surface of piping is also recommended, in order to identify
thermal stratification, when it occurs, and in order to verify the assumptions about the
temperature vs. elevation profile of the loop.

System design and future experimental studies should avoid design of components with
geometries that require small dimensional tolerances and lead to high uncertainties in the flow
velocity, and hence to high uncertainties in the operational parameters of the system of
experimental set-up. With regards to this consideration, changes in geometry due to thermal
expansion, vibration, erosion, corrosion and material deposition, and other operational
conditions should also be taken into account. As a negative example, a long annular heater, with
high aspect ratio between the outer heater diameter and the annulus width, and high aspect
ratio between length and diameter leads to high uncertainty in the flow cross-sectional area due
solely to manufacturing tolerances for the heater tubes. Differential thermal expansion, and the
potential tube-curving and non-concentricity lead to further distortion.

Numerical system models for transient natural circulation cooling with liquid salts should
have the capability to appropriately average flow velocity through the pebble bed, and to
appropriately model the fluid transit time, and the thermal inertia of the piping. Modeling of the
momentum inertia can tolerate relatively larger distortions. Capability to model the effects of
static legs is desirable. Capability to integrate local buoyancy effects is also desirable, and the
implementation approach should be guided by separate studies for characterization of buoyancy
effects at the sub-component scale. The transient natural circulation data presented here should
be used as an initial validation case. For use in future validation studies, the isothermal pressure
drop measurements for the heater element on the CIET Test Bay facility should be repeated at
lower Reynolds number.
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CHAPTER 4

Conclusions

This dissertation treated system design, modeling of transient system response, and
characterization of individual phenomena, and demonstrated a framework for integration of
these three activities, early in the design process of a complex engineered system. The case
studies used in this dissertation were derived from the design and safety analysis of a pebble bed
fluoride salt cooled high temperature nuclear reactor (PB-FHR), currently under development at
the university and national laboratories level.

A system analysis framework for prioritization of experiments, modeling, and development
of detailed design is proposed. Two fundamental topics in thermal-hydraulics were discussed,
which illustrate the integration of modeling and experimentation with reactor design and safety
analysis: thermal-hydraulic modeling of heat generating pebble bed cores, and scaled
experiments for natural circulation heat removal with Boussinesq liquids.

The phenomena identification and ranking table (PIRT) is a structured methodology that
relies on expert elicitation to identify and prioritize modeling capabilities and experimental
facilities that are needed for design and analysis of complex systems. PIRT was developed as one
of the tools in the probabilistic safety analysis of nuclear reactors, and it has applicability to any
well-defined complex system. Previously, the PIRT process has been applied to reactor designs
much further down on the technology development pathway (reactors in operation, or reactors
for which detailed engineering design exists), and for designs where a wider base of expert
knowledge exists. This chapter studied the application of the PIRT process much earlier in the
design of the reactor. In the context of the PIRT methodology, new tools and approaches were
proposed and demonstrated here, which are specifically relevant to technology in the early
stages of development, and to analysis of passive safety features. The case study discussed here
was thermal-hydraulic analysis of PB-FHR.

The well-known PASSC and H2TS system decomposition schemes were applied in a
complementary manner. Definition of system functional requirements complemented
identification and compilation of the current knowledge base for the behavior of the system.
Two new graphical tools were developed for ranking of phenomena: phenomena ranking map,
and phenomena identification matrix (PIRM). Phenomena ranking is performed for each of the
fields defined by the H2TS scheme, and an important element that these new tools add is the
ranking of system and subsystem coupling.

The functional requirements established through this methodology were used for the design
and optimization of the core, and for the transient analysis and design of the passive natural
circulation driven decay heat removal system for PB-FHR. The PIRM results guided the
modeling approach for the annular pebble bed reactor core, in terms of the phenomenology
included in the model, and the system-to-system coupling taken into account in the model. The
phenomena ranking map guides the design of integral effects experiments for the natural
circulation decay heat removal system. The thermal-hydraulic PB-FHR PIRM identified a
decomposition scheme, the major components of the natural circulation loop in the primary
system, and the dominant phenomena. The knowledge level raking applied to the PB-FHR

CONCLUSIONS 108



PIRM, identified convective heat transfer in pebble beds as an important phenomenon with
significant knowledge gaps.

A numerical modeling approach for heat-generating porous media, with multi-dimensional
fluid flow was presented. Fluid flow and pressure distribution in the core were solved for using
the momentum equation for flow through a homogenous porous media. The energy equation for
the fluid phase was solved separately from the energy equation for the solid phase. For the solid
phase, multi-scale conduction equations were solved for; heat generating fuel particles are
embedded in pebble fuel elements that are randomly packed and form a homogeneous porous
medium. The application of this modeling approach to the PB-FHR annular pebble bed core
cooled by fluoride salt mixtures generated a model that is called Pod. Model verification shows
good agreement of Pod results with analytical calculations for simple fluid flow configurations.

Pod is primarily a design tool for reactor design optimization, and for design of experiments.
It can generate high resolution temperature and flow distributions, it is flexible in terms of
changing the geometry and adding features or additional phenomenology, and the solving time is
relatively short. Parametric studies can be automatically set-up, for optimization studies, or
sensitivity studies. Pod also generates important data that can be used for code-to-code
comparisons for thermal-hydraulic system codes used to model the transient response of PB-
FHREs.

Pod was used to generate a flow distribution in the core that optimizes core pressure drop
and effective average fuel temperature in the core. This optimized core is used as a point design,
and computation results are shown for full power operation, and decay heat removal operation
of this core. A correlation for the pressure drop through the core, as a function of core mass flow
rate, was generated for this optimized core design; this is important for the design and transient
analysis of natural circulation driven decay heat removal from the pebble bed core, which is
discussed in Chapter 3.

Pod was used to show the effect of buoyancy on temperature distribution in the PB-FHR
core. At decay heat power levels, with non-uniform heat generation in the pebble bed, buoyancy
leads to significant flow redistribution in the core, and core outlet temperature variations are
only a few degrees Celsius, compared to 50°C in the absence of buoyancy. This means that the
core behavior during decay heat removal is relatively insensitive to the power peaking profile in
the core. This has positive implications for the design of integral effects experiments, and for the
modeling of transients that require coupling of thermal-hydraulics and neutronics core
responses. The effects of the temperature-dependent viscosity were shown to be similar to those
of buoyancy, but much less significant. Separate effects experiments that validate these effects in
het-generating porous media cooled by fluoride salt mixtures should be designed. The
temperature-dependence of viscosity is expected to have a second order effects, and
investigating these effects should have lower priority than investigating buoyancy effects.

The non-dimensionalized governing equations for a one-dimensional model of a natural
circulation loop, cooled by a single phase fluid, were presented here. The scaling arguments were
established for a transient natural circulation loop, for loops that have long fluid residence time,
and negligible contribution of fluid inertia to the momentum equation. A degree of freedom
analysis shows that models with simulant fluids can be designed at any power level. The
temporal decomposition of a nuclear reactor transient that relies on natural circulation decay
heat removal was given as an illustrative example, of the progression of an accident scenario that
relies on natural circulation for decay heat removal from the nuclear reactor core.
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The special case of natural circulation decay heat removal from a pebble bed reactor was
analyzed. A way to define the Reynolds number in a multi-dimensional pebble bed was
identified. This method allows for a one-dimensional treatment of the packed bed, while
preserving the integral behavior of the core from the point of view of friction losses and heat
transfer coefficient. A way to replicate pebble bed friction losses by using an annular pipe and a
needle valve was proposed. The scaling methodology was presented. It is a significant
convenience for the design of IETs to construct a straight channel heater section, which models
the behavior of a pebble bed with very little distortion.

A comparison among liquid coolants, of the performance of steady state natural circulation
heat removal from a pebble bed was performed. Unlike for flow through a pipe, a constant
performance metric cannot be derived for pebble bed systems; fluid comparisons must be done
for the specific power level, and flow configuration of interest. For the PB-FHR core, flibe has
the best performance of all the alternative fluoride salt coolants, and it has far better
performance than liquid metal coolant. Compared to pressurized water, flibe has equivalent
performance for axial flow through the pebble bed, and poorer performance for radial flow
through the bed.

Natural circulation experimental data indicates that static legs can play a significant role in
the performance of natural circulation loops. The effect of non-linear temperature profiles on the
hot or cold legs or other segment of the flow loop, which may develop during transient
scenarios, should be considered when modeling the performance of natural circulation loops.

The fluid thermophysical properties of liquid fluoride salts lead to design of systems with
low flow velocities, and hence high fluid residence times. This, along with a high volumetric heat
capacity, leads to relatively slow thermal transients of the reactor system, which is highly
desirable feature for a nuclear reactor's response to an accident initiating event. Slow thermal
response may also be a desirable feature if it leads to decoupling of thermal phenomena from
other, more rapid phenomena, simplifying the modeling requirements of the system. The low
flow velocity and the relatively high viscosity of the fluoride salts lead to low Reynolds number
flows, and a low Reynolds number in conjunction with a sufficiently high coefficient of thermal
expansion makes the system susceptible to local buoyancy effects. Buoyancy effects on sub-
component temperature distribution and pressure drop should be investigated by phenomena
characterization models. This topic was addressed in Chapter 2, for a heat generating pebble
bed cooled by liquid fluoride salts.

The transient natural circulation data provided here is an important data set for validation of
the application of thermal-hydraulic systems codes to the modeling of heat removal by natural
circulation with liquid fluoride salts and its simulant fluids.

4.1 Future Work

Future PIRM studies should map system coupling across multiple fields: neutronics, fluid
momentum equation. As further understanding is gained about the PB-FHR system, the
matrices should be updated.

Experiments are needed to investigate the applicability of the Ergun equation for friction
coefficients in a pebble bed to geometries more complex than straight channels. Multi-
dimensional flow in cylindrical coordinates, and non-isothermal bed conditions may
significantly modify the friction loss coefficients. Pod can be used as a tool for design of
experiments.
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To demonstrate the validity of the Pod model describes here, experimental data should be
obtained for heated multi-dimensional flow in porous media, and code-to-code benchmarking
should be performed. In the future, if Pod will be used and developed by several users, some form
of version control will have to be implemented.

Future developments for Pod that require relatively little effort include addition of thermal
radiation heat transport, addition of dispersion effects for flow in porous media, migration for
the Mathematica code for the fuel element conduction equation to the COMSOL model, and
design of a temperature data output file that matches the mesh uses in the neutronics model.
More elaborate developments for Pod include demonstrating capability to run transient
problems, and implementing semi-permeable walls as boundary conditions for the fluid outlet
faces. As features are added to Pod, the built-in verification calculations should be updated, and
additional checks should be added, as appropriate.

For future experimental studies better approaches should be explored for the measurement
of bulk fluid temperature when significant stratification of the flow is expected. Heavy
instrumentation of the exterior surface of piping is also recommended, in order to identify
thermal stratification, when it occurs, and in order to verify the assumptions about the
temperature vs. elevation profile of the loop.

System design and future experimental studies should avoid design of components with
geometries that require small dimensional tolerances and lead to high uncertainties in the flow
velocity, and hence to high uncertainties in the operational parameters of the system of
experimental set-up. With regards to this consideration, changes in geometry due to thermal
expansion, vibration, erosion, corrosion and material deposition, and other operational
conditions should also be taken into account. As a negative example, a long annular heater, with
high aspect ratio between the outer heater diameter and the annulus width, and high aspect
ratio between length and diameter leads to high uncertainty in the flow cross-sectional area due
solely to manufacturing tolerances for the heater tubes. Differential thermal expansion, and the
potential tube-curving and non-concentricity lead to further distortion.

Numerical system models for transient natural circulation cooling with liquid salts should
have the capability to appropriately average flow velocity through the pebble bed, and to
appropriately model the fluid transit time, and the thermal inertia of the piping. Modeling of the
momentum inertia can tolerate relatively larger distortions. Capability to model the effects of
static legs is desirable. Capability to integrate local buoyancy effects is also desirable, and the
implementation approach should be guided by separate studies for characterization of buoyancy
effects at the sub-component scale. The transient natural circulation data presented here should
be used as an initial validation case.
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APPENDIX A
FHR FUNCTIONAL REQUIREMENTS

Al Overview of FHR Technology

PB-FHRs are thermal nuclear reactors, cooled by liquid fluoride salt eutectic mixtures. The
coolant boils at very high temperatures, and does not undergo radiolytic degradation. PB-FHRs
deliver heat at temperatures above 600°C. The core is a randomly packed bed of fuel pebbles.
The fuel form is highly robust coated particle fuel, compacted with graphite filler in the shape of
pebble fuel elements. FHRs employ a passive reactor cooling system, which relies on natural
circulation for decay heat removal, to ambient air as the ultimate heat sink.

UC Berkeley is developing a pebble fuel FHR (PB-FHR). Oak Ridge National Laboratory has
worked on two fixed fuel reactor concepts, AHTR and SmAHTR. The Chinese Academy of
Science (CAS) is developing a pebble fuel FHR, in parallel with beginning efforts for a molten
salt reactor (MSR) program. MSRs are liquid fuel reactors the use the Thorium fuel cycle; the
fuel and the fission products are dissolved in the fluoride salt coolant, and the reactor can be
designed to operate with an on-line reprocessing facility.

A set of four expert workshops was organized in 2012, on the topic for FHR technology
development. The topics of the workshops were (1) system functional requirements definition,
and licensing strategy; (2) phenomena that are unique to FHRs, and modeling codes and
experimental data needs for code validation; (3) materials, components, and instrumentation;
and (4) functional requirements for the FHR test reactor and the technology path forward.

A.2 FHR Functional Requirements

This section identifies the major functional requirements for FHR systems and subsystems,
with a focus primarily on end-user (economics and investment protection, IP) and on meeting
the FHR safety design criteria (SDCs). When necessary other stakeholders requirements are
considered with respect to such issues as safeguards (SG), nonproliferation (NP) and licensing,
Table A-1 provides a preliminary list of plant-level functional requirements.
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Table A-1. Preliminary list of plant-level functional requirements that the FHR design should satisfy

FHR PLANT

Provide synchronized electric power to a large power grid including responding to load
changes from the grid dispatcher

Provide energy at a price that is competitive with other power sources

Protect the health and safety of the public and plant workers

Provide for convenient operation and expeditious maintenance of the plant

Provide for investment protection

Provide for radioactive waste and hazardous material handling and disposal

Protect the environment

Provide for spent fuel storage

Provide for plant security

Provide features to facilitate eventual plant decommissioning

A.3 Functional requirements for the Reactor System

The primary function of the reactor system is to provide heat for the power conversion
system or the process heat application. The FHR reactor system uses a pool-type configuration
with a low-pressure metallic reactor vessel with penetrations only the faulted salt free surface
elevation. Graphite reflector blocks ensure the internal geometry of the core, and provide
neutron shielding to the reactor vessel, neutron reflection, and some moderation. The fuel
system is housed inside the graphite blocks, and the coolant flow paths are provided by channels
in the graphite blocks and/or the fuel assemblies. A core barrel structure surrounds the graphite
blocks and guides the primary coolant flow from the IHX down an annular down-comer to the
bottom of the reactor vessel. Because graphite is buoyant in the primary coolant, upper core
support structures transfer the vertical loads from the reflector structures and fuel to the reactor
vessel and the building structures. The upper core support structures also house additional
instrumentation and equipment. The baseline primary coolant pumps are located at the top of
the reactor, using cantilevered pump shaft traversing the free liquid surface and connecting to
the shaft bearing assemblies and pump motor located above the upper core support structures.
The key subsystems comprising the reactor system are summarized in Table A-2.

Table A-2. Reactor subsystems

REACTOR
Fuel

Primary coolant

Primary pump

Graphite structures

Core barrel & downcomer

Upper core support structures
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In addition to the sub-system specific functional requirements in the subsequent sections,
Table A-3 lists a generic set of functional requirements that must be considered in the design of
each of the sub-sub-systems.

Table A-3. Generic functional requirements for the Reactor System

GENERIC REQUIREMENTS AND CONSIDERATIONS
Emergency preparedness

Post-event instrumentation

Instrumentation for online monitoring

Online maintenance

Maintenance and personnel access requirements
Replaceability requirements

Interface requirements

A31  Functional requirements for the Fuel Subsystem

The functional requirements for the fuel subsystem pertain to the ensemble of fuel elements
and their associated supporting structures, the organization of the fuel elements in the core, the
detailed design of the fuel elements, the detailed design of the coated particles that form the fuel,
and the specific choice of nuclear fuel. These requirements equally apply across the range of
design options for the fuel, such as fixed or pebble fuel, and whatever combination of TRU, LEU
and thorium fuels are selected.

The baseline coated particle fuel is comprised of a fuel kernel enclosed in concentric layers of
a buffer of porous graphite, pyrolitic carbon, silicon carbide, and a final layer of pyrolitic carbon.
The porous buffer layer provides volume for the fission product gases, and the silicon carbide
layer is designed to withstand the thermomechanical stresses from temperature gradients,
build-up of fission product gases, and other mechanical stress. Overall the silicon carbide layer is
designed to retain fission products, and the design of FHRs allows for uniquely large (several
hundreds of degrees Celsius) thermal margins to the failure temperature of fuel particles.

These coated fuel particles are compacted in a graphite matrix to form the desired shape of
the fuel element. The fuel element may contain an outer layer of inert graphite (pebble shell or
fuel plate sleeve), to protect the fuel region from erosion and to prevent generation of dust that
contains fission products or fuel particles. For mechanical strength, heat transfer, or other
considerations, the fuel element may also contain other inert graphite regions.

The functional requirements for the fuel are summarized in Table A-4.

(1) The main function of the FHR to produce heat economically from the nuclear fuel in the
fuel system.

The fuel must sustain a fission chain reaction to generate power (i.e. maintain criticality).
Pebble-bed FHRs are designed to operate at steady-state with low excess-reactivity so that
reactivity can be managed by continuous fuel recirculation and refueling using high-burnup fuel
as a neutron poison rather than dedicated burnable poisons. Fixed fuel FHRs design for excess-
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reactivity at the beginning of cycle of each fuel loading. The excess reactivity at the BOC (and
beginning of equilibrium cycle for multi-batch systems) must be manageable by burnable
poisons and the reactivity control system at normal operating conditions as well as cold zero-
power conditions.

(2) The requirement for economic power generation limits FHR fuel to designs that are
feasible to manufacture at a commercial scale. This requirement limits the coated particle
packing fractions, fuel kernel diameters and coated layer thicknesses to values fuel venders will
be confident in fabricating at a commercial scale. Furthermore, a fuel quality assurance program
must be developed to ensure the fuel meets the design specifications.

The enrichment levels of the fuel also effects manufacturability of the fuel. Fuel fabrication
facilities must increase their criticality safety limits if they upgrade existing light water reactor
enrichment facilities to enrichments above 5w% *U. It is noteworthy that the new GE laser
enrichment facility will be licensed to produce uranium enriched up to 8w%.

Finally, fuel venders must qualify their fuel for use in an FHR and this qualification process
and associated lead-time must be considered in design of the FHR fuel system. Because FHR
fuel has lower peak temperatures that HTGR fuel during normal operation, transients and
accidents, appropriate reductions in qualification processes should be sought in the licensing of
fuel fabrication facilities.

(3) Preliminary economics scoping studies have identified fuel costs as one of the main
concerns for the FHR reactor.

The current fuel cost models for coated particle fuel compacts predict significantly higher
costs per unit mass of nuclear fuel than for LWR fuel, do not account for specific fuel design
parameters and are uncertain because no large scale production capacity exists.

Hand-fabrication batch-process manufacturing and tight quality control have resulted in
high fuel costs for high temperature gas reactor (HTGR) fuel. However, it is envisioned that
continuous manufacturing processes can be developed as the market for particle fuel expand
and it has not been determined if the tight manufacturing tolerances for the HTGR are required
for FHRs.

These fuel costs may be partially offset by going to higher burnups. High burnup can be
achieved by using the highest permissible enrichment fuel and moderating the neutron spectrum
to optimize the balance between fission and breeding while maintaining negative coolant void
reactivity feedback.

(4) The fuel system must interface with the primary coolant system so it can remove the heat
generated in the fuel.

The heat that is generated in each fuel particle kernel is transferred by conduction to the
surface of the fuel particle, then again through conduction to the surface of the fuel element, and
convected from the fuel element surface to the coolant. In the TRISO particle, the dominant
resistance to heat transfer is the buffer layer, which has a low thermal conductivity that
dependent on its porosity, burn-up, radiation damage and temperature.
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At the fuel element scale, the resistance to heat transfer is the function of fuel element
geometry and the thermal conductivity of the fuel and the non-fuel regions. Cracks or other
undesired gaps in the fuel element, such as layer delamination, would increase the thermal
resistance. The thermal conductivity of the graphite will be dependent on irradiation dose and
temperature. Mechanical integrity of the fuel element is important, to ensure a predictable
conduction path to the surface of the fuel element.

Convective heat transfer at the fuel element surface is a function of the geometry at the
surface of the fuel element, and the geometry surrounding the fuel element which affects the
thermal boundary layers formed on the fuel surface. The latter is dictated by the arrangement of
the fuel in the core.

(5) The fuel must also interface with the fuel loading and unloading system.

In a pebble bed FHR, this requirement dictates that the fuel must be buoyant in the primary
coolant, must be subcritical when being handled outside the core, must accommodate being
moved either mechanically or hydrodynamically, must enable the fuel handling system to
measure its burnup non-destructively and must minimize the probability of bridging or
blocking the defueling channel of the core.

In a fixed fuel FHR, this requirement dictates that the fuel assemblies interface with a
refueling and shuffling machine and must be subcritical when being handled outside the core.
Because the position of each fuel element is known the burnup of each fuel element can be
predicted with numerical simulation, so no burnup measurement system is required.

(6) The fuel system must provide a barrier to radionuclides generated in the fuel kernel.

The key barrier to radionuclide release is the silicon carbide layer in the coated fuel particle.
To maintain this fission product retention function, the coated fuel particle must stay intact.
Thus, the coated layers must endure internal fission gas pressure, thermomechanical stresses
from temperature gradients with radiation-degraded properties and the coated fuel particle
design must protect against kernel migration (i.e. the amoeba effect).

Furthermore, the fuel element must be resilient against crushing and other mechanical that
could release fuel particle debris. The fraction of fuel elements that might fail mechanically must
be kept small, and the means for recovering fuel element fragments from the coolant be provided
in the reactor system design.

(7) The FHR fuel system must have a stable power level and power shape under all
anticipated operating states, including start-up. Negative temperature reactivity feedback
mechanisms are required to maintain stable reactor operating dynamics. The Doppler
broadening effect in **U provides strong negative fuel kernel temperature reactivity coefficients.
The graphite in the fuel element (coated particle layers, matrix and other fuel element graphite)
does not significantly contribute to the reactivity feedback, because the graphite density is not
sufficiently sensitive to temperature and its moderating effect remains relatively constant with
temperature change. The fuel must also be under-moderated under all operating conditions, so
that the coolant void and temperature reactivity coefficients are negative.
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Establishing steady state is challenging for the pebble-bed variants of FHRs because the fuel
is designed for equilibrium operation with a specific distribution of burnups (and thereby
reactivities) in the pebbles. However, at the beginning of life only fresh pebbles with high
reactivity and no burnup are available. The core loading and start-up strategy envisioned for the
PBMR entails diluting the core with inert graphite pebbles and increasing the concentration of
fueled pebbles until criticality is reachedError! Reference source not found.. FHRs cannot
employ this strategy because the fuel-to-moderator in the pebbles should remain
undermoderated during core loading to maintain negative coolant void reactivity coefficients (so
voiding the coolant makes the system even more undermoderated removing reactivity).
Therefore, employing the PBMR strategy would involve passing through a fuel to moderator
ratio with positive coolant void reactivity coefficients. Therefore it is expected that the FHR
core loading process should involve starting with pebbles that contain neutron poisons (e.g.,
thorium or other neutron absorbers) and gradually substitute fuel pebbles, ensuring that
criticality is approached from an undermoderated condition.

(8) For Anticipated Transient Without Scram (ATWS) response, the difference between the
average fuel temperature and the bulk coolant temperature under power operation should be
well understood, because this temperature difference is a key parameter governing ATWS
response. Under beyond design basis conditions where the reactor heat sink is lost and/or
forced circulation of the primary coolant is stopped and the reactor does not scram, the reactor
undergoes a transient where the coolant and fuel reach temperatures sufficiently to shut down
the fission process. Because the coolant is at a lower initial temperature than the fuel, the
coolant temperature will rise, inserting negative reactivity, while as the fuel temperature drops
providing positive reactivity insertion. The final equilibrium temperature reached by the
coolant is important to predict, as this will determine the maximum temperatures reached by
key primary loop structures including the THX and RPV for this beyond design basis event.

(9) In addition to the end-users and the NRC, the International Atomic Energy Agency
(TAEA) is a stakeholder in the FHR program with respect to safeguards and non-proliferation.
Therefore, the fuel cannot pose a significant safeguards or nonproliferation risk. The uranium
enrichment must remain less than 20w% U to remain classified as low-enriched uranium.
Additionally, while previous studies have concluded that the TRISO fuel form provides greater
challenges to reprocessing to recover fissionable material, FHR fuel handling systems must be
designed to facilitate the application of TAEA safeguards.
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Table A-4. Summary of functional requirements for FHR fuel. The highlighted requirements are directly
derived from top-level safety requirements.

FUEL SUBSYSTEM FUNCTIONAL REQUIREMENTS

1. supply heat for power conversion system economics

2. be feasible to manufacture economics

3. minimize energy output normalized fuel cycle costs economics

4. interface with primary coolant system economics, SDC3
5. interface with fuel handling system economics

6. provide barrier to radionuclides generated in fuel kernel SDC1

7. have stable power level and power shape under anticipated SDC2,SDC1
8. respond gently in transients events P

9. fuel enrichment SG,PS
A32 Functional requirements for the Primary Coolant Subsystem

Figure A-1 provides a schematic diagram of the coolant flow paths in the core. The functional
requirements for the primary coolant are summarized in Table A-5 and they are discussed

below.
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Figure A-1. Primary coolant flows and inventories, for a pebble bed FHR. The blue boxes indicate the solid
constituents of the SSCs in contact with the primary coolant.

(1) The primary function of the primary coolant is to remove heat from the fuel and transfer it
to the intermediate loop. This functionality corresponds to SDC 3.

To flow through the primary loop the coolant must remain the in the liquid phase in all states
of the FHR including startup and DBEs. The thermal margin to its boiling point at atmospheric
pressure is much higher than the thermal margin to its freezing point. Thus, overcooling
transients must be protected against in FHRs.
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The baseline primary coolant, flibe, intrinsically has beneficial thermal fluid properties such
as high volumetric heat capacity and density temperature dependence that can establish natural
circulation for effective passive heat removal.

(2) The primary coolant must interface with the primary pump and intermediate heat
exchanger.

The candidate materials for the intermediate heat exchanger include Alloy N, SS 316, and
Alloy 800H. The IHX must be designed in accordance ASME Section III, Division 5 code
requirements, which specify allowable stresses that depend upon operating and transient
temperatures, to prevent unacceptable creep deformation and damage. These limits are key
topics for Workshops 2 and 3. This functionality corresponds to SDC 3.

(3) The primary coolant must interface with the fuel and fuel handling system.

The fuel and primary coolant systems are tightly coupled neutronically. Thus, to ensure
stable power levels (a functional requirement for the fuel system) the coolant must have
negative temperature reactivity coefficients and negative void reactivity coefficients. To ensure
negative temperature feedback from the coolant, the coolant must provide neutron moderation,
so when the coolant voids with increasing temperature, negative reactivity is inserted. This
functionality corresponds to SDCs 2.

(4) The primary coolant must interface with the graphite reflector system.
(5) The primary coolant must interface with the core barrel and reactor vessel.

Like in the intermediate heat exchanger, the metallic components in the core barrel and
reactor vessel must be designed in accordance with ASME Section III, Division 5.  This
functionality corresponds to SDCs 3, 4 and 5.

The primary coolant should have low corrosivity with all components it interfaces with. A
primary function of the coolant chemistry, particulate and inventory control system is to
maintain the chemistry of the salt can in a non-corrosive state.

Table A-5. Summary of functional requirements for FHR primary coolant. The highlighted requirements are
directly derived from top-level safety requirements.

PRIMARY COOLANT FUNCTIONAL
1. transfer heat from fuel systems to the intermediate loop economics, IP, SDC
2. interface with primary pump and intermediate heat exchanger economics, IP, SDC
3. interface with fuel and fuel handling systems economics, IP, SDC
4. interface with graphite reflector system economics
5. interface with core barrel and reactor vessel system economics,IP,SDC3,
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A33 Functional requirements for the Primary Pump Subsystem

The primary coolant pumps are located at the top of the reactor, with the pump shaft
traversing the free liquid surface and connecting to the pump motor located above the upper
core structures.

(1) The primary pumps must circulate the primary coolant. The primary pumps must provide
sufficient flow to maintain the design core temperature rise. The flow rate provided by the pump
must be controllable, for start-up, shut-down, and reduced power operation. This requirement
is associated with SDC 3.

The pump must interface with the primary coolant (2).

(4) The primary pump system must be designed with a siphon break to limit the amount of
coolant removed from the primary coolant integral loop if there is a leak in the intermediate heat
exchanger. This requirement is associated with SDC 4.

(5) The design of the primary pump system should protect against overload during accident
transients. This involves developing control logic for the primary pump system during
transients and possibly adjusting coast-down time in systems with passive shutdown rod
insertion.

Table A-6. Summary of functional requirements for FHR primary coolant pumps. The highlighted
requirements are directly derived from top-level safety requirements.

PRIMARY PUMP FUNCTIONAL REQUIREMENTS
1. circulate primary coolant economics, SDC 3
2. interface with coolant economics, SDC 3
3. ensure anti-siphon behavior for intermediate heat exchanger leak IP, SDC 4
4. maintain integrity of safety related components IP, SDC 3,4, and
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Mathematica code for calculating fuel temperatures for PB-FHR
Nov. 2011, R. Scarlat ;
optimization goal: minimize DT from coolant to fuel;
design goals for the pebble: C/HM = 300; density = 1700 kg/m3 (1.7 g/cc);
density depends on: r1, trisoPF, pcore, (rk, r2);
C/HM depends on: r1, trisoPF, pcore, (rk, r2);
optimization parameters:
for pebble DT -rl,r2
for TRISO DT - particle power (packing fraction), kernel size
uncertain parameters: k, kgr, kbuf, kk
->ranges
rk : 1.5*10"-4 to 3*10"-4 m; 4.5*10"-4 m stretch
trisoPF: 5% to 40% ; 50% stretch - note: when dk>0.5mm use max planar packing fraction
pcore: 0.5 g/cc to 1.74 g/ce; 0.4 g/cc stretch

Picked afuel point design, and generated Tav-Tsurf vs. gqcore — implemented thisin COMSOL (as part of
Pod) for calculating average fuel temp, and for doing transients that account for graphite temp.
The parameter values shown below are for the fuel point design that was picked.

Calculations

(*xgeonetryx)

rl=1.0/100; r2=1.3/100; r3=1.5/100;

V2=7m%x4 /3% (r2"3-r1"3); A2 =4 %xmw%xr2"2;

A3=4x7xxr372; Vpebble =nx%x4/3%r3"3;

Vi=n%x4/3%r1l"3; V3=n%x4/3% (r323-r2"3);

(»r T=4. 3%x10"-4; rk=2%x10"-4; r buf =3. 2%x10"-4; %)

rk=1.5%10"-4; rbuf =rk+1%10"-4; rT=rbuf +3%x0.35%10"-4;
ripic=rbuf +0.35%10"-4; rsic=ripic+0.35%10"-4; ropic =rsic+0.35%10"-4;
VT =7n%4/3%rT"3; AK =4 %xnxrk"2; VK =n%x4/3%rk"3;

Vouf =74 /3% (rbuf *"3-rk”3); Vipic=mnx4/3% (ripic”3-rbuf”3);
Vsic=n*x4/3% (rsic”"3-ripic”r3); Vopic=n*4/3% (ropic"3-rsic"3);
(xmaterial propertiess)

k = 15; kgr = k;

kfluid =1;

kbuf =0.5; kk =3.7;

(» (% density calculation x)
pcor e=500; pgr =1740;
pk=10500; pbuf =1000; ppi c=1870; psic=3200; pntrx=1600;
oT=
(pk *VK +pbuf xVbuf +ppi ¢ (Vi pi c+Vopi ¢) +psi cxVsi c) / (Vk+Vbuf + (Vi pi c+Vopi c) +Vsi c);
pfuel =tri soPFxpT+ (1-tri soPF)xpntrx;
ppebbl e= (pcor exV1+pf uel *V2+pgr *V3) / (V1+V2+V3);
(* C/HM cal cul ation =)
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tri soPF=0. 11;
MAU=235%0. 2+238%0. 8;
mk=pk* (VK/VT) %t ri SOPF*V2;
mHVENK *MAU/ (MAU+0. 5x12+2%16); (* (UCO.5Q2) =*)
nSi =pk* (287 (28+12) ) % (Vsi c/VT) xt ri soOPFxV2;
NMT=pT*V2xt ri soPF;
mC=pcor exV1+pgr *V3+V2x (1-tri soPF) xpnt r x+ (MI-nk-nti );
CHM= (nC/12) / (MHM/MAU);  (» 20% enriched %) =)

(» density = 1700, pcore=500; =)

Clear [trisoPF, pcore]; CearAll [trisoPF, pcore];

pgr = 1740;

pk = 10500; pbuf = 1000; ppic = 1870; psic =3200; pntrx = 1600;

oT = (pk * VK + pbuf % Vbuf + ppic* (Vipic+Vopic) +psicxVsic) /
(VK + Vbuf + (M pic+Vopic) +Vsic);

pofuel =trisoPFxpT+ (1-trisoPF) xpntrx;

ppebbl e = (pocore » V1 + pf uel * V2 + pgr % V3) / (V1 +V2 +V3);

(»t hermal nmass of the pebble = pxcp = sum(mi xcp.i) / Vpebbl ex)

cp = 1725;

pcppebbl e = pcore = cp;

(» C/HM = 300, trisoPF=0.11; %)

MAU = 235 0. 2 + 238 % 0. 8;

mk = pk * (VK / VT) xtri soPF % V2;

mMHM=nk * MU/ (MWU+0.5 %12 +2 % 16); (* (UCO.5MR) =*)

nSi = pk » (28 /7 (28 +12)) » (Vsic /VT) =tri soPF % V2;

nl = pT * V2 %t ri soPF;

nmC=pcore*V1+pgr *V3+V2x (L-trisoPF) xpntrx + (nl -nk -nSi );

CHM= (mC/ 12) / (mHM/ MAU); (%= 20% enriched =)

(» goal seek trisoPF and pcore )

sol = Sol ve[{CHM == 300, ppebble ==1700}, {trisoPF, pcore}l;

trisoPF =trisoPF /. sol [[1]];

pcore = pcore /. sol [[1]];

(xpower %)

(xpower - inputsx)

gqcore =10 #1027 6; (*WnB, core power densitys)

decay =1; (* 1= full power, 0.06 = 6% power =)

(xpower - derived val uesx)

q3 = decay xqcore / (0.6 » V2 / Vpebbl e); (x power density in fuel zone, WnBx)
gpebbl e = q3 » V2; (» power per pebble =)

q3T =93 /trisoPF, (x power density in TRI SO =)

qT = g3T % VT; (% power per triso =)

q3k =T/ Vk; (* power density in kernel =x)

(xconvection at pebble surfacex)

Ren = decay % 950; (» 300C cone: Re = 950 )
Pr =17; Tfluid = 650;

Nu=2+1.1%Pr”(1/3) *Ren”0.6;

dp = 2 %r3;

h = Nu=xkfluidy/dp; Diconv = (g3 *V2/ A3) / h;
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Tsurf = Tfl ui d + DTconv;
T =hx (6 /dp) / pcppebbl e;
Bi =hxdp/k;
(xgraphite layer in pebbl ex)
Clgr = -93*V2 /A2 /Kkgr xr272;
C2gr = Tsurf +Clgr /r3;
Tgr [r_] = -Clgr /r +C2gr;
DT23 = Tgr [r2] - Tgr [r3];
Tavgr = Nintegrate[Tgr[r]=r, {r, r2, r3}] /N ntegrate[r, {r, r2, r3}] -Tsurf;
(xfuel layer in pebblex)
Cl=q3/k*r1lnr3/3;
C2 =Tsurf +DT23+q3/k *xr222/6+CL/r2;
TIr_1=-93/k*r”"2/6-Cl/r +C2;
DT12 = T[r1] -TI[r2];
DTpebbl e = DT12 + DT23;
Tavfuel =
Nintegrate[T[r]*r”~2, {r, rl, r2}] /N ntegrate[r”~2, {r, rl, r2}] -Tsurf;
(» TRI SO buffer =)
Clbuf = -q3T % VT /7 Ak / kbuf »xrk”2;
C2buf = T[r1] + Clbuf /rbuf;
Tbuf [r _] = -Clbuf /r + Cbuf;
DTbuf = Tbuf [rk] - Tbuf [rbuf 1;
DTf uel = DTbuf + DTpebbl €;
Tavbuf
NI ntegrate[Tbuf [r]*=r”2, {r, rk, rbuf}] /N ntegrate[r”~2, {r, rk, rbuf}] -Tsurf;
(» TRI SO kernel =)
C2k = Thuf [rk] +g3k / kk *xrk”~2 / 6;
Tk[r_1=-93k /kk xr~2 /6 + C2k;
DTk = Tk[0] - Tk [rK];
DTf uel 2 = DTf uel + DTKk;
Tavk = Nlntegrate[Tk[r] *r~2, {r, O, rk}] /N ntegrate[r™2, {r, O, rk}] -T[r1];
(*TRI SO tenperature rise, buffer+kernel =x)
(% outputs =)

Gid[
{{" Tpeakkernel -Tsurf" , "Tavkernel -Tsurf", "Tpeakkernel, oC', "Tavkernel, oC'},
{DTf uel 2, Tavfuel + Tavk, Tk[0], Tavfuel + Tavk + Tsurf},
{"Tcool ant", "Tsurf", "CHM', "ppebble", ""}, {Tfluid, Tsurf, CHVM ppebble, ""},

{"r1,cnt, "dk,unt, "trisoPF", "pcore"}, {r1l%100, rk*10"6 =2, trisoPF, pcore},
{"r2,cnt, "qT, MW, "qgpebbl e, W, "qcore, M\/nB" },
{r2 100, gT %1000, qpebbl e, qcore/107"6}}, Frame - All]

Tavfuel + Tavk

RowReduce:luc : Result for RowReduce of badly conditioned matrix
{{-2.42864x 10, 3.41808 x10%, —9.62935 x 10"}, {2.56189x10?’, 2.97079x 10°, ~4.54116 x 10°°}}

may contain significant numerical errors. >

Solvezratnz : Solve was unable to solve the system with inexact coefficients. The answer

was obtained by solving a corresponding exact system and numericizing the result. >
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Tpeakkernel -Tsur f

Tavker nel -Tsur f

Tpeakker nel , oC

Tavker nel , oC

36. 3494 30. 6867 700. 631 694. 968
Tcool ant Tsur f CHM opebbl e
650 664. 281 300. 1700.
rl,cm dk, um tri soPF ocore
1. 300. 0. 376633 1335. 83
r2,cm qT, MW gpebbl e, W gcore, MV/nB
1.3 23. 3821 235. 619 10
30. 6867
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Plots

Pfuel =Plot [{T[r]-Tsurf}, {r, rl, r2},
AxesOrigin- {0, 0}, Filling- Axis, FillingStyle -» Orangel;
Pavfuel = Pl ot [{Tavfuel }, {r, rl, r2}, AxesOrigin- {0, 0},
PlotStyle » {Opacity[0.8], Thick, Purple}];
Pgr = Plot [Tgr [r] -Tsurf, {r, r2, r3}, AxesOigin- {0, 0}, Filling - AXis];
Pcore = Plot [T[r1] -Tsurf, {r, 0, rl1}, AxesOrigin- {0, O}, Filling -» AXis];
Pbuf = Pl ot [Touf [r - (r1+r2) /2] -Tsurf - (T[r1] - Tsurf - Tavfuel),
{r, (r1+r2)/2+rk, (rl+r2)/2+rbuf}, AxesOigin- {0, 0}, Filling - AXis,
FillingStyle - Directive[Red, Opacity[0.6]], PlotStyle - {Opacity[1]1}];
Pbufref = Plot [Touf [-(r - (r1+r2) /2)] -Tsurf - (T[r1] - Tsurf - Tavfuel),
{r, (r1+r2)/2-rbuf, (r1+r2)/2-rk}, AxesOigin- {0, 0}, Filling > AXis,
FillingStyle - Directive[Red, Opacity[0.6]1], PlotStyle - {Opacity[1]}];
Pk = Pl ot [TK[r - (r1+r2) /2] -Tsurf - (T[r1] - Tsurf - Tavfuel),
{r, (rl+r2)/2-rk, (r1+r2)/2+rk}, AxesOigin- {0, 0}, Filling - Axis,
FillingStyle - Directive[Red, Opacity[0.6]], PlotStyle -» {Opacity[1]}];
Pavk = Pl ot [Tavk + Tavfuel, {r, (r1+r2) /2 -rbuf, (r1+r2)/2+rbuf},
AxesOrigin- {0, 0}, PlotStyle » {Opacity[0.8], Thick, Purple}];
Pcool ant =Pl ot [Tfluid-Tsurf, {r, 0, r3}, AxesOrigin- {0, 0},
Filling-» Axis, FillingStyle > Directive[Opacity[0.1]],
FillingStyle - Green, PlotStyle - {Geen}];
Show[ Pbuf, Pbufref, Pk, Pavk, Pcore, Pfuel, Pavfuel, Pgr, Pcool ant,
Pl ot Range » {{0, r3}, {-30, DTfuel »1.1}}, GidLines -» Automatic,
GidLinesStyle » Opacity[0.3], TicksStyle » Directive[10]]

60}

0]
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0.008

0.010

0.012
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Derivations

(» derivation for fuel annulus

-Kx (1L/r"2xd/dr % (r *2+T" [r])=03
d(r"2+T [r])=-q3/k*r"2dr
r"2xd/dr *T[r ]=-q3/k*r"3/3+C1
dT[r]1=(-q3/k*r /3+CLl/r"2) *dr
TIr1=-93/k*r~2/6-CL/r +C2
T [r1=-93/k*r /3+Cl/r"2
T [r=r11=0=-93/k#*r1/3+Cl/r 172
Cl=q3/k=*r173/3
T[r2]=Tsurf +DT23=-q3/k*r 2"2/6-C1/r 2+C2

C2=Tsur f +DT23+03/k*r2"2/6+CL/r2 =)

(= derivation for graphite annulus
-k* (1/r"2%d/dr % (r *2«Tgr' [r]1)=0
d/dr % (r*2%Tgr' [r])=0
r"2xTgr' [r]1=Clgr
Tgr' [r]1=Clgr /r"2
Tgr [r 1=-Clgr /r +C2gr
-kgr «Tgr' [r2]1=093%V2/A2=-kgr *CLgr /r 22
Clgr =-q3%V2/A2/kgr xr 22
Tgr [r3]=Tsurf =-Clgr /r 3+C2gr
C2gr =Tsur f +Clgr /r3 =)

(» derivation for TRI SO buffer
-kx (1L/r"2xd/dr = (r *"2xTbhuf' [r]1)=0
d/dr = (r*2%Tbuf' [r])=0
r"2%Tbhuf' [r1=Clbuf;
Tbuf ' [r 1=Clbuf /r"2;
-kbuf *Tbuf' [rk]1=93T*VT/Ak=-kbuf *Clbuf /r k"2;
Clbuf =-q3T*VT/AKk/kbuf »r k"2;
Tbuf [r 1=-Clbuf /r +C2buf ;
Tbuf [rbuf 1=T[r1]=-Clbuf /r buf +C2buf ;
C2buf =T[r 1]+Clbuf /r buf; %)

(» derivation for TRI SO ker nel

-kk* (1/r"2%d/dr % (r *2+TK" [r 1) =q3k;
d(r*2xTk' [r])=-q3k/kkxr"2xdr;
r"2xTK' [r1=-q3k/kkxr~3/3+CLKk;
Tk' [r 1=-93k/kk*r /3+Clk/r"2;
-kk*Tk' [0]1=0=-kk (-q3k/kk#r /3+Clk/r"2);
C1k=0;
TK"' [r 1=-q3k/kk=r /3;
TK[r 1=-93k/kk*r"2/6+C2k;
Tk [rk]=Tbuf [rk]=-93k/kkr k"2/6+C2k;
C2k=Tbuf [rk]+q3k/kk*rk"2/6; =)
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APPENDIX C.
Fluid Thermophysical Properties

C.1 Flibe Liquid Salt Properties

Flibe temperature dependent thermo-physical properties (temperature in K):
p=0.116-1073-e373/T (kg/m - s) (for T in the range of 873-1073 K) (2)

cp, = 2415.78 (J/kg - K) (measured at 973 K) (2)

k=22 (W/m-K)
0.667
k, = 0.119,/T,, % ky = 0.0005 - T + == — 0.34 (1)
217

p = 2413.22 —0.488 - T (kg/m3) (for T in the range of 800-1080 K) (2)

pm = =2 (cm® /mol ); MW:= 33.04 g/mol for FLiBe

Simplified correlations for the flibe temperature dependent thermo-physical properties in the
range of 600 to 800°C (temperature in °C):

(4.638)10°

cp, = 2415.78 (J/kg - K)
k = 0.7662 + 0.0005:T (W/m-K)

p = 2279.92 —0.488 - T (kg/m3)
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Flibe Dynamic Viscosity
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Figure C-1.Thermophysical properties of flibe
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Table C-1.Variation of salt properties with temperature (based on simplified correlations)

650°C 700
600°C reference °c
u, kg/ms +25% 0.00658 19%
k, W/mK -2% 1.09 +2%
p, kg/m? +1% 1962.7 -1%
700°C 800
600°C reference °c
W, kg/ms +54% 0.00535 31%
k, W/mK -4% 1.12 +4%
p, kg/m? +3% 1938.3 -3%
800 G50 700 750 200
22 4 ; ; ; 22
20 1 0
18 18
pr 16 18
14 14
12 12
10 10
S T T T T T T . E
57 67 77 87 97 107 17
—&— Dowtherm Pr —+—FLiBePr
Temperature, oC

Vo UG
P = — =
r a k

Figure C-2. Prandtl number matching between flibe and Dowtherm A simulant fluid, in the flibe temperature
range of 600 to 800°C
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C.2Dowtherm A Oil Properties

Dowtherm A temperature dependent thermo-physical properties (temperature in °C), based
on data in the 20 to 180°C range (3), (4):

0.130
M= 57z (kg/m=s)
¢, = 1518 +2.82-T (J/kg - K)
k =0.142 — 0.00016 - T (W /m - K)

p= 1078 —-0.85-T (kg/m3)

Dowtherm A Viscosity

0.005 4,
0.004 T4
0.003 | %,  y=0.130x107
0.002
0.001
0 T T T T

K, Pa-s

20 60 100 140 180

Temperature, oC

¢ Data, from Dow Brochure

----- Correlation for 20-1800C range

Dowtherm A Volumetric Heat Capacity Dowtherm A Specific Heat
(+/- 7% from value at Tav = 100°C, 1.79E+6) (+/- 13% from value at Tav=1000C, 1800)
1.9E+6 y =1.29E+3x + 1.65E+6 2100
x X y=2.82x + 1,518
'g 1.8E+6 ?o 1900
S 17646 = 1700
s o
o (®)
O 1.6E+6 1500 - T T T 1
Q
20 60 100 140 180 20 60 100 140 180
Temperature, oC Temperature, oC
4 Data, from Dow Brochure # Data, from Dow Brochure
----- Correlation for 20-1800C range ---= Correlation for 20-1800C range
Dowtherm A Thermal Conductivity Dowtherm A Density
(+/- 7% from value at Tav = 100°C, 0.126) (+/- 7% from value at Tav = 100°C, 995)
0.15 - 0O y=-0.85x+1,078
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Figure C-3. Thermophysical properties of Dowtherm A oil
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APPENDIX D
Fuel Conduction Equations

1. Temperature rise across the outer graphite layer of the fuel pebble.

C 1 1
V2T = 0 T(r) = -+ C, = AT, = T(r;) = T(ry) = C, (— - —) (D-1)
r 3o
—k VT(T‘ ) — Qpebble =C =— qpebble (D/Z)
fuel 2 5 1 87 - kgr

2. Temperature rise from the outer surface of the fuel layer to the average temperature of
the fuel layer.

_ qpebble/VZ 2 Cl

—kye VT = q3 = T(r) = 61, - +C, (D-3)
uel

v, re
VT ) = 0= ¢, = Toeoe 1T (D-4)
fuel

f:lz T(r)ridr

3. Temperature rise across the buffer layer of the TRISO particle.

;ATav,Z = T2 — T(r,)

) C 1 1
V2T =0=T(r) ==+ C, 2 ATyyy = T(1huy) —T(m) = € | — — — (D-5)
r Tour Tk

Qxernel _ Qkernel

—ky VT (1) = Xermel ) = — :
kpuf VT (1) A, =6 81 kpuy (D-6)
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Mathematica input for calculating the effective cross-sectional area, An, and bed length, Ln, for radial
flow through an annular pebble bed. This leads to proper evaluation of the friction losses through the bed.
Variables: rl and r2 are ithe inner and outer radius of the pebble bed annulus, respectively; H the bed
height; d the pebble diameter; u and p the fluid properties.

Author: R. Scarlat; Last edit: 25 Oct. 2012.

Equations

CearAl [An, un, m u, p, f2, f1, Ln, r1, r2, H d, A ul;

rl1=0.9; r2=0.9+1.5;

A[s_ 1 =2n* (s+rl) xH

uls_1 =m/ (p*A[s]);

Rey[s_] =m=xd / (uxA[S]);

Renfun_] =pxun=*d / y;

f[R1=f1/R+f2; (xErgun correl ationx)

un =m/ (p % An);

IT=(Lhnxun ==Integrate[u[s], {s, 0, r2-r1}1);

FT = (Lnxun”2xf [Ren[un]] == Integrate[u[s]™2xf [Rey[s]], {s, 0, r2-r1}]);

Analytical Results

Lnav = Ln /. Solve[{l T, FT}, {Ln, An}]

4,73833x102df2m

{3.42039x1023df2m—5.73708x108f1Hu}
Anav = An /. Solve[{lIT, FT}, {Ln, An}]

3.03537x10%*df2Hm

{3. 42039 x 102 d f 2 m- 5. 73708x108f1Hu}

Numerical Results

f2 =5.25; f1==675;

u =0.00678; p =1962.67;
m= 3000; H-=3;

d =0.03;

{Lnav, Anav %0. 4}
{{1.38532}, {10.6492}}
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Mathematica code for generating natural circulation steady state plots of loop el evation requirements, and
Reynolds numbers, as functions of temperature rise.

Flow through the central core region of the 900 MWth PB-FHR pebble bed. Flow distribution will
determine L and A for the core. Q is the decay heat generation in the core. 6% = 54 MW. 2% = 18 MW.
Severa coolants are considered. Plots labels and annotations are subsequently added in OriginPro
(Mathematic exports graph as *.png file).

Author: R. Scarlat. Last updated: 22 October 2012.
Needs [" Pl ot Legends™ " ]; C earAll [AT, m]

Flibe Properties

up[T_]1 =4.638%10"5/T"2.79; cpp[T_] =2415.78; Kkp[T_] =0.7662 +0. 0005« T;
PP[T_]1 =2282-0.49*T; Bp[x_] = -D[pp[x], X1 /pp[X]; To = 630;
p =pp[To]; p=up[To]l; cp =cpp[To]l; k =kp[Tol; B =pBp[To];

Other Fluids Properties

water properties are at 10 MPa, and 300 oC; source: mathematica database; other fluid properties are at
630 or 7000C,;
w = water, na = sodium, pb = lead, k = flinak, rb = frbzr, nz = fnazr, 1z = flizr, bi=lead-bismuth eutectic

pw = 715; uw=8.65%10"-5; cpw=5681; pw=0.00317,

pna = 805; una = 0.000201; cpna = 951; Bna = 0. 000295;

opb = 10255; upb = 0.001461; cppb = 143. 1; Bpb = 0. 000132;

pk = 2072. 3; uk = 0.004114; cpk = 1905. 6; Bk = 0.000352; prb = 3223;

urb = 0.0051; cprb =836.8; Brb =0.00310; pnz = 3034; unz = 0. 0051,

cpnz = 1171.52; Bnz = 0.00029; pl z = 3091.5; ulz =0.0051; cplz =983;

Bl z = 0. 000299; pbi =9875; ubi =0.001140; cpbi = 146.51; Bbi = 0.000140;

PB-FHR Geometry

d=0.03; f1=675;, f2 =5.25;

A=6.22; | =3.0; (xaxial flowx)

(xA=26.6; |=1.39; radial flow, effective val uesx)
Q=54/6%10"6 {100}; g =9.81;

mM[AT_] = Q/ (cp » AT);
RI[AT_] = m[AT] *d / (u*A);

AZ[AT ] =1/QxmAT]"3 «

pr2%xBxg 1 |
—]"—1]*[ —]*(fl/R[AT]+f2);
cp A2 d

1 1
AP[AT 1 = m[AT] 2/ (2 % p) * [— —) * (f1/R[AT] +f2);
Ar2 d

H[AT_] = AP[AT] / (p*g); Qunp[AT_] = AP[AT] * m[AT] / p;
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MV[AT_] = Q/ (cpwx* AT); Rw[AT_] = nW[AT] *d / (uw=x A);

PWN2 % BW* g 1 1
AZW[AT_] =1/ Q#nmw[AT]"3 % ((—]’\-1] *[ —) * (F1/Rw[AT] +f2);
cpw Ar2 d
1 1
APWIAT ] = mw[AT]"2 / (2 % pW) * [— E] * (f1/Rw[AT] +f2);
AN 2

HW[AT ] = APW[AT] / (oW# g); Qounpw[aT_] = APW[AT]  nw[AT] / oW,

mal[AT_] = Q/ (cpna % AT); Rna[AT_] = ma[AT] =d / (una = A);
Azna[AT_] =

pna”2 xpnax*g
1/ QumalaT]A3 « [[—Jl] [

I
—] = (f1/Rna[aT] +f2);
cpna

Ar2 d
1 1

APna[AT_] = malAT]"2/ (2 x pna) * (— E] * (f1/Rna[aT] +f2);

AN 2

Hna[AT_]1 = APna[AT] / (pnaxg); Qounpna[AT_] = APna[AT] * ma[AT] / pna;

npb[AT_1 = Q/ (cppb % AT); Rpb[AT_] = npb[AT] =d / (upb x A);

Azpb[AT ] =
ppb” 2  Bpb 11
(wj"—l]*[— —]*(fl/F\’pb[AT]+f2);
cppb A2 d

1/Q#npb[AT] "3 «

1 1
APpb [AT_] = npb[AT]*2 / (2 % ppb) = (E g] = (f1/ Rpb[AT] +f2);

Hpb [AT_] = APpb [AT] / (opb *g); Qpumppb [AT_] = APpb[AT] # npb[AT] / ppb;
mk [AT_ ] = Q/ (cpk #* AT); RK[AT_] = nk[AT] »d / (uk  A);

pk"2 % Bk g |
AZK[AT_ 1 =1/Q*nk[AT] "3 * ((—]’\-1] * —) * (F1/RK[AT] +f2);
cpk Ar2 d
1 1
APK[AT ] = nk[AT]"2 / (2 % pk) = [— E] * (f1/RK[AT] +f2);
AN 2

HK [AT_] = APK[AT] /7 (ok *g); Qounpk [AT_] = APK[AT] % nk [AT] / ok;
nmb[aT_]1 =Q/ (cprb*=AT); Rrb[AT_] =nrb[AT] xd / (urb*A);
AZrb[AT_ ] =

orb”r"2 xprbxg

1 |
l/Q*m’b[AT]"3*[ J"—l]*( —]*(fl/Rl’b[AT]+f2);

AN2 d

cprb
1 1

APrb[AT_] =nrb[AT]*2/ (2xprb) = (— —] * (f1/Rb[AT] +f2);
Ar2 d

H b[AT_] = APrb[AT] / (orb=g); Qunprb[AT_] = APrb[AT] * mmb[AT] / prb;

Mz [AT_] = Q/ (cpnz = AT); Rnz[AT_] = mz[AT] »d / (unz * A);
AZNZ [AT_] =

enNz"2 % BNz xg 1 1
1/Qemz[aTIA3 « [[—]1] (

—] * (F1/Rnz[AT] +f2);

cpnz Ar2 d

1 1
APNZ[AT_] =mz [AT]"2/ (2 % pnz) % ( 5 E] * (f1/Rnz[AT] +2);
A

Hnz [AT_]1 = APnz [AT] / (pnz »g); Qounpnz [AT_] = APnz [AT] * mz [AT] / pnz;
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F_Natural Circulation Steady State Calculations.nb | 3

mM z[AT_] = Q/ (cpl z = AT);
R z[AT_ 1 =mz[AT] *d/ (ul z x A);

plz/\2*/3|Z*g]A 1] [
_—_—mm - *

|
—)*(fl/RIz[AT] +f2);
cplz

AZI Z[AT 1 =1/Qxm z[AT] 3 * ((
Ar2 d

1 1
APl Z[AT_ 1 =M z[AT]"2/ (2% pl Z) * [— E) * (f1/R z[AT] +f2);
AN 2

H z[AT_]1 = APl Z[AT] / (ol z xg); Qounpl z[AT_] = APl Z[AT] * M z [AT] / ol Z;

nbi [AT_] = Q/ (cpbi % AT); Rbi [AT_] = nbi [AT] *d / (ubi % A);
Azbi [AT_] =

1 |
——] + (f1/Roi [AT] +f2);

obi "2+ gbi xg)
POl 2*PP *9\ A ).
J ] (A"Z d

1/ Qs nibi [AT] A3 « [[
cpbi

11
APDi [AT ] = nbi [AT]*2/ (2 +pbi) % [A"Z g] « (f1/Roi [AT] +f2);

Hoi [AT_1 = APbi [AT] /7 (pbi *g); Qounpbi [AT_] = APbi [AT] % nbi [AT] / pbi ;

Plots

Appendix F - Natural Circulation Steady State Calculations 142



P1h = Pl ot [H[T], (T, 20, 150}, PlotStyle » Green];
P2h = Pl ot [Hw[T], {T, 20, 150}, Plot Styl e » Bl ue];
P3h = Pl ot [Hna[T], {T, 20, 150}, PlotStyl e » Red];
P4h = Pl ot [Hpb[T], {T, 20, 150}, PlotStyl e -» Red];
P5h = Pl ot [HK[T], (T, 20, 150}, PlotStyl e -» Bl ack];
P6h = Pl ot [Hrb[T], {T, 10, 150}, Pl ot Styl e » Bl ack];
P7h = Pl ot [Hnz[T], {T, 20, 150}, Pl ot Styl e » Bl ack];
P8h = Pl ot [H z[T], {T, 20, 150}, PlotStyl e » Bl ack];
POh = Pl ot [Hbi [T], {T, 20, 150}, PlotStyl e -» Red];

Plp = Pl ot [AP[T], (T, 20, 150}, PlotStyle » G een];
P2p = Pl ot [APw[T], {T, 20, 150}, Pl ot Styl e » Bl uel;
P3p = Pl ot [aAPna[T], {T, 20, 150}, PlotStyl e -» Red];
P4p = Pl ot [APpb[T], {T, 20, 150}, PlotStyl e » Red];
P5p = Pl ot [APK[T], {T, 20, 150}, Pl ot Styl e -» Bl ack];
P6p = Pl ot [APrb[T], {T, 10, 150}, PlotStyl e » Bl ack];
P7p = Pl ot [aAPnz [T], {T, 20, 150}, PlotStyl e » Bl ack];
P8p = Pl ot [aPI z[T], {T, 20, 150}, PlotStyl e » Bl ack];
P9p = Pl ot [aPbi [T], {T, 20, 150}, PlotStyl e » Red];

P1g = Pl ot [Qounp[T] / (900 » 1076 7/ 100), {T, 20, 150}, PlotStyl e » G een];
(*punpi ng power in percentage of full powerx)
P2q = Pl ot [Qunpw[T] / (900 % 10”6 7 100), {T, 20, 150}, Pl ot Styl e » Bl ue];
P3q = Pl ot [Qounpna[T] / (900 x 1076 / 100), {T, 20, 150}, PlotStyl e » Red];
P4Aqg = Pl ot [Qounppb[T] / (900 « 1076 / 100), {T, 20, 150}, PlotStyl e » Red];
P5q = Pl ot [Qunpk [T] / (900 %+ 1076 7 100), {T, 20, 150}, PlotStyl e -» Bl ack];
P6q = Pl ot [Qounprb[T] 7/ (900 » 1076 / 100), {T, 10, 150}, PlotStyl e » Orange];
P7q = Pl ot [Qunpnz [T] / (900 x 10”6 7 100), {T, 20, 150}, Pl ot Styl e » Bl ack];
P8qg = Pl ot [Qounpl z[T] / (900 « 10”76 7/ 100), {T, 20, 150}, PlotStyl e -» Bl ack];
P9q = Pl ot [Qounpbi [T] /7 (900 * 1076 / 100), (T, 20, 150}, PlotStyl e » Red];
Sh = Show[ {P1h, P2h, P3h, P4h, P5h, P6h, P7h, P8h, P9h}, GridLines » Autonati c,
GidLinesStyle - Directive[Qpacity[0.2]], AxesStyle -» Directive[20],
Pl ot Range -» {{30, 150}, {0, 0.5}}, AxesOigin - {30, 0}7;
Sp = Show[ {P1p, P2p, P3p, P4p, P5p, P6p, P7p, P8p, P9p}, GidLi nes » Autonati c,
GidLinesStyle - Directive[Opacity[0.2]], AxesStyle » Directive[20] 1;
Sq = Show[ {P1g, P2q, P3q, P4q, P5q, P6q, P7q, P8q, P9q},
GidLines » Automatic, GridLinesStyle - Directive[Opacity[0.2]],
AxesStyle » Directive[20], Pl ot Range » {{10, 150}, {0, 2}}]
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Tmax = 150;

Pl = Pl ot [{Aaz[AT]}, {AT, 1, Tmax}, PlotStyle » {Geen}];

P2 = Pl ot [{azw[AT]}, {aT, 1, Tmax}, PlotStyle » {Blue}l;

P3 = Pl ot [{Azna[AT]}, {AT, 1, Tnax}, PlotStyle » { Red}];

P4 = Pl ot [{azpb[AT]}, {AT, 1, Tmax}, PlotStyle » {Red}];

P5 = Pl ot [{azk[AT]}, {aT, 1, Tmax}, PlotStyle » {Bl ack}];

P6 = Pl ot [{azrb[AT]1}, {aT, 1, Tmax}, PlotStyle -» {Bl ack}];

P7 = Pl ot [{Aznz [AT]}, {AT, 1, Tnax}, PlotStyle » {Bl ack}];

P8 = Pl ot [{azl z[AT]}, {aT, 1, Tmax}, PlotStyle -» {Bl ack}];

P9 = Pl ot [{Aazbi [AT1}, {AT, 1, Tmax}, PlotStyle » { Red}];

Show[ {P1, P2, P3, P4, P5, P6, P7, P8, P9}, GidLines » Automati c,
GridLinesStyle » Directive[Opacity[0.2]], PlotRange » {{10, 150}, {0, 10}},
AxesStyle » Directive[20], AxesOrigin- {10, 0}1;

Show[ {P1, P6}, GidLines » Autonatic, GidLinesStyle » Directive[Opacity[0.2]],

Pl ot Range -» {{10, 150}, {0, 7}}, AxesStyle » Directive[20], AxesOrigin- {10, 0}]

s

0 40 60 8 100 12
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P1r
P2r
P3r
P4r
P5r
P6r
P7r
P8r
POr
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Pl ot [R[T], {T, 20, 150}, PlotStyle -» G een];
Pl ot [Rw[T], {T, 20, 150}, PlotStyl e - Bl uel;
Pl ot [Rna[T], {T, 20, 150}, PlotStyl e » Red];
Pl ot [Rpb[T], {T, 20, 150}, Pl ot Styl e » Red];
Pl ot [RK[T], {T, 20, 150}, Pl otStyl e -» Bl ack];
Pl ot [Rrb[T], {T, 10, 150}, Pl ot Styl e -» Bl ack];
Pl ot [RNnz[T], {T, 20, 150}, Pl ot Styl e -» Bl ack];
Plot [RIz[T], {T, 20, 150}, PlotStyle -» Bl ack];
Pl ot [Rbi [T], {T, 20, 150}, PlotStyl e » Red];

Show[ {P1r, P2r, P3r, P4r, P9r}, GidLines » Automati c,
GidLinesStyle » Directive[Opacity[0.2]], AxesStyle » Directive[20],
Pl ot Range » {{20, 150}, {0, 15000}}, AxesOrigin - {20, 0} 1]
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APPENDIX G
CIET Test Bay - Natural Circulation Experiment

Natural circulation data was collected on the CIET Test Bay. Figure G-1 shows a diagram of
the experimental set-up. The natural circulation loop consists of a vertical annular heated
section, a vertical straight pipe heat exchanger with four parallel branches, and the connected
piping. The hot leg is the piping connecting the top of the heater to the top of the heat
exchanger. The cold leg is the piping connecting the bottom of the heat exchanger to the bottom
of the heater. The physical dimensions of each segment is given in Table G-1.
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Adapted CIET-ENGR-PID-100-06
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Figure G-1. CIET Test Bay, as-built diagram. Red color indicates the flow path and instrumentation for the

natural circulation experiment.
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Table G-1. Physical Parameters of the Natural Circulation Loop

Elevation Change (SI units)

heated section 1.4605 dz.1
hot leg 0.8396 dz.2
cooled section -1.0110 dz.3
cold leg -1.2891 dz.4
buoyancy head 1.0643 dz.loop
Heated Section (SI units)
OD of annulus 0.01930
ID of annulus 0.01372
hydraulic diameter 0.005580 dh
annulus length 1.7810 Lh
heated length 1.4605
cross-sectional area 1.447E-04 Ah
38.56 dh/Ah
1.524E+10 Ch
1 Dh
Piping (SI units)
pipe diameter 0.02664 dlin
cross-sectional area 5.576E-04 Alin
length of hot leg 3.34700
length of cold leg 2.36930
total length of piping 5.71630 11in
47.79 dlin/Alin
1.24 Relin/Reh
6.901E+08 Clin
0.05 Clin/Ch
0.04 D1in
Cooled Section (SI units)
pipe diameter 0.02093 d34in
length 1.69560 134in
cooled length 1.0111
cross-sectional area 3.440E-04 A34in
15.21 d34in/A34in/4
0.39 Re34in/Reh
Cn=1/A"2*1/d 6.844E+08 C34in
0.04 C34in/Ch
0.11 D34in
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Figure G-2. CIET Test Bay front view (left), and side view showing natural circulation flow path (right).
(SolidWorks model by A.]. Gubser).
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Figure G-3. Heater element for the CIET Test Bay (SolidWorks model by Niv Moran and Justin Tang).

Friction losses across the heater, the heat exchanger, and the piping in between were
measured using three pairs of manometers. The locations of the manometers are indicated in .
Figure G-1. The needle valves V-71 and V-31 were fully open for all experimental runs. The heater
element is the principal contributor to friction losses in the natural circulation loop. The section
shows the data and the calculation for the heater element only. The rest of the manometer
readings are documented in the appendix.

Calculations on the data are performed using the following equations. The values for the
parameters that characterize the heater geometry, G, dp, and Ay, are given in Table G-1. The
thermophysical properties of the Dowtherm A fluid are evaluated at the average temperature of
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the heater, the average of T-50 and T-51 temperature measurements. The density of the fluid in
the manometer lines is evaluated at ambient temperature, which is measured by T-01-A.

_ Zp(Th,av) F,

! h
m dy
Rep=—— -2 G-2
" .u(Th,av) Ah ( )

Manometer lines are paired such that at the connection point on the loop, the flow cross-
sectional area is the same for the two manometer lines. This means that for pressure drop
measurements, the velocity term of the Bernoulli equation can be disregarded. Manometer lines
M-72, M-73, M-37, and M-38 connect to l-inch tubing. Manometer lines M-52 and M-53
connect to the bottom and top heater head fittings, respectively; the heater head fittings have an
annular internal geometry and they are identical to each other. Figure G-4 shows a photo of the
heater head fittings; the tee-branch for connection of manometer line and in-line thermocouple
is visible on the left fitting; the right fitting has an identical port, but it is not visible in the
photo.

AP = p(Tamb)gAh ( G’3)

Figure G-4. Photo of the heater head fittings for the CIET Test Bay.

Pressure drop measurements were taken with forced convection using the pump, with flow
downwards through the heater and upwards through the heat exchanger. The loop was
isothermal, with less than 1°C temperature rise across the heater, and less than 4°C between the
maximum and the minimum temperatures on the loop. Data for pressure drop was collected on
three days. The collected data is given in Table G-2. The calculation for the predicted friction
coefficient, f predicied, assumes laminar flow.
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Figure G-5 shows a snapshot of the hot leg piping, with a view of two static legs that branch
off from the cross fitting located at the top of the natural circulation loop.

Figure G-5. SolidWorks snapshot of the hot leg, and the top heater head (SolidWorks drawings by A.].
Gubser)
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