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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 sources1. 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 radioisotopes. The safety systems and the barriers to release are 
designed to be redundant and diverse2–4. 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 probability low consequence event is managed differently from 
a low probability high consequence event5,6. 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 10-4 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 10-6 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)7,8. 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. 

 

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 accident9. Advanced light water reactors incorporate various types of passive safety features, 
such as gravity-draining cooling water tanks, and natural-circulation decay heat removal53,59. 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 circulation54. In the energy field, natural circulation systems have 
applications such as water circulation in solar water heaters60, and passive extraction of heat 
from a geothermal reservoir. Porous media thermal-hydraulics has applications to other heat 
generating media, such as biological tissue21, packed bed chemical reactors22, and heat removal 
or heat addition to a solid porous media for the purpose of thermal storage26. 

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 sharply10. 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 sharply10. 
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 H2TS11, 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) 
methodology12. 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 
making13." 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 1-1. 
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Table 1-1. Deviation from PIRT methodology for application of safety analysis early in the design path  

 PIRT Methodology Modifications 

Step 1 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 

Step 4 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 ranking maps, and interaction 
matrices (PIRM) 

Step 8 assess knowledge level for phenomena  

Step 9 document PIRT results  

1.2 Step 1: Define the issue 

There are three top level issues that motivate this exercise:  

1. Design development. 

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

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

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

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

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

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

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

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

o 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. 

o Dominant phenomena coupling that is not well characterized needs to be identified.  
o 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. Identify and rank the thermal-hydraulic coupling among subsystems and components. 

1.4 Step 3: Hardware and scenario 

1.4.1 System Decomposition 

The system decomposition approach proposed here integrates the higher-level plant, areas, 
systems, subsystems, and components (PASSC) break-down convention14 used by NGNP with 
the decomposition paradigm for hierarchical two-tier scaling analysis (H2TS) methodology11. 
Figure 1-1 shows schematically the integration of the two system decomposition approaches. 

 

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 50.6915 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 vulnerabilities11.  

PASSC NGNP Convention

AREAS SYSTEMS SUBSYSTEMS COMPONENTS
Functional 
Requirements

SSCs 
Classification

SUBSYSTEMS MODULES CONSTITUENTS
GEMETRICAL 
CONFIGURATIONS

PHASES FIELDS
Phenomena 
Identification

Modeling, 
SETs, IETs 

H2TS Decomposition Paradigm

"Systems, Structures, and Components" 
(SSCs)
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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. 

 
 

 
 
 
  



 

CONCEPTUAL DESIGN OF COMPLEX SYSTEMS - A STRUCTURED METHODOLOGY 6 

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 

Nuclear Heat Supply 

Reactor 

Fuel 
Primary coolant 
Primary pump 
Graphite reflectors 
Core barrel & downcomer 
Upper core support structures 

Reactivity 
Control 

Reactivity control system 
Reserve reactivity control system 

DRACS 
DRACS heat exchanger & diode (DHX) 
DRACS piping &  insulation/ electrical heating 
Natural Decay Heat Exchanger (NDHX) and Air Stack 

Reactor Vessel 
and Reactor 

Cavity 

Reactor Vessel/Guard Vessel 
Reactor cavity cooling & insulation 
Electrical heating subsystem 
Buffer salt subsystem (if used) 
Concrete walls 

Heat Transport Intermediate 
Loop 

Intermediate heat exchanger (IHX) 
Power conversion heat exchanger (PCHX) 
Process heat exchanger (PHX) 
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 (I&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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Figure 1-2. FHR Reactor Building Schematic16: reactor cavity (yellow), filtered confinement (green), and 
external event shell (blue/purple)  

 

Figure 1-3. PB-FHR Schematic Diagram 
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1.4.3 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 
identification17. To keep the scope of the present exercise manageable, only a subset of LBEs are 
identified here, which are representative of the span of phenomenology that the system may 
exhibit17,18: 

o Loss of forced circulation (LOFC) with or without SCRAM, with passive decay heat 
removal. 

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

2. Minimum primary coolant temperature and margin to freezing. 
3. Average fuel temperature, which affects ATWS response. 
4. Peak fuel temperature, which correlates with the fraction of failed TRISO particles. 
5. 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.  

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."15,19 
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) 
Nonproliferation and security 

Physical Security (PS) 
 

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 

1.8.1 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 
coolant natural circulation loop. 
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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     

  

 
 
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. 

 

 

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 
[i>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%20.  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: 

o Functional requirements for the PB-FHR Reactor System and its subsystems. 
o Representative set of scenarios that spans the PB-FHR phenomenology. 
o Evaluation criteria for the thermal-hydraulic performance of the PB-FHR system. 
o Phenomena ranking map for the momentum field of the coolant (primary coolant flow 

paths), and for the energy field of the solid components. 
o Phenomena identification and ranking matrix (PIRM) for the energy field. 
o 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 

 

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.  



 

HEAT GENERATING PACKED BEDS - THERMAL HYDRAULIC MODELING 18 

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 transfer between the liquid and the solid 
has applications to heat generating media, such as biological tissue21, endothermic or exothermic 
reactions that occur at the surface of the packing material for a packed bed22, pebble bed nuclear 
reactors23, and molten nuclear reactor core debris following accidents such as the ones at the 
Fukushima Dai-Ichi Plant in 201124, and at Three Mile Island Plant in 197925. 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 storage26. 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 design for a Pebble Bed Advanced High Temperature Reactor, referred to here as the 
2009 PB-AHTR27.  Section 2.2 describes the constitutive equations and some details pertaining 
to the numerical solver, and highlights the model capabilities and limitations. Section 0 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-fhr 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 LWRs28. Flownex SE is an engineering simulation environment, which was developed by M-
Tech under QA standards29. 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. 

2.1.1 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 blockages30.  

 

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. 

 

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 region31,32.  In 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 0.15 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 
pebbles32.  

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% 
porosity32. In the analysis presented here the pebble bed is assumed to be stationary, and this 



 

HEAT GENERATING PACKED BEDS - THERMAL HYDRAULIC MODELING 22 

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.  

 

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(r,z), for each region was input in the following form:  
𝑄(𝑟, 𝑧)[𝑊/𝑚3] = 𝑄𝑐𝑜𝑟𝑒/𝑉𝑐𝑜𝑟𝑒 ∙ 𝑄𝑎𝑥𝑖𝑎𝑙(𝑧) ∙ 𝑄𝑟𝑎𝑑𝑖𝑎𝑙(𝑟) (2-1)  

where Qcore is the total core power, Vcore the total core volume, Qaxial(z) the axial power peaking 
function, and Qradial(r) 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 production33,34. 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 2-435. Nominal values for the detailed 
dimensions and thermophysical properties for the fuel element are given in Appendix B. 

 

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 oC 

Coolant inlet temperature  600 oC 
Nominal temperature for coolant 

thermophysical properties evaluation  650oC 

Pebble fuel diameter 3 cm 
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 Top level 
req.‡ 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 

1-3 
Maintain low temperature for coolant in 
vicinity of reactor vessel and other core 
metallic components 

SDCs 5 Maximum outlet coolant temperature 

1-4 Provide sufficient flow to maintain 
design basis core temperature rise E 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   

3-1 Prevent primary coolant inventory loss SDC 4 Minimize core inlet pressure (i.e. core 
pressure drop) 

FUEL SUBSYSTEM   

4-1 Transfer heat to the coolant                                         SDC 3 

Predict temperature drop across the fuel 
element; Predict core pressure drop during 
natural circulation, which determines 
natural circulation flowrate 

4-2 Fuel element manufacturability (and fuel 
qualification requirements) E Fuel element geometry should respect 

manufacturability limits 

4-3 Provide the first barrier to radionuclide 
emission SDC 1 Predict peak fuel temperature 

4-4 Provide negative temperature reactivity 
feedback SDC 2 Predict temperature distribution in the core  

4-5 
Minimize difference between average 
fuel and coolant temperatures at full 
power operation (for ATWS response) 

IP Minimize coolant to fuel temperature 
difference 

‡ 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. 

2.1.2 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 100oC. 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. 



 

HEAT GENERATING PACKED BEDS - THERMAL HYDRAULIC MODELING 27 

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 averaging1. 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 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, ρfuel, ρcoolant, ρpebble-C, ρreflector-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 



 

HEAT GENERATING PACKED BEDS - THERMAL HYDRAULIC MODELING 28 

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, 
respectively37. 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. 

2.2.1 Momentum Equation 

The momentum equation for fluid flow in the pebble bed is written in terms of the 
superficial velocity, ū or uD, as defined in the COMSOL module for Porous Media Flow with 
Forcheimer Drag38:  

 
inertia = pressure gradient + viscous dissipation + porous media friction losses + body force 
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(𝛻� ∙ 𝑢�)𝐼�̅� − �
𝜇

𝑘𝑏𝑟
+ 𝛽𝐹|𝑢�| + 𝜌𝛻� ∙ 𝑢�� 𝑢� + 𝐹� (2-2)  

 𝜖𝑝 = 𝜀 = 𝑉𝑓

𝑉𝑓+𝑉𝑠
 (2-3) 

where V is volume, and the subscripts s and f refer 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� = 𝜌𝑔𝛽[𝑇(𝑟, 𝑧) − 𝑇𝑎𝑣]𝒆𝒛�  (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 impermeable37.  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: 

 𝑚𝐿 = 𝑄𝑐𝑜𝑟𝑒
𝑐𝑝𝐿∙∆𝑇

 (2-5)  

where mL is the coolant mass flow rate, Qcore the core thermal power, cpL the specific heat of the 
coolant, and ∆T the coolant bulk temperature change across the core.   

The pressure losses in the pebble bed are modeled using the Ergun correlation39–42, 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, E1 and E2, 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 
literature39. The "Case 1" are the Ergun 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<ReD<10,000, with water and gases.  

The user-input parameters that characterize the porous media flow in COMSOL are 
porosity, ε, permeability, K, and the Forcheimer drag coefficient, βF. 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.  
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Table 2-3. Equivalent semi-empirical expressions for the pressure drop in a packed bed. 

Forcheimer flow  
(used in COMSOL)38   

𝑑𝑝
𝑑𝑥

=
𝜇
𝐾

∙ 𝑢𝐷 + 𝛽𝐹 ∙ 𝑢𝐷
2  

Forcheimer flow43  
𝑑𝑝
𝑑𝑥

=
𝜇
𝐾

∙ 𝑢𝐷 + 𝑐𝐹 ∙
𝜌 ∙ 𝑢𝐷

2

√𝐾
 

Ergun correlation44  𝑑𝑝
𝑑𝑥

= 𝐸1 ∙
(1 − 𝜀)2

𝜀3
𝜇 ∙ 𝑢𝐷

𝑑2 + 𝐸2 ∙
1 − 𝜀

𝜀3
𝜌 ∙ 𝑢𝐷

2

𝑑
 

Friction factor 

𝑅𝑒𝑑 =
𝜌𝑢𝐷𝑑

𝜇
 𝑑𝑝

𝑑𝑥
=

𝑓
𝑑

�
𝜌𝑢𝐷

2

2
� 𝑓 =

𝑓1

𝑅𝑒𝑑
+ 𝑓2 = �

𝑓1/𝑓2  
𝑅𝑒𝑑

+ 1� 𝑓2 

𝑅𝑒 =
𝜌𝑢𝑝𝑑

𝜇
=

𝑅𝑒𝑑

𝜀
 𝑑𝑝

𝑑𝑥
=

𝑓𝑝

𝑑
�

𝜌𝑢𝑝
2

2
� 𝑓𝑝 =

𝑓1𝑝

𝑅𝑒
+ 𝑓2𝑝 = �

𝑓1𝑝/𝑓2𝑝  
𝑅𝑒

+ 1� 𝑓2𝑝 

p is the pressure, x the spatial dimension, μ and ρ the fluid viscosity and density, respectively, evaluated at 
the local bulk fluid temperature, d the pebble diameter, ε the bed porosity, uD the superficial velocity, up 
the pore velocity.  K [m2] is Brinkman permeability, βF [kg/m4] the Forcheimer drag coefficient, cF  the 
nondimensional form of the Forcheimer drag coefficient, E1 and E2 Ergun correlation coefficients, f, f1, f2 
friction coefficients based on superficial velocity, and fp, f1p, f2p 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. 

Permeability (K) 𝐾 =
1
𝐸1

𝜀3 ∙ 𝑑2

 (1 − 𝜀)2  

Forcheimer drag 
coefficient43 (cF)  

𝑐𝐹 =
𝐸2

𝜀1.5�𝐸1
 

with wall effects: 𝑐𝐹,𝑤 = 𝑐𝐹 ∙ �1 − 5.5 𝑑
𝐷

� 
𝛽𝐹 = 𝑐𝐹 ∙

𝜌
√𝐾

 

Friction 
coefficients 

𝑓1 = 2𝐸1
 (1 − 𝜀)2

𝜀3 =
2𝑑2

𝐾
 

𝑓2 = 2𝐸2
 (1 − 𝜀)

𝜀3  =
2𝑐𝐹𝑑
√𝐾

 

𝑓1

𝑓2
=

𝐸1

𝐸2
(1 − 𝜀) 

 
𝑓𝑝 = 𝑓𝜀2 

𝑓1,𝑝 = 2𝐸1 �
 1 − 𝜀

𝜀
�

2

= 𝑓1𝜀 

𝑓2,𝑝 = 2𝐸2
 1 − 𝜀

𝜀
= 𝑓2𝜀2 

𝑓1,𝑝

𝑓2,𝑝
=

𝐸1

𝐸2

 1 − 𝜀
ε

 

d is the pebble diameter, D the packed bed diameter, ε the bed porosity,  ρ the fluid density evaluated at 
the local bulk fluid temperature. K [m2] is the Brinkman permeability, βF [kg/m4] the Forcheimer drag 
coefficient, cF  the nondimensional form of the Forcheimer drag coefficient, E1 and E2 Ergun correlation 
coefficients, f, f1, f2 friction coefficients based on superficial velocity, and fp, f1p, f2p 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 
Blake-Carman-Kozeny40,44 

(base case) 

Case 2 
Macdonald39 

E1 150 180 
E2 1.75 1.75 
f1 1,688 2,025 
f2 33 33 
f1p 675 810 
f2p 5.25 5.25 
cF 0.56 0.52 
βF 1.1E+06 1.1E+06 
K 1.1E-06 8.9E-07 

f1/f2 51 62 
f1p/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 Red ≳ (10 f1/f2). 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 f1/f2 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 Red<(0.01f1/f2).  
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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 Liquids37, is 

𝜌𝑐𝑝𝑢� ∙ 𝛻�𝑇 = 𝛻� ∙ (𝑘𝛻�𝑇) + 𝑄
𝑃𝑒≫1
����   𝜌𝑐𝑝𝑢� ∙ 𝛻�𝑇 = 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 (𝜌𝑐𝑝).  

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

𝑃𝑒
= 𝛼𝑒𝑓𝑓

𝑑∙𝑢�
 (2-7) 

 𝛼𝑒𝑓𝑓 = 𝛼𝑑𝑖𝑠𝑝 + 𝛼𝑓  (2-8) 

 𝛼𝑓 = 𝑘
𝜌𝐶𝑝

 (2-9) 

where αdisp is the thermal diffusivity due to dispersion in the porous media, αf is 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, ΔTav,FC. The 
ΔTav,FC 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: 
 𝛥𝑇𝑎𝑣,𝐹𝐶 =  ∆𝑇𝑐𝑜𝑛𝑣 + ∆𝑇3 + ∆𝑇𝑎𝑣,2 + ∆𝑇𝑏𝑢𝑓  (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 μm 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, ΔTconv, is 
calculated directly in COMSOL, by evaluating the following equations in the post-processing 
segment of the COMSOL model. 

 ∆𝑇𝑐𝑜𝑛𝑣 = 𝑇𝑠𝑢𝑟𝑓 − 𝑇𝑓𝑙𝑢𝑖𝑑 = 𝑞𝑝𝑒𝑏𝑏𝑙𝑒

𝐴𝑝𝑒𝑏𝑏𝑙𝑒
∙ 1

ℎ
 (2-11) 

 ℎ =   𝑁𝑢 ∙ 𝑘𝑓

𝑑
= 2 +  1.1 ∙ 𝑃𝑟

1
3 ∙ 𝑅𝑒𝑑

0.6  (2-12) 
 𝑇𝑠𝑢𝑟𝑓 = 𝑇𝑓𝑙𝑢𝑖𝑑 + ∆𝑇𝑐𝑜𝑛𝑣  (2-13) 
where Tsurf is the pebble surface temperature, Tfluid the bulk fluid temperature at the point where 
the pebble is located, qpebble the power generation per pebble, Apebble the exterior surface area of the 
pebble, h the convective heat transfer coefficient, kf the fluid thermal conductivity, d the pebble 
diameter, Pr the Prandtl number of the fluid evaluated at Tfluid, Red 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, Tav,2, 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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 𝑇𝑎𝑣,2 =
∫ 𝑇(𝑟)𝑟2𝑑𝑟𝑟2

𝑟1
∫ 𝑟2𝑑𝑟𝑟2

𝑟1
; ∆𝑇𝑎𝑣,2 = 𝑇𝑎𝑣,2 − 𝑇(𝑟2) (2-14) 

where r2 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 particle is superimposed to the temperature profile in the 
pebble fuel element (see Figure 2-8) 45,46. 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. 

 

Figure 2-8. Temperature profile for gas reactor pebble fuel, as modeled by TIMCOAT46. 

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/m3, with nominal 
values given in Figure 2-9, for the 900 MWth PB-AHTR; gas cooled reactor power densities are 
4.8 MW/m3 for the 400 MWth pebble bed modular helium reactor (PBMR), and 6.6 MW/m3 for 
the 600 MWth gas turbine modular helium reactor (GT-MHR) 47,48. 

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.  

 

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 

 

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 249. 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 known50.  

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 

1. mass 
conservation: 
inlet mass flux 

𝜌𝐿 ∬ 𝑢𝑑𝑆𝑖𝑛𝑙𝑒𝑡 𝑓𝑎𝑐𝑒𝑠

𝑚𝐿
= 1 

mL is the inlet mass flow rate (user 
input) 

L subscript indicates liquid 
properties 

2. total net 
mass flux 

� 𝑢𝑑𝑆
𝑖𝑛𝑙𝑒𝑡 𝑎𝑛𝑑 

𝑜𝑢𝑡𝑙𝑒𝑡 
𝑠𝑢𝑟𝑓𝑎𝑐𝑒𝑠

= 0 
 

3. core 
temperature 

rise 

∬ 𝑇𝑢𝑑𝐴𝑜𝑢𝑡𝑙𝑒𝑡
𝑓𝑎𝑐𝑒𝑠

∬ 𝑢𝑑𝐴𝑜𝑢𝑡𝑙𝑒𝑡
𝑓𝑎𝑐𝑒𝑠

−
∬ 𝑇𝑢𝑑𝐴𝑖𝑛𝑙𝑒𝑡

𝑓𝑎𝑐𝑒𝑠

∬ 𝑢𝑑𝐴𝑖𝑛𝑙𝑒𝑡
𝑓𝑎𝑐𝑒𝑠

=  
∭ ℎ𝑡. 𝑄𝑡𝑜𝑡 𝑑𝑉

𝑑𝑜𝑚𝑎𝑖𝑛

𝑐𝑝𝐿 ∙ 𝜌 ∬ 𝑢𝑑𝑆𝑖𝑛𝑙𝑒𝑡
𝑓𝑎𝑐𝑒𝑠

 ht.Qtot = heat generation, in W/m3 

4. adiabatic 
walls 

� ℎ𝑡. 𝑛𝑡𝑓𝑙𝑢𝑥
𝑎𝑑𝑖𝑏𝑎𝑡𝑖𝑐

𝑓𝑎𝑐𝑒

= 0 ht.ntflux = heat flux normal to the 
surface 

5. total net 
heat flux 

� ℎ𝑡. 𝑛𝑡𝑓𝑙𝑢𝑥
𝑎𝑙𝑙

𝑓𝑎𝑐𝑒𝑠

=  � ℎ𝑡. 𝑄𝑡𝑜𝑡 𝑑𝑉
𝑑𝑜𝑚𝑎𝑖𝑛

  

6. total heat 
generation 

∭ ℎ𝑡. 𝑄𝑡𝑜𝑡 𝑑𝑉𝑐𝑜𝑟𝑒
𝑄𝑡ℎ ∙ 𝑑𝑒𝑐𝑎𝑦

= 1 

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

the total core power 
 

Analytical estimations for central core radial and axial flow Definitions 

7. Reynolds 
number 

 

𝑅𝑒𝑒𝑠𝑡𝑖𝑚𝑎𝑡𝑒𝑑 =
𝑚𝐿

𝜇𝐿

𝑑
𝐴

 

𝑅𝑒𝑃𝑜𝑑 =
𝜌𝐿𝑑
𝜇𝐿

𝑏𝑟. 𝑈(𝑟, 𝑧)𝜀 

𝐴𝑎𝑥𝑖𝑎𝑙 = 6.22 𝑚2 
𝐴𝑟𝑎𝑑𝑖𝑎𝑙 = 10.6 𝑚2 

br.U = magnitude of superficial 
velocity 

8. Pressure 
drop 

∆𝑃 =
𝑚𝐿

2

2𝜌𝐿
�

𝐿
𝐴2𝑑

� �
𝑓1,𝑝

𝑅𝑒
+ 𝑓2,𝑝� 𝐿𝑎𝑥𝑖𝑎𝑙 = 3.0 𝑚 

𝐿𝑟𝑎𝑑𝑖𝑎𝑙 = 1.4 𝑚 
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Table 2-8. Verification calculations for pressure drop, coarse mesh 

 
decay 
heat 

fraction 

Pressure (Pa) Error 

 
Pod results 

Analytical 
Calculations 

 

Radial flow 

1 8,156 8,187 -0.37% 
0.06 64.8 64.9 -0.14% 
0.02 15.6 15.6 -0.07% 
0.01 7.03 7.03 -0.04% 

     

Axial flow 

1 50,303 50,303 0.00% 
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 
4.3.0.151.  

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. 

2.3.1 Boundary conditions 

The total mass flow rate was always set such that the core temperature rise is 100oC, 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 723oC, and 780oC, respectively. The 
power density-weighed volume averaged temperatures for the coolant and fuel kernels are 
650.7oC, and 711.2oC, respectively. Thus, ΔTav,FC is 61oC, which indicates that it may be possible 
to design a PB-FHR core that maintains the coolant core outlet temperature below 800oC 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 720oC. 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 730oC. 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. 

 

 

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 

 

Figure 2-17. Reynolds number with and without buoyancy effects, and temperature dependence of viscosity. 
2% decay heat power, axial flow, 100oC 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-
FHRs.  

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 50oC 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. 

2.5.1 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 water51,52 and liquid metals53, 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. 

 

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 activity54. 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 Mars55. 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 principles56. 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 



 

NATURAL CIRCULATION - INTEGRAL EFFECTS TESTS 52 
 

towers, and exits through the minaret windows: a fully passive building ventilation system. 
Thermal chimneys and other modern architectural structures follow similar principles57,58. 

 

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 reactors53,59, water circulation in solar water heaters60, 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 computers61. 

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 energy62. 

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 installations63.  

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 
correlations64. 

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 IETs 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 
shutdown24,65. 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. 

 

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 reactors66, 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 system66. 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 67 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 power67. 

 

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 
1 Provide a high reliability emergency heat sink 
2 Capability to control heat removal rate 
3 Minimize parasitic heat loss during normal operation 
4 Meet operational requirements for start-up and shutdown 

 DRACS SALT TO SALT HEAT EXCHANGER (DHX) & DIODE 

1-1 Transfer decay heat from primary coolant to DRACS coolant, in natural circulation downwards 
primary coolant flow through the DHX 

1-2 

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) 

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

 DRACS PIPING & INSULATION/ELECTRICAL HEATING 

2-1 Protect against flow blockages under all conditions, including overcooling and design-basis external 
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 

3-2 Control air flow with rapid response time (tens of seconds) to prevent overcooling, using air dampers 
that fail open 

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

3-4 
Ensure that no operator action or mechanical part movement is needed in the first hour after SCRAM 
(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) 

3-5 Maintain sufficient minimum airflow to provide cooling for concrete structures around NDHX 
chimney 

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

3-7 Interface with the environment: NDHX outlet air stream must entrain and mix with ambient air to 
temper the temperature of the air discharged from the stack 

3-8 Security: prevent intentional ingress of objects 

3-9 External event shield must protect the NDHX chimney from external missiles, and ensure that the 
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. 

3.4.1 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, μ, specific heat capacity, cp, density, ρo, thermal conductivity, k, and 
the coefficient of thermal expansion, β, are evaluated at the average temperature To. 

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, An, 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, dn, 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, dh. 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.  

𝑑ℎ =
4𝐴
𝑃

 (3-1)  
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The flow length, Ln, 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, Sn is the heat exchange area between the fluid and the solid. The internal fluid 
volume, Vn, 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, un 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 f is the friction coefficient, and Ln the length of the segment.  

 𝐿𝑛
𝜕𝑢𝑛
𝜕𝑡

= ∫ 𝜕𝑢
𝜕𝑡

𝑑𝑠𝑛  (3-2)  

 𝑢𝑛
2𝑓𝑛(𝑢𝑛)𝐿𝑛 = ∫ �𝑢2(𝑠)𝑓�𝑢(𝑠)��𝑑𝑠𝑛  (3-3)  

Using equations (3-2) and (3-3) will lead to segment length, Ln, and cross sectional area, An, 
which cannot be used for calculating the fluid volume of the segment, Vn. 
 𝑉𝑛 ≠ 𝐿𝑛𝐴𝑛 (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 Ln can be 
selected. 
 𝑉𝑛 = 𝐿𝑛𝐴𝑛 (3-5)  

In the energy equation An 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.  

𝑚∗ =
𝑚
𝑚𝑟

; 𝑇∗ =
𝑇 − 𝑇𝑜

∆𝑇𝑟
;  𝑡∗ =

𝑡
𝑡𝑟

; 𝑠∗ =
𝑠

𝐿𝑟
;  ∆𝑃𝑛

∗ =
∆𝑃𝑛

∆𝑃𝑟
 (3-6) 

The characteristic time interval, tr, 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.  

𝑡𝑟 =
𝜌𝑜𝑉𝑟

𝑚𝑟
 (3-7) 

 ∆𝑃𝑟 =
𝑚𝑟

2

2𝐴𝑟
2𝜌𝑜

 (3-8)  

3.4.3 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 literature68, the conservation equations are also often times written in terms 
of a reference velocity, ur, which is the velocity in an arbitrarily chosen segment, of cross-
sectional area Ar. 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 = 𝜌𝑜𝑢𝑛𝐴𝑛 (3-9)  

3.4.4 Momentum conservation equation 

The momentum equation for one-dimensional flow is given as 

𝜌𝑜
𝐷𝑢
𝐷𝑡

=
𝜕𝑝
𝜕𝑠

− 𝜌𝑔𝑒𝑧� ∙ 𝑒𝑠� −
𝜌𝑜𝑢2

2
𝑓

𝑑ℎ
 (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. 

   𝐷𝑢
𝐷𝑡

= 𝜕𝑢
𝜕𝑡

+ 𝑢 𝜕𝑢
𝜕𝑠

𝜕𝑢
𝜕𝑠=0
��� 𝐷𝑢

𝐷𝑡
= 𝜕𝑢

𝜕𝑡
 (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 𝜌𝑜, we obtain: 

 

1
𝜌𝑜

∫ [ ]𝑑𝑠𝑛

𝑢𝑛= 𝑚
𝐴𝑛𝜌𝑜�������� 𝐿𝑛

𝐴𝑛𝜌𝑜

𝜕𝑚
𝜕𝑡

= ∆𝑃𝑛
𝜌𝑜

− 𝑔 ∫ 𝜌
𝜌𝑜𝑛 𝑑𝑧 − 𝑚2

2𝐴𝑛
2 𝜌𝑜

2 � 1
𝑑ℎ,𝑛

∫ 𝑓𝑑𝑠𝑛 � (3-12)  

The four terms of this equation represent fluid inertia (ITn), driving head (HTn), buoyancy 
(BTn), and friction losses (FTn). 
 𝐼𝑇𝑛 = 𝐻𝑇𝑛 + 𝐵𝑇𝑛 − 𝐹𝑇𝑛 (3-13)  

3.4.4.1 Inertia term 

The inertial term, ITn, 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.  

 𝐼𝑇𝑛 = 𝐿𝑛
𝐴𝑛𝜌𝑜

𝜕𝑚
𝜕𝑡

 (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, APB, 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)44,69 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, FTn. The 
integration of the friction coefficient, and grouping together all the terms with subscript n, leads 
to a coefficient, F'n, which fully characterizes the integral friction loss behavior of each segment. 
The coefficient Cn groups together the geometry parameters of segment n, with respect to which 
the friction term is proportionally dependent. 

  𝐹𝑇𝑛 = 𝑚2

2𝜌𝑜
2 𝐹𝑛

′ = ∆𝑃𝑛
𝜌𝑜

 (3-15) 

 𝐹′
𝑛 = 1

𝐴𝑛
2

1
𝑑ℎ,𝑛

∫ 𝑓(𝑠)𝑑𝑠𝑛 = 𝐶𝑛𝑓𝑛  (3-16) 

 𝐶𝑛 ≡ � 1
𝐴𝑛

2
𝐿𝑛
𝑑𝑛

� (3-17) 

where ΔPn is the friction pressure drop, and fn the average friction coefficient. 
 𝐹′ ≡ ∑ 𝐹𝑛

′
𝑛  (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. 

3.4.4.3 Buoyancy Term 

Some simplifications can be made to the buoyancy term for each segment, BTn, 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 

 𝛽 = − 1
𝜌

𝑑𝜌
𝑑𝑇

(𝜌∙𝛽)=𝑐𝑜𝑛𝑠𝑡 
��������� 𝜌

𝜌𝑜
= 1 − 𝛽(𝑇 − 𝑇𝑜) (3-19)  

 𝐵𝑇𝑛 = −𝑔 ∫ 𝜌
𝜌𝑜𝑛 𝑑𝑧

𝛽=𝑐𝑜𝑛𝑠𝑡 
������ 𝐵𝑇𝑛 = −𝑔∆𝑧𝑛 + 𝑔𝛽 ∫ (𝑇 − 𝑇𝑜)𝑛 𝑑𝑧    (3-20)  

 ∑ 𝐵𝑇𝑛𝑛 = 𝑔𝛽 ∮ 𝑇𝑑𝑧   (3-21)  

𝑇(𝑧)=𝑙𝑖𝑛𝑒𝑎𝑟
��������� 𝐵𝑇𝑛 = −𝑔∆𝑧𝑛 + 𝑔𝛽∆𝑧𝑛�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 Δzch, which is the between the center of the heat sink segment, zc, 
and the center of the heat input segment, zh, and ΔTh, the temperature rise across the heater. 
 ∮ 𝑇𝑑𝑧 = ∆𝑇ℎ∆𝑧𝑐ℎ   (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, ΔzNC, 
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.  

 ∆𝑧𝑁𝐶 = ∮ 𝑇𝑑𝑧
∆𝑇ℎ

 (3-24) 

where ΔTh 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, ΔTh is 
the temperature rise across the heat input segment. At steady state, ΔTh can be expressed in 
terms of the power input to the loop, Qh, and steady state mass flow rate, mss. 
 𝑄ℎ = 𝑚𝑠𝑠𝑐𝑝∆𝑇ℎ  (3-25)  

  ∑ 𝐵𝑇𝑛𝑛 = 𝑔𝛽

𝑚𝑐𝑝,ℎ
𝑄ℎ∆𝑧𝑁𝐶  (3-26) 

 The ratio of ΔzNC to Δzch, 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. 

 П𝒛 = ∆𝒛𝑵𝑪
∆𝑧𝑐ℎ

= ∮ 𝑇𝑑𝑧
∆𝑧𝑐ℎ∆𝑇ℎ

= ∑ �𝑻𝒂𝒗,𝒏∙∆𝒛𝒏�𝒍𝒐𝒐𝒑
𝒏

∆𝑧𝑐ℎ∆𝑇ℎ
 (3-27) 

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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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: 

 𝐿𝑛
𝐴𝑛𝜌𝑜

𝜕𝑚
𝜕𝑡

= �∆𝑃𝑛
𝜌𝑜

− 𝑔∆𝑧𝑛� + 𝑔𝛽 ∫ (𝑇 − 𝑇𝑜)𝑑𝑧𝑛 − 𝑚2

2𝜌𝑜
2 𝐹𝑛

′  (3-28)  

Summing these equations around a closed loop: 

  
∑𝑙𝑜𝑜𝑝

𝑛������ 𝜕𝑚
𝜌𝑜𝜕𝑡

∑ 𝐿𝑛
𝐴𝑛

𝑛 = 𝑔𝛽 ∮ 𝑇𝑑𝑧 − 𝑚2

2𝜌𝑜
2 ∑ 𝐹𝑛

′
𝑛   (3-29)  

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

 𝑚𝑁𝐶
2 = 2𝜌𝑜

2𝑔𝛽 ∆𝑧𝑁𝐶∆𝑇ℎ
𝐹′(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. 

 
𝑄ℎ=𝑚𝑠𝑠𝑐𝑝∆𝑇ℎ
����������� 𝑚𝑁𝐶,𝑠𝑠

3 = 2𝜌𝑜
2𝑔𝛽

𝑐𝑝,ℎ

∆𝑧𝑁𝐶(𝑇(𝑧))𝑄ℎ
𝐹′(𝑅𝑒(𝑚,𝑇(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. 

3.4.5 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. 

𝐿𝑛𝑚𝑟
2

𝐴𝑛𝜌𝑜
2𝑉𝑟

𝜕𝑚∗

𝜕𝑡∗ =
𝑚𝑟
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2 ∆𝑃𝑛
∗ −

𝑔
𝜌𝑜

� 𝜌
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𝑑𝑧 −
𝑚𝑟
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2 �
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𝐴𝑛

2

𝐿𝑛

𝑑ℎ,𝑛
𝑓𝑛� 𝑚∗2 (3-32)  

The nondimensional equation for a natural circulation loop is given. 

�
∑ 𝐿𝑛

𝐴𝑛
𝑛

𝑉𝑟/2
�

𝜕𝑚∗

𝜕𝑡∗ = �
𝜌𝑜

2𝑔𝛽∆𝑇𝑟∆𝑧𝑁𝐶

𝑚𝑟
2 � − �� 𝐹𝑛

′

𝑛
� 𝑚∗2 (3-33)  

1/𝐹𝑇
���

1
П2

𝜕𝑚∗

𝜕𝑡∗ = П6 − 𝑚∗2 (3-34)  

П2>100
����� П6 = 𝑚∗2 (3-35)  
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П2 =
𝑉𝑟 ∑ 𝐹𝑛

′
𝑛

2 ∑ 𝐿𝑛
𝐴𝑛

𝑛

;  П6 =
𝜌𝑜

2𝑔𝛽∆𝑇𝑟∆𝑧𝑁𝐶(𝑇∗(𝑧∗))
𝑚𝑟

2 ∑ 𝐹𝑛
′�𝑚∗, 𝑇∗(𝑠∗)�𝑛

 (3-36)  

When П2 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 П2 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 mr is defined as the steady state natural circulation mass flow rate that corresponds to 
ΔTr, ΔzNC, and F', П6 is by definition 1.0. Hence, to design a scaled model that replicates the 
transient response, it suffices to match the functional dependence of П6 with respect to m*, T(s), 
and T(z). Another way to look at this requirement, since m* equals П6

0.5, 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.  

 
𝐹𝑛,𝑚

′ �𝑚∗,𝑇∗(𝑠∗)�
𝐹𝑚

′ = 𝐹𝑛,𝑝
′  �𝑚∗,𝑇∗(𝑠∗)�

𝐹𝑝
′  (3-37)  

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 
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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 П6 that is dependent on power input is ΔzNC. Another way to think about 
it is in terms of Пz, 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 Пz 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. 

 𝜕𝑇
𝜕𝑡

+ 𝑢(𝑠) 𝜕𝑇
𝜕𝑠

− 𝑘
𝜌𝑜𝑐𝑝

𝜕2𝑇
𝜕𝑠2 = 1

𝜌𝑜𝑐𝑝
�𝑞′′′ − ℎ 𝑆

𝑉
(𝑇 − 𝑇𝑠𝑖𝑛𝑘)� (3-38)   

where Qn is the total heat generation in segment n, q''' the volumetric internal heat generation, h 
the convective heat transfer coefficient, and Tsink 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:  

  𝜕𝑇
𝜕𝑡

+ 𝑚
𝜌0𝐴𝑛

𝜕𝑇
𝜕𝑠

− 𝑘
𝜌𝑜𝑐𝑝

𝜕2𝑇
𝜕𝑠2 = 1

𝜌𝑜𝑐𝑝
�𝑄𝑛

𝑉𝑛
− ℎ𝑆𝑛

𝑉𝑛
(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. 

⇒
𝜕𝑇∗

𝜕𝑡∗ +
𝑉𝑟/𝑙𝑟

𝐴𝑛

𝑚∗𝜕𝑇∗

𝜕𝑠∗ −
𝑘/𝑙𝑟

2

𝑚𝑟𝑐𝑝/𝑉𝑟

𝜕2𝑇∗

𝜕𝑠∗2 =
𝑄𝑛/𝑉𝑛

𝑚𝑟𝑐𝑝∆𝑇𝑟/𝑉𝑟
−

ℎ𝑆𝑛(𝑇∗ − 𝑇𝑠𝑖𝑛𝑘
∗ )/𝑉𝑛

𝑚𝑟𝑐𝑝/𝑉𝑟
 (3-40)  

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

 ∆𝑇𝑠𝑖𝑛𝑘 ,𝑟
∗ = 𝑇𝑠𝑖𝑛𝑘,𝑟−𝑇𝑜

𝑇𝑟−𝑇𝑜
= ∆𝑇𝑠𝑖𝑛𝑘,𝑟

∆𝑇𝑟
⇒ ∆𝜃∗ = 𝑇∗−𝑇𝑠𝑖𝑛𝑘

∗

∆𝑇𝑠𝑖𝑛𝑘,𝑟
∗ = 𝑇−𝑇𝑠𝑖𝑛𝑘

∆𝑇𝑠𝑖𝑛𝑘,𝑟
 (3-41)  

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.  

𝑃𝑒 = 𝑅𝑒 ∙ 𝑃𝑟 =
𝑚𝑐𝑝

𝑘
∙

𝑑𝑛

𝐴𝑛
;  𝑆𝑡 =

𝑁𝑢
𝑅𝑒𝑃𝑟

=
ℎ𝐴𝑛

𝑚𝑐𝑝
 (3-42)  

 

𝑃𝑟 =
𝜇/𝜌

𝑘/𝜌𝑐𝑝
 (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 Γi.` 

𝜕𝑇∗

𝜕𝑡∗ + 𝛤1 ∙
𝑚∗𝜕𝑇∗

𝜕𝑠∗ −
𝛤2

𝑃𝑒
∙

𝜕2𝑇∗

𝜕𝑠∗2 = П𝐸3 − 𝑆𝑡П𝐸4∆𝜃∗ (3-44)  

𝛤1 =
𝑉𝑟

𝑙𝑟𝐴𝑛
; П𝐸3 = 𝛤3П𝑄;  П𝐸4 = 𝛤4

∆𝑇𝑠𝑖𝑛𝑘,𝑟

∆𝑇𝑟
 (3-45)  

𝛤2 =
𝑑𝑛𝑉𝑟

𝐴𝑛𝑙𝑟
2 ;  𝛤3 =

𝑉𝑟

𝑉𝑛
;  𝛤4 =

𝑆𝑛𝑉𝑟

𝐴𝑛𝑉𝑛
;  П𝑄 =

𝑄𝑛

𝑐𝑝∆𝑇𝑟𝑚𝑟
 (3-46)  

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.  

𝛤2

𝑃𝑒
< 0.01 (3-47)  

In order to design a scaled experiment, three parameters must be matched: Γ1, ПE3, and StПE4, 
where Γ1,n  is the advection term.  Γ1,n is matched for each segment if the relative flow cross-
sectional areas are matched between the prototype and the model. ПE3,n 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  ПE3,n is unity; StПE4 is the 
convective heat transfer term; in order to match the functional dependence of this term on mass 
flow rate and temperature, the Ren, Prn, and Nun will be matched, hence ПE4 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 ПE4. 

3.4.8 Reynolds number definition in a multi-dimensional pebble bed 

The Reynolds number defined in terms of the mass flow rate: 

𝑅𝑒 =
𝑚
𝜇

∙
𝑑
𝐴

 (3-48) 

The fluid velocity is written in terms of the variable flow cross-sectional area. 

  𝑢(𝑠) = 1
𝐴(𝑠)

𝑚
𝜌𝑜

 (3-49) 
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 Ln and An 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 f1 and fp 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 An 
and Ln for the PB-FHR core geometry are given in Table 3-2. 

Using incorrectly averaged values for An and Ln 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 m2 10.6 31.1 45.2 6.79 6.22 
LnAn/Vn m3 0.79 1.00 1.45 0.45 1.00 
Cn m-2 0.41 0.32 0.15 1.09 2.58 

LO
FC

 P
ha

se
 I 

m kg/s 3727 (100%) tcore  s  9.8  
Re 

 
1556 1331 915 2440 2661 

f 
 

5.7 5.8 6.0 5.5 5.5 
F m-4 2.32 1.86 0.91 6.00 14 
Fn/Fn,effective   1.00 0.80 0.29 2.59   

LO
FC

 P
ha

se
 II

 m kg/s 224 (6%) tcore  s  163.8 
Re 

 
93 80 55 146 160 

f 
 

12 14 18 10 9.5 
F m-4 5.09 4.43 2.68 10.7 24 
Fn/Fn,effective 

 
1.00 0.87 0.53 2.10   

  dn m 0.030 
      Vn m3 18.7 
      μ (650oC) Pa-s 0.006754   f1  675    

  ρo (650oC) kg/m3 1963   f2  5.25    
 
When flow through the annular core has both a radial and an axial component, An and Ln 

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 An 
changes over the course of the transient of interest, then this must be accounted for in the 
integral model of the system. A n 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 fn is a constant. Since 
segments have been defined above to have uniform cross-sectional area,  fn 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 100ºC, it can be approximated as linear; in this case using a 
constant friction coefficient, fn, evaluated at the average temperature of the segment, Tav,n, 
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. 

𝑓𝑛(𝑢𝑛(𝑡)) ≡ 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. Vijayan70  
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-off 
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 fluids71,72. 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.   

3.5.1 An example: 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.  

 

𝑓𝑙𝑎𝑚 =
64
𝑅𝑒

 (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.  

𝐺 = �
64 ∑ � 𝑙𝑛

𝑑𝑛
2 ∙ 1

𝐴𝑛
�𝑛

∆𝑧𝑁𝐶
 (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, 𝜑. Fluids with lower values of 𝜑 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). 

∆𝑇ℎ.𝑙𝑎𝑚 ≈  𝜑𝑙𝑎𝑚 ∙ 𝐺 ∙ �𝑄ℎ  (3-53)  

𝜑𝑙𝑎𝑚 = �
𝜇𝑜

𝜌𝑜
2𝑐𝑝,ℎ𝑔𝛽

 (3-54)  

 
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 ω will have a shorter residence time around the natural circulation loop at steady state. 
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𝑚𝑙𝑎𝑚 ≈
𝜌𝑜

𝜔𝑙𝑎𝑚
∙

1
𝐺 �𝑄ℎ  (3-55)  

𝜏 =
𝑉𝑙𝑜𝑜𝑝𝜌𝑜

𝑚
 (3-56)  

𝜏𝑙𝑎𝑚 = 𝜔𝑙𝑎𝑚
𝑉𝑙𝑜𝑜𝑝𝐺

�𝑄ℎ
 (3-57)  

𝜔𝑙𝑎𝑚 = �
𝜇𝑜𝑐𝑝,ℎ

𝑔𝛽
⇒ 𝜔𝑙𝑎𝑚 = 𝜑𝑙𝑎𝑚 ∙ 𝜌𝑜𝑐𝑝,ℎ (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 ϑ 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. 

 

𝑅𝑒𝑙𝑎𝑚 = 𝜗 ∙
𝑑𝑛

𝐴𝑛𝐺
∙ �𝑄ℎ (3-59)  

𝜗 = �
𝜌𝑜

2𝑔𝛽
𝜇𝑜

3𝑐𝑝,ℎ
⇒

1
𝜗

= 𝜔 ∙
𝜇
𝜌

= 𝜑𝑙𝑎𝑚 ∙ 𝜇𝑐𝑝,ℎ (3-60)  

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

Parameter Parameter Definition Equation that uses the 
parameter 

Related Fundamental 
Equation 

Geometric loop 
parameter, G 

𝐺𝑙𝑎𝑚 = �64 � �
𝑙𝑛

𝑑𝑛
2 ∙

1
𝐴𝑛

�
𝑛

  
𝑓𝑙𝑎𝑚 =

∆𝑃
𝐶𝑛(𝑚2/2𝜌𝑜) =

64
𝑅𝑒

 

𝑚3 =
𝜌𝑜

2𝑔𝛽
𝑐𝑝,ℎ

∆𝑧𝐻𝐿 ∙ 𝑄ℎ

𝐹′(𝑅𝑒(𝑚))
 

Effectiveness, φ 𝜑𝑙𝑎𝑚 = �
𝜇𝑜

𝜌𝑜
2𝑐𝑝,ℎ𝑔𝛽

 ∆𝑇ℎ.𝑙𝑎𝑚 =  𝜑𝑙𝑎𝑚 ∙ 𝐺 ∙ �∆𝑧𝑁𝐶𝑄ℎ  𝑄𝑛 = 𝑚𝑐𝑝∆𝑇𝑛 

Rapidity, ω 𝜔𝑙𝑎𝑚 = �
𝜇𝑜𝑐𝑝,ℎ

𝑔𝛽
 𝜏𝑙𝑎𝑚 = 𝜔𝑙𝑎𝑚

𝑉𝑙𝑜𝑜𝑝𝐺

�∆𝑧𝑁𝐶𝑄ℎ
 𝜏 =

𝑉𝑙𝑜𝑜𝑝𝜌𝑜

𝑚
 

Maintain 
laminar flow, ϑ 𝜗𝑙𝑎𝑚 = �

𝜌𝑜
2𝑔𝛽

𝜇𝑜
3𝑐𝑝,ℎ

 𝑅𝑒𝑙𝑎𝑚 = 𝜗𝑙𝑎𝑚 ∙
𝑑𝑛

𝐴𝑛𝐺
∙ �∆𝑧𝑁𝐶𝑄ℎ  𝑅𝑒𝑛 =

𝑚
𝜇

∙
𝑑𝑛

𝐴𝑛
 

 
ϑ 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 φ and ω 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 

𝐺 = �𝑎 � ��
1

𝐴𝑛
2

𝑙𝑛

𝑑ℎ,𝑛
� ∙ �

𝑑𝑛

𝐴𝑛
�

𝑏

�
𝑛

�
1/(3+𝑏)

 

𝑓 =
∆𝑃

𝐶𝑛(𝑚2/2𝜌𝑜) = 𝑎𝑅𝑒𝑏 

𝑚3+𝑏 =
𝜌𝑜

2𝛽𝑔𝜇𝑏

𝑐𝑝,ℎ

∆𝑧𝑁𝐶𝑄ℎ
𝐺3+𝑏 

 

Effectiveness, φ 𝜑 =
𝜇−𝑏/(3+𝑏)

(𝜌𝑜
2𝛽𝑔)1/(3+𝑏)𝑐𝑝

1−1/(3+𝑏) ∆𝑇ℎ = 𝜑 𝐺
𝑄ℎ

1−1/(3+𝑏)

∆𝑧𝑁𝐶
1/(3+𝑏)  

Rapidity, ω 𝜔 =
𝜌𝑜

(1+𝑏)/(3+𝑏)𝑐𝑝,ℎ
1/(3+𝑏)𝜇−𝑏/(3+𝑏)

(𝛽𝑔)1/(3+𝑏)  𝜏𝑛 = 𝜔 ∙ 𝐺𝑉𝑛 ∙ (∆𝑧𝑁𝐶𝑄ℎ)−1/(3+𝑏) 

Maintain a single flow 
regime, ϑ 

𝜗 = �
𝜌𝑜

2𝛽𝑔
𝜇3𝑐𝑝,ℎ

�
1/(3+𝑏)

 𝑅𝑒𝑛 = 𝜗 ∙
𝑑𝑛

𝐴𝑛 𝐺
 (∆𝑧𝑁𝐶𝑄)1/(3+𝑏) 

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

 
 

𝒇 ∆𝑻𝒉  𝛕𝐧 𝝋 𝛚 

Pe
bb

le
 b

ed
 RePB < 0.1 

f1/f2 
𝑓1

𝑅𝑒
 𝜑 𝐺

𝑄ℎ
0.5

∆𝑧𝑁𝐶
0.5 𝜔

𝐺𝑉𝑛

(∆𝑧𝐻𝐿Qh)0.5 
𝜇0.5

(𝜌𝑜
2𝛽𝑔)0.5𝑐𝑝

0.5 
𝑐𝑝,ℎ

0.5𝜇0.5

(𝛽𝑔)0.5 

RePB > 10 f1/f2 𝑓2 𝜑 𝐺
𝑄ℎ

0.666

∆𝑧𝑁𝐶
0.333 𝜔

𝐺𝑉𝑛

(∆𝑧𝐻𝐿Qh)0.333 
1

(𝜌𝑜
2𝛽𝑔)0.333𝑐𝑝

0.667 �𝜌𝑜𝑐𝑝,ℎ�0.333

(𝛽𝑔)0.333  

Pi
pe

 fl
ow

 

Laminar,        
Re < 2000 

64
𝑅𝑒

 𝜑 𝐺
𝑄ℎ

0.5

∆𝑧𝑁𝐶
0.5 𝜔

𝐺𝑉𝑛

(∆𝑧𝐻𝐿Qh)0.5 
𝜇0.5

(𝜌𝑜
2𝛽𝑔)0.5𝑐𝑝

0.5 
𝑐𝑝,ℎ

0.5𝜇0.5

(𝛽𝑔)0.5 

Transitional, 
Re < 4000 

𝑅𝑒0.33

381
 𝜑 𝐺

𝑄ℎ
0.7

∆𝑧𝑁𝐶
0.3  𝜔

𝐺𝑉𝑛

(∆𝑧𝐻𝐿Qh)0.3 
1

𝜇0.1(𝜌𝑜
2𝛽𝑔)0.3𝑐𝑝

0.7 𝜌𝑜
0.4𝑐𝑝,ℎ

0.3

𝜇0.1(𝛽𝑔)0.3 

Turbulent,     
Re < 30000 

0.316
𝑅𝑒0.25 𝜑 𝐺

𝑄ℎ
0.646

∆𝑧𝑁𝐶
0.364 𝜔

𝐺𝑉𝑛

(∆𝑧𝐻𝐿Qh)0.364 
𝜇0.091

(𝜌𝑜
2𝛽𝑔)0.364𝑐𝑝

0.636 
𝜌𝑜

0.273𝑐𝑝,ℎ
0.364𝜇0.091

(𝛽𝑔)0.364  

Turbulent, 
Re > 30000 

0.184
𝑅𝑒0.20 𝜑 𝐺

𝑄ℎ
0.643

∆𝑧𝑁𝐶
0.357 𝜔

𝐺𝑉𝑛

(∆𝑧𝐻𝐿Qh)0.357 
𝜇0.071

(𝜌𝑜
2𝛽𝑔)0.357𝑐𝑝

0.643 
𝜌𝑜

0.286𝑐𝑝,ℎ
0.357𝜇0.071

(𝛽𝑔)0.357  
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Table 3-6. Natural circulation heat transport metrics, normalized to the respective values for flibe at 700oC. 
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 ?? 
vapor press. at 
900oC 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 

 μ Pa-s 0.005494 0.006754 0.002900 0.005100 0.005100 0.005100 
 ρo kg/m3 1938 1962 2019 3034 3223 3091 
 cp J/kg-K 2415 2415 1882.8 1171.52 836.8 983 
 β 10-4/K 2.53 2.50 3.62 2.90 3.10 2.99 
 ρocp MJ/m3

K 4.680 4.739 3.801 3.554 2.697 3.039 

 ρo β kg/m3K 0.491 0.491 0.730 0.880 1.000 0.925 
 Pr -- 13 16 6 12 11 13 

Pe
bb

le
 B

ed
 

RePB < 0.1 
f1/f2 φ/φflibe 1.00 1.10 0.66 0.83 0.89 0.87 

RePB > 10 
f1/f2 φ/φflibe 1.00 1.00 1.02 1.15 1.35 1.26 

Pi
pe

 F
lo

w
 

laminar, Re 
< 2000 φ/φflibe 1.00 1.10 0.66 0.83 0.89 0.87 

transitional, 
Re < 4000 φ/φflibe 1.00 0.98 1.11 1.23 1.47 1.36 

turbulent, Re 
< 30000 φ/φflibe 1.00 1.01 0.94 1.08 1.25 1.18 

turbulent, Re 
> 30000 φ/φflibe 1.00 1.01 0.96 1.10 1.27 1.20 

Pe
bb

le
 

 B
ed

 

RePB < 0.1 
f1/f2 ω/ωflibe 1.00 1.12 0.54 0.63 0.51 0.57 

RePB > 10 
f1/f2 ω/ωflibe 1.00 1.01 0.83 0.87 0.78 0.82 

Pi
pe

 F
lo

w
 

laminar, Re 
< 2000 ω/ωflibe 1.00 1.12 0.54 0.63 0.51 0.57 

transitional, 
Re < 4000 ω/ωflibe 1.00 0.99 0.90 0.93 0.85 0.88 

turbulent, Re 
< 30000 ω/ωflibe 1.00 1.03 0.77 0.82 0.72 0.77 

turbulent, Re 
> 30000 ω/ωflibe 1.00 1.02 0.78 0.83 0.73 0.78 

PB
 RePB < 0.1 

f1/f2 ϑ/ϑflibe 1.0 0.7 3.7 2.7 3.5 3.0 

Pi
pe

 laminar, Re 
< 2000 ϑ/ϑflibe 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 700oC. 
Comparison of flibe performance with other single phase coolants. 

   water Na Pb Pb-Bi Dowtherm 
A 

Drakesol 
260 

melting point oC -1 98 327 123.5 12 n/a 
boiling point oC 310 883 621 1670 257 265 
vapor press. at 
900oC 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 

 μ Pa-s 0.000086 0.000201 0.001461 0.001140 0.001122 0.0007124 
 ρo kg/m3 711.9 805 10255 9875 1006 735 
 cp J/kg-K 5723 951 143.1 146.5 1767 2000 
 β 10-4/K 32.33 2.95 1.32 1.40 8.19 6.80 
 ρocp MJ/m3K 4.074 0.765 1.467 1.446 1.779 1.470 
 ρo β 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 

Pe
bb

le
 B

ed
 

RePB < 0.1 
f1/f2 φ/φflibe 0.06 0.68 0.56 0.49 0.57 0.64 

RePB > 10 
f1/f2 φ/φflibe 0.47 3.18 2.70 2.67 1.29 1.56 

Pi
pe

 F
lo

w
 

laminar, Re 
< 2000 φ/φflibe 0.06 0.68 0.56 0.49 0.57 0.64 

transitional, 
Re < 4000 φ/φflibe 0.70 4.33 3.70 3.74 1.52 1.86 

turbulent, 
Re < 30000 φ/φflibe 0.32 2.40 2.02 1.95 1.11 1.32 

turbulent, 
Re > 30000 φ/φflibe 0.35 2.55 2.15 2.10 1.15 1.37 

Pe
bb

le
 B

ed
 

RePB < 0.1 
f1/f2 ω/ωflibe 0.05 0.11 0.17 0.15 0.21 0.20 

RePB > 10 
f1/f2 ω/ωflibe 0.41 0.52 0.85 0.82 0.49 0.49 

Pi
pe

 F
lo

w
 

laminar, Re 
< 2000 ω/ωflibe 0.05 0.11 0.17 0.15 0.21 0.20 

transitional, 
Re < 4000 ω/ωflibe 0.61 0.71 1.16 1.16 0.58 0.58 

turbulent, 
Re < 30000 ω/ωflibe 0.28 0.39 0.63 0.61 0.42 0.42 

turbulent, 
Re > 30000 ω/ωflibe 0.31 0.42 0.68 0.65 0.44 0.43 

PB
 RePB < 0.1 

f1/f2 ϑ/ϑflibe, 436 102 114 163 12 15 

Pi
pe

 laminar, Re 
< 2000 ϑ/ϑflibe 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 NuScale73 
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 pipes71,72. 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 𝜑 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 𝜑 for comparing the effectiveness of natural 
circulation of various fluids. Since 𝜑 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 (∆T), and the geometry 
parameters of the bed. Hence, for different flow regimes, the ratio of 𝜑'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 metals71,72. 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 𝜑, 
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.  

 

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 ∆T, and the geometry of the bed. 
A universal comparison of natural circulation effectiveness for fluids is not possible. 

The coefficient 𝜑 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 100oC, or slightly higher. Fluoride salts operate with over 700oC 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 700oC for extended 
periods of time. The limiting parameter for the core inlet temperature is a desired margin to 
freezing of 100oC, which sets the minimum core inlet temperature at 600oC 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 40oC73. AP-1000 is a large PWR and it operates 
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with a temperature rise of 40oC74. For this comparison, the acceptable temperature rise for 
natural circulation cooling of LMRs is taken to be 150oC. 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 150oC53,75, 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 40oC 
temperature rise is the same as for a flibe cooled system with 107oC 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 40oC temperature rise, are matched by salt with 150oC 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 65oC, 
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. 

 

Figure 3-8. Head loss in the PB-FHR core, for various coolants, at full power operation. 
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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, c, 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
П2

𝜕𝑚∗

𝜕𝑡∗ = П6 − 𝑚∗2 (3-61)  

Assuming that the value of 1/П2 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 Пz = 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 



 

NATURAL CIRCULATION - INTEGRAL EFFECTS TESTS 81 
 

are not adiabatic, Пz deviates from unity. The evolution of Пz 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 
requirement 

Scaling Requirement Equations Experiment Design 
Variables 

Steady state 
natural circulation 
flow rate 

 𝑚𝑟
2 =

𝜌𝒐
𝟐𝑔𝛽∆𝑇𝑟∆𝑧𝑁𝐶

∑ 𝐹𝑛
′�𝑚∗, 𝑇(𝑠)�𝑛

  

Friction term 
evolution over the 
course of the 
transient 

𝐹𝑛,𝑚
′ �𝑚∗, 𝑇∗(𝑠∗)�

𝐹𝑚
′

=
𝐹𝑛,𝑝

′  �𝑚∗, 𝑇∗(𝑠∗)�
𝐹𝑝

′  
  

Buoyancy term 
evolution over the 
course of the 
transient 

П𝑧,𝑚(𝑇∗(𝒔∗))

= П𝑧,𝑝(𝑇∗(𝑠∗)) П𝑧 =
∆𝑧𝑁𝐶

∆𝑧𝑐ℎ
  𝑚𝑟,𝑚, ∆𝑧𝐻𝐿,𝑚, ∆𝑇𝑟,𝑚 

The inertia term is 
negligible 

П𝟐 ≳ 100 П𝟐 =
𝑉𝑟
2 ∑ 𝐹𝑛

′
𝑛

∑ 𝐿𝑛
𝐴𝑛

𝑛

  

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, fPB, is 
given by 

𝑓𝑃𝐵 =
𝑓1

𝑅𝑒𝑃𝐵
+ 𝑓2 (3-62)  

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

 Formula Blake-Carman-Kozeny40,44 
E1 Empirical 150 
E2 Empirical 1.75 

f1 2𝐸1 �
 1 − 𝜀

𝜀
�

2

 675 

f2 2𝐸2
 1 − 𝜀

𝜀
 5.25 

f1/f2 
𝐸1

𝐸2

 1 − 𝜀
𝜀

 129 

E1 and E2 are Ergun correlation coefficients, f1 and f2 
friction coefficients based on pore velocity, and ε 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.  

 𝑓𝑝𝑖𝑝𝑒 = 64
𝑅𝑒𝑝𝑖𝑝𝑒

 (3-63)  

 𝑅𝑒𝑝𝑖𝑝𝑒 < 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 valves76 have Reynolds-
independent friction coefficient. Pressure drop through the valve, ΔPvalve, is calculated using the 
expression below, where Qv is the volumetric flow rate in English units (1 gpm=6.31E-05 m3/s) 
and Cv the flow coefficient. Valve curves provided by the manufacturer give the value of Cv as a 
function of the percent opening of the valve.  

 ∆𝑃𝑣𝑎𝑙𝑣𝑒[𝑝𝑠𝑖] = 𝑄𝑣
2[𝑔𝑝𝑚]∙𝑆𝐺

𝐶𝑣
2𝐸𝑛𝑔𝑙 ;  𝑆𝐺 = 𝜌

1000 [ 𝑘𝑔
𝑚3]

⇒ ∆𝑃𝑣𝑎𝑙𝑣𝑒[𝑃𝑎] = 𝑚2

𝜌∙𝐶𝑣
2 (3-65)  

 ⇒ 𝐶𝑣 =   𝐶𝑣
𝐸𝑛𝑔𝑙 ∙ 0.08655; 𝐹𝑣𝑎𝑙𝑣𝑒

′ = ∆𝑃𝑣𝑎𝑙𝑣𝑒
𝑚2/(2𝜌)

= 2
𝐶𝑣

2 (3-66)  
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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: 

 𝐹𝑃𝐵
′ = 𝐶𝑃𝐵𝑓2,𝑝 �𝑓1,𝑝/𝑓2,𝑝

𝑅𝑒𝑃𝐵
+ 1� = П61,𝑃𝐵 �П62,𝑃𝐵

𝑚∗ + 1� ; П61,𝑃𝐵 = 𝐶𝑃𝐵𝑓2,𝑝;  П62,𝑃𝐵 = 𝜇𝑃𝐵
𝑓1,𝑝/𝑓2,𝑝∙𝐴𝑃𝐵

𝑚𝑝,𝑟𝑑𝑝
 (3-67)  

 𝐹ℎ
′ = 2

𝐶𝑣
2 �32𝐶ℎ𝐶𝑣

2

𝑅𝑒ℎ
+ 1� = П61,ℎ �П62,ℎ

𝑚∗ + 1� ;  П61,ℎ = 2
𝐶𝑣

2 ; П62,ℎ = 𝜇ℎ
32𝐶ℎ𝐶𝑣

2𝐴ℎ
𝑚ℎ,𝑟𝑑ℎ

 (3-68)  

Thus, the scaling requirement is to match the П62 parameter, and the heater flow must 
remain in the laminar regime. 

П𝟔𝟐,𝑷𝑩 = П𝟔𝟐,𝒉 (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.                

𝜕𝑇∗

𝜕𝑡∗ + 𝛤1 ∙
𝑚∗𝜕𝑇∗

𝜕𝑠∗ = П𝐸3 (3-70) 

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, Π61 and  Π62. 
These parameters are included in Table 3-10, and can be omitted if the geometry of the core is 
replicated. 
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Table 3-10. Scaling requirements pertaining to the reactor core 

Physical meaning 
of the scaling 
requirement 

Scaling Requirement Equations Experiment Design 
Variables 

Function form of the 
pebble bed friction 
coefficient 

П62,ℎ = П62,𝑃𝐵 

 

 

П62,ℎ =
32𝐶ℎ𝐶𝑣

2

𝑅𝑒ℎ
; П62,𝑃𝐵 =

𝑓1,𝑝/𝑓2,𝑝

𝑅𝑒𝑃𝐵
  

𝑅𝑒 =
𝑚𝑟𝑑𝑛

𝜇𝐴𝑛
; 𝐶ℎ =

𝑙ℎ

𝐴ℎ
2 𝑑ℎ

 

𝑓1,𝑝

𝑓2,𝑝
=

𝐸1

𝐸2

 1 − 𝜀
𝜀

; 𝐸1 = 150; 𝐸2

= 1.75 

𝑚𝑟,ℎ, 𝑑ℎ, 𝐴ℎ, 𝑙ℎ , 𝐶𝑣 
 

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

𝛤1,ℎ = 𝛤1,𝑃𝐵 𝛤1 =
𝑉𝑟

𝑙𝑟𝐴𝑛
 𝑉𝑟 , 𝑙𝑟,𝑚, 𝐴ℎ  

 

Heat generation П3𝐸,ℎ = П3𝐸.𝑃𝐵 П𝟑𝑬 =
𝑄𝑛

𝑐𝑝∆𝑇𝑟𝑚𝑟

𝑉𝑟

𝑉𝑛
 𝑄ℎ , 𝑉ℎ, 𝑚𝑟,ℎ , 𝑉𝑟,𝑚, ∆𝑇𝑟,𝑚  

 
Maintain laminar 
flow in the model 
heater 

𝑅𝑒ℎ < 2000 𝑅𝑒ℎ =
𝑚ℎ,𝑟

𝜇ℎ
∙

𝑑ℎ

𝐴ℎ
 𝑚𝑟,ℎ, 𝑑ℎ , 𝐴ℎ 

Relative 
contribution to 

loop friction losses 
(F'n/F' ) 

П61,ℎ

𝐹𝑚
′ =

П61,PB

𝐹𝑝
′  

П61,PB = CPBf2,p; П61,h = 2
Cv

2 

𝐶𝑛 ≡ � 1
𝐴𝑛

2
𝐿𝑛
𝑑𝑛

�; 𝐹′
𝑛 = 𝐶𝑛𝑓𝑛 

size all the other 
components with 
respect to F'PB and F'h. 
instead of F'p and F'm. 

Axial conduction is 
negligible 

𝛤2

𝑃𝑒
< 0.01 𝛤2 =

𝑑𝑛𝑉𝑟

𝐴𝑛𝑙𝑟
2 ; 𝑃𝑒 = 𝑅𝑒𝑃𝑟 =

𝑐𝑝𝑚
𝑘

∙
𝑑𝑛

𝐴𝑛
  

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.  

𝜕𝑇∗

𝜕𝑡∗ + 𝛤1 ∙
𝑚∗𝜕𝑇∗

𝜕𝑠∗ = −𝑆𝑡П𝐸4∆𝜃∗ (3-71)  

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.  
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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) 

𝛤1,𝑐 = 𝛤1,𝐻𝑋 𝛤1 =
𝑉𝑟

𝑙𝑟𝐴𝑛
 𝑉𝑟 , 𝑙𝑟 , 𝐴𝑐  

Heat exchanger 𝑆𝑡𝑐П𝐸4,𝑐 = 𝑆𝑡𝐻𝑋П𝐸4,𝐻𝑋 𝑆𝑡 =
𝑁𝑢

𝑅𝑒𝑃𝑟
=

ℎ𝐴𝑛

𝑚𝑐𝑝
  

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

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

convection 
 

Match the Nu 
correlation 

𝑃𝑟𝑐 = 𝑃𝑟𝐻𝑋 𝑃𝑟 =
𝑐𝑝𝜇

𝑘
 𝑇𝑎𝑣,𝑐  

Match the friction loss 
correlation, and Nu 
correlation for forced 
and mixed convection 

𝑅𝑒𝑐 = 𝑅𝑒𝐻𝑋 𝑅𝑒 =
𝑚𝑟

𝜇
∙

𝑑𝑛

𝐴𝑛
 𝑚𝑟,𝑚, 𝑑𝑐, 𝐴𝑐 

Match the Nu 
correlation (for mixed 
convection regimes) 

𝐺𝑟𝑐 = 𝐺𝑟𝐻𝑋 𝐺𝑟 =
𝜌𝑜

2𝑔𝛽∆𝑇𝑠𝑖𝑛𝑘,𝑟

𝜇0
2𝜇𝑜

∙ 𝑑𝑛
3 ∆𝑇𝑠𝑖𝑛𝑘,𝑟,𝑚, 𝑑𝑐  

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

П𝐸4,𝑐 = П𝐸4,𝐻𝑋 П𝐸4 =
𝑆𝑛𝑉𝑟

𝐴𝑛𝑉𝑛
∙

∆𝑇𝑠𝑖𝑛𝑘 ,𝑟

∆𝑇𝑟
 

∆𝑇𝑠𝑖𝑛𝑘,𝑟,𝑚, 𝑆𝑐 , 𝐴𝑐, 𝑉𝑐  

(∆𝑇𝑟,𝑚, 𝑉𝑟,𝑚)  

 

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

𝑁𝑢𝑛

𝑁𝑢𝑓
 𝑜𝑟

𝐺𝑟
𝑅𝑒0.5𝑃𝑟0.6 

Nuf is for forced convection, Nun 
is for natural convection. 
Either condition is met if Pr, Re, 
Gr are matched. 

 

Axial conduction in the 
fluid is negligible 

𝛤2

𝑃𝑒
< 0.01 𝛤2 =

𝑑𝑛𝑉𝑟

𝐴𝑛𝑙𝑟
2 ; 𝑃𝑒 = 𝑅𝑒𝑃𝑟 =

𝑐𝑝𝑚
𝑘

∙
𝑑𝑛

𝐴𝑛
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3.6.5 Hot leg 

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.  

 
𝜕𝑇∗

𝜕𝑡∗ + 𝛤1 ∙
𝑚∗𝜕𝑇∗

𝜕𝑠∗ = 0 (3-72)  

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

𝛤1,ℎ𝑝 = 𝛤1,𝐻𝐿 𝛤1 =
𝑉𝑟

𝑙𝑟𝐴𝑛
 

 𝐴ℎ𝑝, (𝑉𝑟 , 𝑙𝑟) 

(solve for A; L can be any 

value) 

Friction losses in the hot 
leg are negligible 

𝐹ℎ𝑝
′

𝐹ℎ
′ + 𝐹𝐻𝑋

′ < 0.01 𝐹𝑛
′ = 𝐶𝑛𝑓𝑛   

 

3.6.6 Cold Leg 

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. 

𝜕𝑇∗

𝜕𝑡∗ + 𝛤1 ∙
𝑚∗𝜕𝑇∗

𝜕𝑠∗ = 0 (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) 

𝛤1,𝑐𝑝 = 𝛤1,𝐶𝐿 𝛤1 =
𝑉𝑟

𝑙𝑟𝐴𝑛
 𝑉𝑟 , 𝑙𝑟 , 𝐴𝑐𝑝 

In order to match the 
friction coefficient 
correlation 

𝑅𝑒𝑐𝑝 ≈ 𝑅𝑒𝐶𝐿  𝑅𝑒 =
𝑚𝑟

𝜇
∙

𝑑𝑐𝑝

𝐴𝑐𝑝
 𝑚𝑟,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 Vr, and the length of the heater will be used for 
lr, 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 
Degrees of 

Freedom (DF) 

Number of 
Equations Geometry Design Variables 

 
The heater is the 
reference 
segment 

𝑙𝑟,𝑚 = 𝑙ℎ 
𝑉𝑟,𝑚 = 𝑉ℎ 

𝑉ℎ, 𝑙ℎ  

3 DF for the 
loop 

1 equation 
 (1 additional 
equation) 

(𝑄ℎ = cp,m𝑚𝑟,𝑚∆Tr,m) 
∆𝑧𝐻𝐿,𝑚, ∆Tr,m, 𝑚𝑟,𝑚 

 

6 DF for the 
heater 

 

4 scaling 
equations  
2 geometry 
equations 

Straight pipe 
𝑉ℎ = 𝑙ℎ𝐴ℎ 

𝐴ℎ =
𝜋𝑑ℎ

2

4  

𝑄ℎ , 𝐶𝑣, 𝑑ℎ , 𝑙ℎ, 𝐴ℎ, 𝑉ℎ  
 

9 DF for the 
DHX 

 

5 scaling 
equations 
4 geometry 
equations 

dc = tube diameter 
p = pitch, n = number of tubes 

Vc = Aclc 
dc

pc
=

dHX

pHX
 

𝐴𝑐 = 𝑓(𝑑𝑐 , 𝑝𝑐 , 𝑛𝑐) 
𝑆𝑐 = 𝑓�𝑑𝑐, 𝑝𝑐, 𝑛𝑐� 

∆Tsink,r,m, 𝑇𝑎𝑣,𝑐 , dc, Ac, Sc, Vc, lc 
𝑝𝑐 , 𝑛𝑐  

4 DF for the 
hot leg piping 

1 scaling eqn. 
2 geometry eqn. 

Straight pipe 
Vhp = lhpAhp 

𝐴ℎ𝑝 =
𝜋𝑑ℎ𝑝

2

4
 

𝐴ℎ𝑝 
𝑉ℎ𝑝, 𝑙ℎ𝑝, 𝑑ℎ𝑝 

4 DF for the 
cold leg piping 

 

2 scaling eqn. 
2 geometry eqn. 

Straight pipe 
Vcp = lcpAcp 

𝐴𝑐𝑝 =
𝜋𝑑𝑐𝑝

2

4
 

𝑑𝑐𝑝, 𝐴𝑐𝑝, 
𝑙𝑐𝑝, 𝑉𝑐𝑝 

26 DF total 24 Equations 

Rectangular natural 
circulation loop with 
vertical heater and vertical 
heat exchanger 
 

𝑄ℎ  can be selected as desired, 
and it will determine the size of 
the loop 
lh 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 FHRs17, 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 I LOFC Phase II LOFC Phase III 

Initial 
Conditions 

Q/Qfull powerc 100% 6% 2% 
m/mfull power 100% 6% 2% 
Core ΔP 50,000 Pa 240 Pa 41 Pa 

System 
response 

П2 17 22 34 
Inertia time scalea 0.74 s 9.3 s 18 s 
Fluid thermal responseb 1.0 s 16 s 48 s 
Residence time 24 s 6.8 min 41 min 

Transient 
drivers 

Power generation 
transient 

SCRAM: 10 s 
Decay heat 
curve: 2 h 

Decay heat 
curve: days 

Reactivity feedback: 3 s 
Buoyant rod insertion77: 40 s 

 Decay heat curve: 5 s 
Fluid momentum 
transients 

Pump trip: 20 s 
Air damper opening: 20 s 

Flow reversal 
in DHX 

Air damper 
closing: 20 s 

 a The 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. 
b The fluid thermal response is calculated as Q/McpΔTtr, where Q is the power generation at 
initial conditions, M the mass inventory of primary coolant in the core, and ΔTtr  the change in 
average primary coolant temperature. M = 36,631 kg. ΔTtr = 10oC (10% of the core 
temperature rise during normal operation.) 
c Qfull power = 900 MWth. mfull power = 3727 kg/s, which is calculated based on a 100oC 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 IHX 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 II will be at 100% 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 SCRAM78; 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 Initial condition: normal power operation. 
o Phenomena of interest: heat generation in the core, heat removal from the IHX, thermal inertia of the fuel, 

coolant, and graphite reflectors, momentum inertia of the coolant and pump. 
o 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. 

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

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

 
Phase II: Flow reversal in the DHX and establishment of natural circulation, power drops from approximately 6% to 
2%. 

o Initial conditions: end of Phase I (one of the objectives of Phase I is to determine these conditions).  
o 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. 
o Objective: identify peak coolant temperature during transient, identify timing for when quasi-steady state is 

achieved. 
o 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. 

o 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. 

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

o 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 SCRAM78) and 
slowly dropping. 

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. 

o Phenomena of interest: decay heat generation in the core, NC heat removal from the DHX. 
o Objective: control core temperature rise and core outlet temperature, prevent overcooling. 
o 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.  
o Main flow loops: (1) inlet-plenum, core, outlet-plenum, DHX, diode down. (2) DHX secondary side, hot leg, 

NDHX primary side, cold leg flow. 
o 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. 

 

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. 

3.7.1 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 0.01 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 200oC 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 150oC. 
Since the cooling water temperature is 10oC or slightly below, the loop can be run only up to 
2kW, if the desired average bulk fluid temperature in the heater is 40oC. 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 21% 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. 

 

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, Ch, dh, and Ah, 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. 

𝐹′
ℎ =

2𝜌�𝑇ℎ,𝑎𝑣�
𝑚2 ∆𝑃ℎ; 𝑓 =

𝐹ℎ
′

𝐶ℎ
  (3-74)  

𝑅𝑒ℎ =
𝑚

𝜇(𝑇ℎ,𝑎𝑣)
∙

𝑑ℎ

𝐴ℎ
 (3-75)   

∆𝑃ℎ = 𝜌(𝑇𝑎𝑚𝑏)𝑔∆ℎ (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 1oC temperature rise across the heater, and less than 4oC 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, fh,predicted, assumes laminar flow. 
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Table 3-17. Data for friction losses in the heater element of the CIET Test Bay 

# m ΔPh 
(M73-
M72) 

Th,av Tambient μh ρh Reh ΔPh F'h fh fh 
pred
icted 

 [kg/s] [m] [oC] [oC] [Pa-s] [kg/m3] [--] [Pa] [1/m4] [--] [--] 
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 32.8 18.6 0.00308 1050.1 601 21,392 1.95E+10 1.28 0.11 
3 0.0444 1.894 33.1 18.6 0.00306 1049.9 560 19,736 2.10E+10 1.38 0.11 
4 0.0428 1.797 33.6 18.6 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 18.5 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 20.4 0.00375 1054.8 973 15,972 3.76E+09 0.25 0.07 
9 0.1131 1.465 29.4 19.8 0.00347 1053.0 1,258 15,251 2.51E+09 0.16 0.05 

10 0.1378 1.455 30.8 19.8 0.00330 1051.9 1,608 15,147 1.68E+09 0.11 0.04 
11 0.1586 1.470 31.4 19.8 0.00324 1051.4 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 1.32E+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 1.87E+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 

            
Ch [1/m4] 1.52E

+10          

dh/Ah [1/m] 38.56          
 
In order to minimize uncertainty, instead of calculating a correlation for the nondimensional 

friction coefficient, fh, we calculate F'h. The parameter F'h(Reh) is an input to calculating the 
natural circulation steady state mass flow rate is. To obtain the nondimensionless friction 
coefficient, fh, from F'h, one must divide by the constant Ch that depends on the dimensions of the 
heater. Because the dimensions of the heater annulus are very small, the uncertainty for Ch is 17%. 
To avoid the introduction of this large uncertainty, we will work with F'h instead of fh.  

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% (+/-
1mm) 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:  

 
 

o the steel tubes are not perfectly concentric 
o 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 

o 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 1mm coating 
could have formed in such a short time. 

Note, however that dh/Ah, 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 Ch, dh, and Ah. 

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

(SI units) 
As measured before 
assembly, at room 
temperature 

Back-calculated 
from pressure 
drop data 

OD of annulus 0.01930 0.01827 
ID of annulus 0.01372 0.01441 
Hydraulic diameter, dh 0.005580 0.003867 
Annulus length, Lh 1.7810 1.78100 
Cross-sectional area, Ah 1.447E-04 9.925E-05 
dh/Ah 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/Re2.3 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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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 Π2 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 100oC 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 80oC below the hot fluid, then in order to maintain a 10oC 
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. 

 

Figure 3-17. CIET Test Bay Natural Circulation Data - Effect of static legs 

 

Figure 3-18. CIET Test Bay Natural Circulation Data - Effect of static legs 
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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 

3.7.4 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, ∆zNC,  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 ΔT 
heater 

ΔT 
hot leg 

ΔT 
HX 

ΔT 
cold leg 

ΔT hx inlet 
stratification 

 # W kg/s  % oC oC oC oC oC oC 
1 4,725 0.0188 13% 111 138.7 -16.45 -128.15 5.9 12.5 
2 5,317 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 11.1 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 

Table 3-20. Natural Circulation Steady State Data, Calculated Parameters 

Run 
# zNC (m) Reh Π2 

1 1.12 867 246 
2 1.09 922 229 
3 1.23 398 595 
4 1.12 452 515 
5 1.05 757 287 
6 1.20 520 440 
7 1.11 921 230 

  

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 50oC. 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 20oC 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, zNC, 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, 40oC and 150oC. 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.  

 

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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3.8.1 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 
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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-
FHRs. 

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 

A.1 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 600oC. 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 

 

A.3.1 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% 235U. 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 238U 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 IHX and RPV for this beyond design basis event. 

(9) In addition to the end-users and the NRC, the International Atomic Energy Agency 
(IAEA) 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% 235U 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 IAEA 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 SDC 1 
7. have stable power level and power shape under anticipated 

occurances 
SDC 2, SDC 1 

8. respond gently in transients events IP 
9. fuel enrichment SG, PS 

A.3.2  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. 

 

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 

REQUIREMENTS 
 

1. transfer heat from fuel systems to the intermediate loop economics, IP, SDC 

3 2. interface with primary pump and intermediate heat exchanger economics, IP, SDC 

3 3. interface with fuel and fuel handling systems economics, IP, SDC 

2 4. interface with graphite reflector system economics 

5. interface with core barrel and reactor vessel system economics,IP,SDC3,

4,5, 
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A.3.3 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 

5  



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, Ρcore, (rk, r2);
C/HM depends on: r1, trisoPF, Ρcore, (rk, r2);
optimization parameters: 
for pebble DT  - r1, 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
Ρcore: 0.5 g/cc to 1.74 g/cc; 0.4 g/cc stretch

Picked a fuel point design, and generated Tav-Tsurf vs. qcore ® implemented this in 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
H*geometry*L
r1 = 1.0 � 100; r2 = 1.3 � 100; r3 = 1.5 � 100;

V2 = Π * 4 � 3 * Hr2^3 - r1^3L; A2 = 4 * Π * r2^2;

A3 = 4 * Π * r3^2; Vpebble = Π * 4 � 3 * r3^3;

V1 = Π * 4 � 3 * r1^3; V3 = Π * 4 � 3 * Hr3^3 - r2^3L;

H*rT=4.3*10^-4;rk=2*10^-4;rbuf=3.2*10^-4;*L
rk = 1.5 * 10^-4; rbuf = rk + 1 * 10^-4; rT = rbuf + 3 * 0.35 * 10^-4;

ripic = rbuf + 0.35 * 10^-4; rsic = ripic + 0.35 * 10^-4; ropic = rsic + 0.35 * 10^-4;

VT = Π * 4 � 3 * rT^3; Ak = 4 * Π * rk^2; Vk = Π * 4 � 3 * rk^3;

Vbuf = Π * 4 � 3 * Hrbuf^3 - rk^3L; Vipic = Π * 4 � 3 * Hripic^3 - rbuf^3L;

Vsic = Π * 4 � 3 * Hrsic^3 - ripic^3L; Vopic = Π * 4 � 3 * Hropic^3 - rsic^3L;

H*material properties*L
k = 15; kgr = k;

kfluid = 1;

kbuf = 0.5; kk = 3.7;

H* H* density calculation *L
Ρcore=500;Ρgr=1740;

Ρk=10500;Ρbuf=1000; Ρpic=1870; Ρsic=3200; Ρmtrx=1600;

ΡT=

HΡk*Vk+Ρbuf*Vbuf+Ρpic*HVipic+VopicL+Ρsic*VsicL�HVk+Vbuf+HVipic+VopicL+VsicL;

Ρfuel=trisoPF*ΡT+H1-trisoPFL*Ρmtrx;

Ρpebble=HΡcore*V1+Ρfuel*V2+Ρgr*V3L�HV1+V2+V3L;

H* C�HM calculation *L
;
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trisoPF=0.11;

MWU=235*0.2+238*0.8;

mk=Ρk*HVk�VTL*trisoPF*V2;

mHM=mk*MWU�HMWU+0.5*12+2*16L; H* HUC0.5O2L *L
mSi=Ρk*H28�H28+12LL*HVsic�VTL*trisoPF*V2;

mT=ΡT*V2*trisoPF;

mC=Ρcore*V1+Ρgr*V3+V2*H1-trisoPFL*Ρmtrx+HmT-mk-mSiL;

CHM=HmC�12L�HmHM�MWUL; H* 20% enriched *L *L

H* density = 1700, Ρcore=500; *L
Clear@trisoPF, ΡcoreD; ClearAll@trisoPF, ΡcoreD;

Ρgr = 1740;

Ρk = 10 500; Ρbuf = 1000; Ρpic = 1870; Ρsic = 3200; Ρmtrx = 1600;

ΡT = HΡk * Vk + Ρbuf * Vbuf + Ρpic * HVipic + VopicL + Ρsic * VsicL �
HVk + Vbuf + HVipic + VopicL + VsicL;

Ρfuel = trisoPF * ΡT + H1 - trisoPFL * Ρmtrx;

Ρpebble = HΡcore * V1 + Ρfuel * V2 + Ρgr * V3L � HV1 + V2 + V3L;

H*thermal mass of the pebble = Ρ*cp = sumHm.i*cp.iL � Vpebble*L
cp = 1725;

Ρcppebble = Ρcore * cp;

H* C�HM = 300, trisoPF=0.11; *L
MWU = 235 * 0.2 + 238 * 0.8;

mk = Ρk * HVk � VTL * trisoPF * V2;

mHM = mk * MWU � HMWU + 0.5 * 12 + 2 * 16L; H* HUC0.5O2L *L
mSi = Ρk * H28 � H28 + 12LL * HVsic � VTL * trisoPF * V2;

mT = ΡT * V2 * trisoPF;

mC = Ρcore * V1 + Ρgr * V3 + V2 * H1 - trisoPFL * Ρmtrx + HmT - mk - mSiL;

CHM = HmC � 12L � HmHM � MWUL; H* 20% enriched *L
H* goal seek trisoPF and Ρcore *L
sol = Solve@8CHM � 300, Ρpebble � 1700<, 8trisoPF, Ρcore<D;

trisoPF = trisoPF �. sol@@1DD;

Ρcore = Ρcore �. sol@@1DD;

H*power*L
H*power - inputs*L
qcore = 10 * 10^6; H*W�m3, core power density*L
decay = 1; H* 1= full power, 0.06 = 6% power *L
H*power - derived values*L
q3 = decay * qcore � H0.6 * V2 � VpebbleL; H* power density in fuel zone,W�m3*L
qpebble = q3 * V2; H* power per pebble *L
q3T = q3 � trisoPF; H* power density in TRISO *L
qT = q3T * VT; H* power per triso *L
q3k = qT � Vk; H* power density in kernel *L

H*convection at pebble surface*L
Ren = decay * 950; H* 30oC cone: Re = 950 *L
Pr = 17; Tfluid = 650;

Nu = 2 + 1.1 * Pr^H1 � 3L * Ren^0.6;

dp = 2 * r3;

h = Nu * kfluid � dp; DTconv = Hq3 * V2 � A3L � h;
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Tsurf = Tfluid + DTconv;

Τ = h * H6 � dpL � Ρcppebble;

Bi = h * dp � k;

H*graphite layer in pebble*L
C1gr = -q3 * V2 � A2 � kgr * r2^2;

C2gr = Tsurf + C1gr � r3 ;

Tgr@r_D = -C1gr � r + C2gr;

DT23 = Tgr@r2D - Tgr@r3D;

Tavgr = NIntegrate@Tgr@rD * r, 8r, r2, r3<D � NIntegrate@r, 8r, r2, r3<D - Tsurf;

H*fuel layer in pebble*L
C1 = q3 � k * r1^3 � 3;

C2 = Tsurf + DT23 + q3 � k * r2^2 � 6 + C1 � r2;

T@r_D = -q3 � k * r^2 � 6 - C1 � r + C2;

DT12 = T@r1D - T@r2D;

DTpebble = DT12 + DT23;

Tavfuel =

NIntegrate@T@rD * r^2, 8r, r1, r2<D � NIntegrate@r^2, 8r, r1, r2<D - Tsurf;

H* TRISO buffer *L
C1buf = -q3T * VT � Ak � kbuf * rk^2;

C2buf = T@r1D + C1buf � rbuf;

Tbuf@r_D = -C1buf � r + C2buf;

DTbuf = Tbuf@rkD - Tbuf@rbufD;

DTfuel = DTbuf + DTpebble;

Tavbuf =

NIntegrate@Tbuf@rD * r^2, 8r, rk, rbuf<D � NIntegrate@r^2, 8r, rk, rbuf<D - Tsurf;

H* TRISO kernel *L
C2k = Tbuf@rkD + q3k � kk * rk^2 � 6;

Tk@r_D = -q3k � kk * r^2 � 6 + C2k;

DTk = Tk@0D - Tk@rkD;

DTfuel2 = DTfuel + DTk;

Tavk = NIntegrate@Tk@rD * r^2, 8r, 0, rk<D � NIntegrate@r^2, 8r, 0, rk<D - T@r1D;

H*TRISO temperature rise, buffer+kernel *L
H* outputs *L
Grid@

88"Tpeakkernel-Tsurf" , "Tavkernel-Tsurf", "Tpeakkernel,oC" , "Tavkernel,oC"<,

8DTfuel2, Tavfuel + Tavk, Tk@0D, Tavfuel + Tavk + Tsurf<,

8"Tcoolant", "Tsurf", "CHM", "Ρpebble", ""<, 8 Tfluid, Tsurf, CHM, Ρpebble, ""<,

8"r1,cm", "dk,um", "trisoPF", "Ρcore"<, 8r1 * 100, rk * 10^6 * 2, trisoPF, Ρcore<,

8"r2,cm", "qT,mW", "qpebble,W", "qcore,MW�m3"<,

8 r2 * 100, qT * 1000, qpebble, qcore � 10^6<<, Frame ® AllD
Tavfuel + Tavk

RowReduce::luc : Result for RowReduce of badly conditioned matrix 

99-2.42864 ´ 10
38

, 3.41808 ´ 10
42

, -9.62935 ´ 10
41=, 92.56189 ´ 10

27
, 2.97079 ´ 10

30
, -4.54116 ´ 10

30== 

may contain significant numerical errors. �

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

was obtained by solving a corresponding exact system and numericizing the result. �

Appendix B - Mathematica Calculation for Conduction in the Fuel 129



Tpeakkernel-Tsurf Tavkernel-Tsurf Tpeakkernel,oC Tavkernel,oC

36.3494 30.6867 700.631 694.968

Tcoolant Tsurf CHM Ρpebble

650 664.281 300. 1700.

r1,cm dk,um trisoPF Ρcore

1. 300. 0.376633 1335.83

r2,cm qT,mW qpebble,W qcore,MW�m3

1.3 23.3821 235.619 10

30.6867
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Plots
Pfuel = Plot@8T@rD - Tsurf<, 8r, r1, r2<,

AxesOrigin ® 80, 0<, Filling ® Axis, FillingStyle ® OrangeD;

Pavfuel = Plot@8Tavfuel<, 8r, r1, r2<, AxesOrigin ® 80, 0<,

PlotStyle ® 8Opacity@0.8D, Thick, Purple<D;

Pgr = Plot@Tgr@rD - Tsurf, 8r, r2, r3<, AxesOrigin ® 80, 0<, Filling ® AxisD;

Pcore = Plot@T@r1D - Tsurf, 8r, 0, r1<, AxesOrigin ® 80, 0<, Filling ® AxisD;

Pbuf = Plot@Tbuf@r - Hr1 + r2L � 2D - Tsurf - HT@r1D - Tsurf - TavfuelL,

8r, Hr1 + r2L � 2 + rk, Hr1 + r2L � 2 + rbuf<, AxesOrigin ® 80, 0<, Filling ® Axis,

FillingStyle ® Directive@Red, Opacity@0.6DD, PlotStyle ® 8Opacity@1D<D;

Pbufref = Plot@Tbuf@-Hr - Hr1 + r2L � 2LD - Tsurf - HT@r1D - Tsurf - TavfuelL,

8r, Hr1 + r2L � 2 - rbuf, Hr1 + r2L � 2 - rk<, AxesOrigin ® 80, 0<, Filling ® Axis,

FillingStyle ® Directive@Red, Opacity@0.6DD, PlotStyle ® 8Opacity@1D<D;

Pk = Plot@Tk@r - Hr1 + r2L � 2D - Tsurf - HT@r1D - Tsurf - TavfuelL,

8r, Hr1 + r2L � 2 - rk, Hr1 + r2L � 2 + rk<, AxesOrigin ® 80, 0<, Filling ® Axis,

FillingStyle ® Directive@Red, Opacity@0.6DD, PlotStyle ® 8Opacity@1D<D;

Pavk = Plot@Tavk + Tavfuel, 8r, Hr1 + r2L � 2 - rbuf, Hr1 + r2L � 2 + rbuf<,

AxesOrigin ® 80, 0<, PlotStyle ® 8Opacity@0.8D, Thick, Purple<D;

Pcoolant = Plot@Tfluid - Tsurf, 8r, 0, r3<, AxesOrigin ® 80, 0<,

Filling ® Axis, FillingStyle ® Directive@Opacity@0.1DD,

FillingStyle ® Green, PlotStyle ® 8Green<D;

Show@ Pbuf, Pbufref, Pk, Pavk, Pcore, Pfuel, Pavfuel, Pgr, Pcoolant,

PlotRange ® 880, r3<, 8-30, DTfuel * 1.1<<, GridLines ® Automatic,

GridLinesStyle ® Opacity@0.3D, TicksStyle ® Directive@10DD

0.002 0.004 0.006 0.008 0.010 0.012 0.014

-20

20

40

60
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Derivations
H* derivation for fuel annulus

-k*H1�r^2*d�dr*Hr^2*T'@rDL=q3

dHr^2*T'@rDL=-q3�k*r^2*dr

r^2*d�dr*T@rD=-q3�k*r^3�3+C1

dT@rD=H-q3�k*r�3+C1�r^2L*dr

T@rD=-q3�k*r^2�6-C1�r+C2

T'@rD=-q3�k*r�3+C1�r^2

T'@r=r1D=0=-q3�k*r1�3+C1�r1^2

C1=q3�k*r1^3�3

T@r2D=Tsurf+DT23=-q3�k*r2^2�6-C1�r2+C2

C2=Tsurf+DT23+q3�k*r2^2�6+C1�r2 *L

H* derivation for graphite annulus

-k*H1�r^2*d�dr*Hr^2*Tgr'@rDL=0

d�dr*Hr^2*Tgr'@rDL=0

r^2*Tgr'@rD=C1gr

Tgr'@rD=C1gr�r^2

Tgr@rD=-C1gr�r+C2gr

-kgr*Tgr'@r2D=q3*V2�A2=-kgr*C1gr�r2^2

C1gr=-q3*V2�A2�kgr*r2^2

Tgr@r3D=Tsurf=-C1gr�r3+C2gr

C2gr=Tsurf+C1gr�r3 *L

H* derivation for TRISO buffer

-k*H1�r^2*d�dr*Hr^2*Tbuf'@rDL=0

d�dr*Hr^2*Tbuf'@rDL=0

r^2*Tbuf'@rD=C1buf;

Tbuf'@rD=C1buf�r^2;

-kbuf*Tbuf'@rkD=q3T*VT�Ak=-kbuf*C1buf�rk^2;

C1buf=-q3T*VT�Ak�kbuf*rk^2;

Tbuf@rD=-C1buf�r+C2buf;

Tbuf@rbufD=T@r1D=-C1buf�rbuf+C2buf;

C2buf=T@r1D+C1buf�rbuf;*L

H* derivation for TRISO kernel

-kk*H1�r^2*d�dr*Hr^2*Tk'@rDL=q3k;

dHr^2*Tk'@rDL=-q3k�kk*r^2*dr;

r^2*Tk'@rD=-q3k�kk*r^3�3+C1k;

Tk'@rD=-q3k�kk*r�3+C1k�r^2;

-kk*Tk'@0D=0=-kkH-q3k�kk*r�3+C1k�r^2L;

C1k=0;

Tk'@rD=-q3k�kk*r�3;

Tk@rD=-q3k�kk*r^2�6+C2k;

Tk@rkD=Tbuf@rkD=-q3k�kk*rk^2�6+C2k;

C2k=Tbuf@rkD+q3k�kk*rk^2�6; *L
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APPENDIX C.  
Fluid Thermophysical Properties 

C.1 Flibe Liquid Salt Properties 

Flibe temperature dependent thermo-physical properties (temperature in K): 

 

                              (for T in the range of 873-1073 K) (2) 

 

                    (measured at 973 K) (2) 
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                            (for T in the range of 800-1080 K) (2) 

 

   
       

 
           ; MW= 33.04 g/mol for FLiBe 

 

Simplified correlations for the flibe temperature dependent thermo-physical properties in the 

range of 600 to 800
o
C (temperature in 

o
C): 
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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) 

  600oC 
650oC 

reference 
700

oC 

μ, kg/ms +25% 0.00658 
-

19% 

k, W/mK -2% 1.09 +2% 

ρ, kg/m3 +1% 1962.7 -1% 

  600oC 
700oC 

reference 
800

oC 

μ, kg/ms +54% 0.00535 
-

31% 

k, W/mK -4% 1.12 +4% 

ρ, kg/m3 +3% 1938.3 -3% 
 

 

   
 

 
 

    

 
 

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.2 Dowtherm A Oil Properties 

Dowtherm A temperature dependent thermo-physical properties (temperature in 
o
C), based 

on data in the 20 to 180
o
C range (3), (4): 

  
     

      
         

 

                         
 

                          
 

                        
 

 

 

 

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

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

           
  

 
                           

 

    
 
 

  
  (D-5) 

            
       

  
     

       

       
 (D-6) 

 



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: r1 and r2 are ithe inner and outer radius of the pebble bed annulus, respectively; H the bed
height; d the pebble diameter; Μ and Ρ the fluid properties. 
Author: R. Scarlat; Last edit: 25 Oct. 2012.

Equations
ClearAll@An, un, m, Μ, Ρ, f2, f1, Ln, r1, r2, H, d, A, uD;

r1 = 0.9; r2 = 0.9 + 1.5;

A@s_D = 2 Π * Hs + r1L * H;

u@s_D = m � HΡ * A@sDL;

Rey@s_D = m * d � HΜ * A@sDL;

Ren@un_D = Ρ * un * d � Μ;

f@R_D = f1 � R + f2; H*Ergun correlation*L
un = m � HΡ * AnL;

IT = HLn * un == Integrate@u@sD, 8s, 0, r2 - r1<DL;

FT = HLn * un^2 * f@Ren@unDD == Integrate@u@sD^2 * f@Rey@sDD, 8s, 0, r2 - r1<DL;

Analytical Results
Lnav = Ln �. Solve@8IT, FT<, 8Ln, An<D

:

4.73833 ´ 1023 d f2 m

3.42039 ´ 1023 d f2 m - 5.73708 ´ 108 f1 H Μ

>

Anav = An �. Solve@8IT, FT<, 8Ln, An<D

:

3.03537 ´ 1024 d f2 H m

3.42039 ´ 1023 d f2 m - 5.73708 ´ 108 f1 H Μ

>

Numerical Results
f2 = 5.25; f1 = 675;

Μ = 0.00678; Ρ = 1962.67;

m = 3000; H = 3;

d = 0.03;

8Lnav, Anav * 0.4<

881.38532<, 810.6492<<
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Mathematica code for generating natural circulation steady state plots of loop elevation 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.
Several  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@"PlotLegends`"D; ClearAll@DT, mD

Flibe Properties
Μp@T_D = 4.638 * 10^5 � T^2.79; cpp@T_D = 2415.78; kp@T_D = 0.7662 + 0.0005 * T;

Ρp@T_D = 2282 - 0.49 * T; Βp@x_D = -D@Ρp@xD, xD � Ρp@xD; To = 630;

Ρ = Ρp@ToD; Μ = Μp@ToD; cp = cpp@ToD; k = kp@ToD; Β = Βp@ToD;

Other Fluids Properties
water properties are at 10 MPa, and 300 oC; source: mathematica database; other fluid properties are at
630 or 700oC;
w = water, na = sodium, pb = lead, k = flinak, rb = frbzr, nz = fnazr, lz = flizr, bi=lead-bismuth eutectic

Ρw = 715; Μw = 8.65 * 10^-5; cpw = 5681; Βw = 0.00317;

Ρna = 805; Μna = 0.000201; cpna = 951; Βna = 0.000295;

Ρpb = 10 255; Μpb = 0.001461; cppb = 143.1; Βpb = 0.000132;

Ρk = 2072.3; Μk = 0.004114; cpk = 1905.6; Βk = 0.000352; Ρrb = 3223;

Μrb = 0.0051; cprb = 836.8; Βrb = 0.00310; Ρnz = 3034; Μnz = 0.0051;

cpnz = 1171.52; Βnz = 0.00029; Ρlz = 3091.5; Μlz = 0.0051; cplz = 983;

Βlz = 0.000299; Ρbi = 9875; Μbi = 0.001140; cpbi = 146.51; Βbi = 0.000140;

PB-FHR Geometry
d = 0.03; f1 = 675; f2 = 5.25;

A = 6.22; l = 3.0; H*axial flow*L
H*A=26.6; l=1.39; radial flow, effective values*L
Q = 54 � 6 * 10^6 8100<; g = 9.81;

m@DT_D = Q � Hcp * DTL;

R@DT_D = m@DTD * d � HΜ * AL;

Dz@DT_D = 1 � Q * m@DTD^3 *

Ρ^2 * Β * g

cp
^-1 *

1

A ^2

l

d
* Hf1 � R@DTD + f2L;

DP@DT_D = m@DTD^2 � H2 * ΡL *

1

A ^2

l

d
* Hf1 � R@DTD + f2L;

H@DT_D = DP@DTD � HΡ * gL; Qpump@DT_D = DP@DTD * m@DTD � Ρ;
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mw@DT_D = Q � Hcpw * DTL; Rw@DT_D = mw@DTD * d � HΜw * AL;

Dzw@DT_D = 1 � Q * mw@DTD^3 *

Ρw^2 * Βw * g

cpw
^-1 *

1

A ^2

l

d
* Hf1 � Rw@DTD + f2L;

DPw@DT_D = mw@DTD^2 � H2 * ΡwL *

1

A ^2

l

d
* Hf1 � Rw@DTD + f2L;

Hw@DT_D = DPw@DTD � HΡw * gL; Qpumpw@DT_D = DPw@DTD * mw@DTD � Ρw;

mna@DT_D = Q � Hcpna * DTL; Rna@DT_D = mna@DTD * d � HΜna * AL;

Dzna@DT_D =

1 � Q * mna@DTD^3 *

Ρna^2 * Βna * g

cpna
^-1 *

1

A ^2

l

d
* Hf1 � Rna@DTD + f2L;

DPna@DT_D = mna@DTD^2 � H2 * ΡnaL *

1

A ^2

l

d
* Hf1 � Rna@DTD + f2L;

Hna@DT_D = DPna@DTD � HΡna * gL; Qpumpna@DT_D = DPna@DTD * mna@DTD � Ρna;

mpb@DT_D = Q � Hcppb * DTL; Rpb@DT_D = mpb@DTD * d � HΜpb * AL;

Dzpb@DT_D =

1 � Q * mpb@DTD^3 *

Ρpb^2 * Βpb * g

cppb
^-1 *

1

A ^2

l

d
* Hf1 � Rpb@DTD + f2L;

DPpb@DT_D = mpb@DTD^2 � H2 * ΡpbL *

1

A ^2

l

d
* Hf1 � Rpb@DTD + f2L;

Hpb@DT_D = DPpb@DTD � HΡpb * gL; Qpumppb@DT_D = DPpb@DTD * mpb@DTD � Ρpb;

mk@DT_D = Q � Hcpk * DTL; Rk@DT_D = mk@DTD * d � HΜk * AL;

Dzk@DT_D = 1 � Q * mk@DTD^3 *

Ρk^2 * Βk * g

cpk
^-1 *

1

A ^2

l

d
* Hf1 � Rk@DTD + f2L;

DPk@DT_D = mk@DTD^2 � H2 * ΡkL *

1

A ^2

l

d
* Hf1 � Rk@DTD + f2L;

Hk@DT_D = DPk@DTD � HΡk * gL; Qpumpk@DT_D = DPk@DTD * mk@DTD � Ρk;

mrb@DT_D = Q � Hcprb * DTL; Rrb@DT_D = mrb@DTD * d � HΜrb * AL;

Dzrb@DT_D =

1 � Q * mrb@DTD^3 *

Ρrb^2 * Βrb * g

cprb
^-1 *

1

A ^2

l

d
* Hf1 � Rrb@DTD + f2L;

DPrb@DT_D = mrb@DTD^2 � H2 * ΡrbL *

1

A ^2

l

d
* Hf1 � Rrb@DTD + f2L;

Hrb@DT_D = DPrb@DTD � HΡrb * gL; Qpumprb@DT_D = DPrb@DTD * mrb@DTD � Ρrb;

mnz@DT_D = Q � Hcpnz * DTL; Rnz@DT_D = mnz@DTD * d � HΜnz * AL;

Dznz@DT_D =

1 � Q * mnz@DTD^3 *

Ρnz^2 * Βnz * g

cpnz
^-1 *

1

A ^2

l

d
* Hf1 � Rnz@DTD + f2L;

DPnz@DT_D = mnz@DTD^2 � H2 * ΡnzL *

1

A ^2

l

d
* Hf1 � Rnz@DTD + f2L;

Hnz@DT_D = DPnz@DTD � HΡnz * gL; Qpumpnz@DT_D = DPnz@DTD * mnz@DTD � Ρnz;
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mlz@DT_D = Q � Hcplz * DTL;

Rlz@DT_D = mlz@DTD * d � HΜlz * AL;

Dzlz@DT_D = 1 � Q * mlz@DTD^3 *

Ρlz^2 * Βlz * g

cplz
^-1 *

1

A ^2

l

d
* Hf1 � Rlz@DTD + f2L;

DPlz@DT_D = mlz@DTD^2 � H2 * ΡlzL *

1

A ^2

l

d
* Hf1 � Rlz@DTD + f2L;

Hlz@DT_D = DPlz@DTD � HΡlz * gL; Qpumplz@DT_D = DPlz@DTD * mlz@DTD � Ρlz;

mbi@DT_D = Q � Hcpbi * DTL; Rbi@DT_D = mbi@DTD * d � HΜbi * AL;

Dzbi@DT_D =

1 � Q * mbi@DTD^3 *

Ρbi^2 * Βbi * g

cpbi
^-1 *

1

A ^2

l

d
* Hf1 � Rbi@DTD + f2L;

DPbi@DT_D = mbi@DTD^2 � H2 * ΡbiL *

1

A ^2

l

d
* Hf1 � Rbi@DTD + f2L;

Hbi@DT_D = DPbi@DTD � HΡbi * gL; Qpumpbi@DT_D = DPbi@DTD * mbi@DTD � Ρbi;

Plots
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P1h = Plot@H@TD, 8T, 20, 150<, PlotStyle ® GreenD;

P2h = Plot@Hw@TD, 8T, 20, 150<, PlotStyle ® BlueD;

P3h = Plot@Hna@TD, 8T, 20, 150<, PlotStyle ® RedD;

P4h = Plot@Hpb@TD, 8T, 20, 150<, PlotStyle ® RedD;

P5h = Plot@Hk@TD, 8T, 20, 150<, PlotStyle ® BlackD;

P6h = Plot@Hrb@TD, 8T, 10, 150<, PlotStyle ® BlackD;

P7h = Plot@Hnz@TD, 8T, 20, 150<, PlotStyle ® BlackD;

P8h = Plot@Hlz@TD, 8T, 20, 150<, PlotStyle ® BlackD;

P9h = Plot@Hbi@TD, 8T, 20, 150<, PlotStyle ® RedD;

P1p = Plot@DP@TD, 8T, 20, 150<, PlotStyle ® GreenD;

P2p = Plot@DPw@TD, 8T, 20, 150<, PlotStyle ® BlueD;

P3p = Plot@DPna@TD, 8T, 20, 150<, PlotStyle ® RedD;

P4p = Plot@DPpb@TD, 8T, 20, 150<, PlotStyle ® RedD;

P5p = Plot@DPk@TD, 8T, 20, 150<, PlotStyle ® BlackD;

P6p = Plot@DPrb@TD, 8T, 10, 150<, PlotStyle ® BlackD;

P7p = Plot@DPnz@TD, 8T, 20, 150<, PlotStyle ® BlackD;

P8p = Plot@DPlz@TD, 8T, 20, 150<, PlotStyle ® BlackD;

P9p = Plot@DPbi@TD, 8T, 20, 150<, PlotStyle ® RedD;

P1q = Plot@Qpump@TD � H900 * 10^6 � 100L, 8T, 20, 150<, PlotStyle ® GreenD;

H*pumping power in percentage of full power*L
P2q = Plot@Qpumpw@TD � H900 * 10^6 � 100L, 8T, 20, 150<, PlotStyle ® BlueD;

P3q = Plot@Qpumpna@TD � H900 * 10^6 � 100L, 8T, 20, 150<, PlotStyle ® RedD;

P4q = Plot@Qpumppb@TD � H900 * 10^6 � 100L, 8T, 20, 150<, PlotStyle ® RedD;

P5q = Plot@Qpumpk@TD � H900 * 10^6 � 100L, 8T, 20, 150<, PlotStyle ® BlackD;

P6q = Plot@Qpumprb@TD � H900 * 10^6 � 100L, 8T, 10, 150<, PlotStyle ® OrangeD;

P7q = Plot@Qpumpnz@TD � H900 * 10^6 � 100L, 8T, 20, 150<, PlotStyle ® BlackD;

P8q = Plot@Qpumplz@TD � H900 * 10^6 � 100L, 8T, 20, 150<, PlotStyle ® BlackD;

P9q = Plot@Qpumpbi@TD � H900 * 10^6 � 100L, 8T, 20, 150<, PlotStyle ® RedD;

Sh = Show@8P1h, P2h, P3h, P4h, P5h, P6h, P7h, P8h, P9h<, GridLines ® Automatic,

GridLinesStyle ® Directive@Opacity@0.2DD, AxesStyle ® Directive@20D,

PlotRange ® 8830, 150<, 80, 0.5<< , AxesOrigin ® 830, 0<D;

Sp = Show@8P1p, P2p, P3p, P4p, P5p, P6p, P7p, P8p, P9p<, GridLines ® Automatic,

GridLinesStyle ® Directive@Opacity@0.2DD, AxesStyle ® Directive@20D D;

Sq = Show@8P1q, P2q, P3q, P4q, P5q, P6q, P7q, P8q, P9q<,

GridLines ® Automatic, GridLinesStyle ® Directive@Opacity@0.2DD,

AxesStyle ® Directive@20D , PlotRange ® 8810, 150<, 80, 2<<D
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Tmax = 150;

P1 = Plot@8Dz@DTD<, 8DT, 1, Tmax<, PlotStyle ® 8Green<D;

P2 = Plot@8Dzw@DTD<, 8DT, 1, Tmax<, PlotStyle ® 8Blue<D;

P3 = Plot@8Dzna@DTD<, 8DT, 1, Tmax<, PlotStyle ® 8 Red<D;

P4 = Plot@8Dzpb@DTD<, 8DT, 1, Tmax<, PlotStyle ® 8Red<D;

P5 = Plot@8Dzk@DTD<, 8DT, 1, Tmax<, PlotStyle ® 8Black<D;

P6 = Plot@8Dzrb@DTD<, 8DT, 1, Tmax<, PlotStyle ® 8Black<D;

P7 = Plot@8Dznz@DTD<, 8DT, 1, Tmax<, PlotStyle ® 8Black<D;

P8 = Plot@8Dzlz@DTD<, 8DT, 1, Tmax<, PlotStyle ® 8Black<D;

P9 = Plot@8Dzbi@DTD<, 8DT, 1, Tmax<, PlotStyle ® 8 Red<D;

Show@8P1, P2, P3, P4, P5, P6, P7, P8, P9<, GridLines ® Automatic,

GridLinesStyle ® Directive@Opacity@0.2DD, PlotRange ® 8810, 150<, 80, 10<<,

AxesStyle ® Directive@20D, AxesOrigin ® 810, 0<D;

Show@8P1, P6<, GridLines ® Automatic, GridLinesStyle ® Directive@Opacity@0.2DD,

PlotRange ® 8810, 150<, 80, 7<<, AxesStyle ® Directive@20D, AxesOrigin ® 810, 0<D

20 40 60 80 100 120

1

2

3

4

5

6

7

Appendix F - Natural Circulation Steady State Calculations 145



P1r = Plot@R@TD, 8T, 20, 150<, PlotStyle ® GreenD;

P2r = Plot@Rw@TD, 8T, 20, 150<, PlotStyle ® BlueD;

P3r = Plot@Rna@TD, 8T, 20, 150<, PlotStyle ® RedD;

P4r = Plot@Rpb@TD, 8T, 20, 150<, PlotStyle ® RedD;

P5r = Plot@Rk@TD, 8T, 20, 150<, PlotStyle ® BlackD;

P6r = Plot@Rrb@TD, 8T, 10, 150<, PlotStyle ® BlackD;

P7r = Plot@Rnz@TD, 8T, 20, 150<, PlotStyle ® BlackD;

P8r = Plot@Rlz@TD, 8T, 20, 150<, PlotStyle ® BlackD;

P9r = Plot@Rbi@TD, 8T, 20, 150<, PlotStyle ® RedD;

Show@8P1r, P2r, P3r, P4r, P9r<, GridLines ® Automatic,

GridLinesStyle ® Directive@Opacity@0.2DD, AxesStyle ® Directive@20D,

PlotRange ® 8820, 150<, 80, 15 000<<, AxesOrigin ® 820, 0< D
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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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Figure G-1. CIET Test Bay, as-built diagram. Red color indicates the flow path and instrumentation for the 
natural circulation experiment. 



APPENDIX G - CIET TEST BAY NATURAL CIRCULATION EXPERIMENT 149 
 

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 d1in 
cross-sectional area 5.576E-04 A1in 

length of hot leg 3.34700 
 length of cold leg 2.36930 
 total length of piping 5.71630 l1in 

          47.79  d1in/A1in 
             1.24  Re1in/Reh 

  6.901E+08 C1in 

 
           0.05  C1in/Ch 

             0.04  D1in 

 
Cooled Section (SI units)   

pipe diameter 0.02093 d34in 
length 1.69560 l34in 

cooled length 1.0111 
 cross-sectional area 3.440E-04 A34in 

             15.21  d34in/A34in/4 
                0.39  Re34in/Reh 

Cn = 1/A^2*l/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.J. Gubser). 

 

  

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, Ch, dh, and Ah, 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. 

  
  

         

  
      

  
 

  

  ( G-1)  

    
 

        
 
  

  

 ( G-2)  

 

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 1-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. 

              ( 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 1oC temperature rise across the heater, and less than 4oC 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, fh,predicted, 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.J. 
Gubser) 

 


	Dissertation
	Title Page
	Table of Contents
	Abstract
	List of Figures
	List of Tables
	Acronyms
	Introduction
	Acknowledgements
	Curriculum Vitae
	Chapter 1    A structured methodology for conceptual design of complex engineered systems
	1.1 PIRT Exercise for PB-FHR Thermal-Hydraulics - Background
	1.2 Step 1: Define the issue
	1.3 Step 2: Define specific objectives
	1.4 Step 3: Hardware and scenario
	1.4.1 System Decomposition
	1.4.2 Hardware description
	1.4.3 Scenarios

	1.5 Step 4: Define the evaluation criteria
	1.6 Step 5: Identify and compile the current knowledge base
	1.6.1 Functional requirements definition

	1.7 Step 6: Identify the plausible phenomena
	1.8 Step 7: Rank the phenomena
	1.8.1 Phenomena ranking map
	1.8.2 Phenomena Identification and Ranking Matrix (PIRM)

	1.9 Step 8: Rank the knowledge level
	1.10 Step 9: Documentation of the PIRT Results
	1.11 Conclusions

	Chapter 2    Heat Generating Packed Pebble Beds Thermal-Hydraulic Modeling
	2.1 Model Case Study: Pod
	2.1.1 Description of the PB-FHR Pebble Bed Core
	2.1.2 Application for Pod: ATWS Point Reactor Model

	2.2 Governing Equations and Model Development
	2.2.1 Momentum Equation
	2.2.2 Fluid energy equation
	2.2.3 Fuel Energy Equation
	2.2.4 Meshing
	2.2.5 Model Verification

	2.3 Flow distribution optimization
	2.3.1 Boundary conditions
	2.3.2 Results

	2.4 Core resilience to hot and cold spots
	2.5 Conclusions
	2.5.1 Future work
	2.5.2 Future Model Development


	Chapter 3    Natural Circulation Integral Effects Tests
	3.1 Natural Circulation - Introduction
	3.2 Scaled Experiments - Introduction
	3.3 Description of the PB-FHR Natural Circulation Driven DRACS System
	3.4 Governing equations for single phase natural circulation loops
	3.4.1 Nomenclature and assumptions
	3.4.2 Selecting the characteristic parameters
	3.4.3 Mass conservation equation
	3.4.4 Momentum conservation equation
	3.4.4.1 Inertia term
	3.4.4.2 Friction term
	3.4.4.3 Buoyancy Term
	3.4.4.4 Summary of the momentum equation for a loop

	3.4.5 Non-dimensional momentum equation
	3.4.6 Fluid internal energy conservation equation
	3.4.7 Non-dimensional fluid internal energy equation
	3.4.8 Reynolds number definition in a multi-dimensional pebble bed
	3.4.9 Higher complexity loops and networks

	3.5 Steady state natural circulation: design considerations for natural circulation heat removal systems
	3.5.1 An example: Laminar Flow Through a Pipe
	3.5.2 General treatment of the friction coefficient
	3.5.3 Fluid comparisons for a pebble bed system

	3.6 Transient natural circulation: design of scaled experiments
	3.6.1 Entire loop
	3.6.2 Scaled model of the pebble bed momentum equation
	3.6.3 Heater section
	3.6.4 Heat Exchanger
	3.6.5 Hot leg
	3.6.6 Cold Leg
	3.6.7 Degrees of freedom for experimental design
	3.6.8 Case study: Description of the LOFC Transient for FHRs

	3.7 The CIET Test Bay Natural Circulation Experiment
	3.7.1 Pre-prediction plots
	3.7.2 Pressure drop measurement for the heater element
	3.7.3 Natural circulation transients
	3.7.4 Steady state natural circulation results

	3.8 Conclusions
	3.8.1 Future work


	Chapter 4   Conclusions
	4.1 Future Work

	References

	Appendix A - 
FHR Functional Requirements
	Appendix B - Mathematica Calculations for Conduction in the Fuel
	Appendix C - Fluid Thermophysical Properties
	Appendix D - Fuel Conduction Equations
	Appendix E - Averaging Pebble Bed Geometric Parameters
	Appendix F - Natural Circulation Steady State Calculations
	Appendix G - CIET Test Bay Natural Circulation Experiment



