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ABSTRACT

The Very High Temperature Reactor (VHTR) is a Generation-IV design in the
conceptual pre-licensing phase for potential construction by 2030-2050. It is graphite
moderated, helium cooled reactor that operates at an exit temperature of up to 1273 K,
making it ideal for generating electricity at a plant thermal efficiency upwards of 48%
and the co-generation of process heat for hydrogen production and other industrial uses.
Extensive thermal-hydraulics and safety analyses of VHTRs are being conducted using
Computational Fluid Dynamics (CFD) and heat transfer codes, in conjunction with
experiments and prototype demonstrations. These analyses are challenging, largely due to
the 3-D simulation of the helium flow in the 10 m long coolant channels in the reactor
core and the need to examine the effects of helium bypass flow in the interstitial gaps
between the core fuel elements. This research, performed at the UNM-ISNPS, developed
an effective thermal-hydraulics analyses methodology that markedly reduces the
numerical meshing requirements and computational time. It couples the helium’s 1-D
convective flow and heat transfer in the channels to 3-D heat conduction in graphite and
fuel compacts of VHTR fuel elements. Besides the helium local bulk temperature, the
heat transfer coefficient is calculated using a Nusselt number correlation, developed and
validated in this work. In addition to omitting the numerical meshing in the coolant
channels, the simplified analysis methodology effectively decreases the total computation
time by a factor of ~ 33 - 40 with little effect on the calculated temperatures (< 5 K),
compared to a full 3-D thermal-hydraulics analysis.

The developed convective heat transfer correlation accounts for the effect of entrance

mixing in the coolant channels, where z/D < 25. The correlation compares favorably, to

v



within + 12%, with Taylor’s (based on high temperature hydrogen heat transfer) and to
within + 2% of the calculated results for full 3-D analyses of a VHTR single channel
module and multiple channels in the fuel elements. The simplified methodology is used
to investigate the effects of helium bypass flow in interstitial gaps between fuel elements
and of the helium bleed flow in control rod channels on calculated temperatures in the
VHTR fuel elements. Thermal-hydraulics analysis of a one-element high and of a full
height VHTR 1/6 core are also conducted. Results show that the interstitial bypass flow
increases the temperatures near the center of the core fuel elements by 10-15 K, while
reducing the temperatures along the edges of the elements by ~30 K. Without bypass
flow, hotspots may occur at the location of burnable poison rods in the fuel elements,
depending on the assumed volumetric heat generation rate in the rods. The helium bleed
flow through the control rod channels reduces temperatures near them by 2-5 K, and only
slightly increases the temperatures within the rest of the core fuel elements. In the VHTR
1/6 core thermal-hydraulics analysis, the helium bypass flow decreases the heat transfer
from the core fuel elements to the adjacent radial graphite reflector blocks. Results
demonstrate the effectiveness of the developed methodology and its potential use in

future thermal-hydraulics design and in the safety analyses of VHTRs.
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Chapter 1 - Introduction

Throughout the world, demands for energy have escalated rapidly in recent years, and
current projections indicate the need both to increase generation capacity and overhaul
current energy infrastructures in order to keep pace with demand (MacDonald et al.,
2004). Nuclear power plants present a potential solution to this issue. More specifically,
the Generation-IV reactor designs currently being investigated could provide an
economical and safe source of electricity and process heat for industrial uses as soon as
2030-2050 (Southworth, 2003). One promising Gen-IV design is the prismatic core, Very
High Temperature Reactor (VHTR). This is a high temperature, gas cooled and graphite
moderated reactor that combines the advantages of achieving high plant thermal
efficiency and the co-generation of process heat for industrial applications due to its high
operation temperatures (MacDonald et al., 2004). However, significant research and

development remains to be done on the VHTR.

1.1 Historical perspective

The design and technologies underpinning the VHTR have a long history dating back
almost six decades ago. Gas cooled reactors (GCRs) were first operated in the United
Kingdom for the production of weapons-grade plutonium, but their design evolved into
commercial generation by the 1960s (Beck et al., 2010). This early work on GCRs helped
spur subsequent design and development of High Temperature Gas Cooled Reactors
(HTGRs) in the UK, United States, Germany, Russia, Japan and China in the ensuing
decades (Copinger and Moses, 2004; Zhang and Yu, 2002; Huang et al. 2004; Shiozawa
et al. 2004; Kiryushin et al., 1997; IAEA, 2001). Particularly noteworthy HTGR designs

include the Dragon reactor, the Peach Bottom reactor, and the Ft. St. Vrain reactor — each
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used prismatic fuel element blocks and coated fuel particles dispersed in graphite (Beck
et al.,, 2010; Copinger and Moses, 2004). Modern HTGRs are currently operating in
Japan (the HTTR) and China (Shiozawa et al., 2004; Zhang et al., 2006). The HTTR
provides valuable insights for future development of VHTRs, with its prismatic core
design that operates at temperatures as high as 1223 K (950 °C) (Shiozawa et al., 2004).
Such high temperatures, although they could increase plant thermal efficiencies to nearly
50%, can raise a host of material development issues and concerns. China’s HTR-10 is a
pebble-bed HTGR design used as a baseline for the development of commercial HTR-
PM design currently being considered for construction and deployment (Zhang et al.,

2006).

The developments of VHTRSs are still in the pre-licensing design phase, and as such
significant analyses need to be done to better understand its operational behavior and
address critical safety concerns (MacDonald et al., 2003). One of the VHTR designs
considered by the US is based on the GT-MHR from General Atomics (Kiryushin et al.,
1997). A prototype demonstration plant for the next generation Nuclear Power Plant
(NGNP) has been planned for construction at Idaho National Laboratory (Idaho National
Laboratory, 2011). Such activities are currently on hold, and the focus of the NGNP

project has been changed to address critical materials, operation and safety research.

An important component of these efforts on VHTR design is acquiring an extensive
understanding of the reactor thermal-hydraulics behavior. Thermal-hydraulics analyses
invariably involve computer simulation using Computational Fluid Dynamics (CFD)
codes in conjunction with more simple system codes designed to optimize specific

aspects of the reactor design and operation (such as the effect of pressure or bleed cooling



of the reactor vessel on reactor plant performance (MacDonald et al., 2004). CFD codes
are very powerful tools to faithfully conduct thermal-hydraulics analyses of the entire
VHTR core, a task that is desirable before advancing to the expensive step of building a
test reactor prototype. Due to the large size of the VHTR core, which is approx. 8 meters
in diameter and 10 m in height (neglecting the upper and lower plenums), even scaled
down experiments to capture all of the thermal-hydraulics phenomena present would be
very extensive, and therefore expensive. Some work has been done with scaled down
experiments to understand flow behavior, such as the interstitial bypass gaps between
hexagonal fuel elements in the VHTR core (Schultz et al., 2012). Although CFD models
are not a direct substitute for large scale experimental work, they could provide valuable
insight to help design and instrument planned experiments or prototypes. The inherent
challenge with CFD use is the intense computation requirements (both in terms of
hardware and time) to accurately model the heat transfer and flow turbulence within a

VHTR core.

In prior work, CFD simulations of large sections of the VHTR (on the order of 1/6 or
1/12 of the core) have required supercomputer clusters that are very expensive (Pointer
and Thomas, 2010; Sato et al., 2010; MacDonald et al., 2004). Pointer and Thomas
(2010) indicated that while the use of CFD was viable to complete thermal-hydraulics
analyses of the VHTR, developing a method of simplifying the numerical meshing
approach to expedite simulations was desirable. Tak et al. (2008, 2010) presented a
possible means of simplifying the thermal-hydraulics analysis of a VHTR via the use of a
simplified 1-D method together with a Nusselt number correlation instead of explicitly

simulating the helium flow in the reactor coolant channels. Aside from that, very few



efforts have been made to simplify the thermal hydraulics analysis of VHTRs. There is a
need to develop and demonstrate the effectiveness of simplified methods of analyzing the
thermal-hydraulics behavior of the VHTR core. Due to the complexity and size of the
VHTR, these simplifying methods for the thermal-hydraulics modeling would reduce the

computational requirements and running time of the analyses.

1.2 Objectives

The objectives of this research, performed at the University of New Mexico’s (UNM)

Institute for Space and Nuclear Power Studies (ISNPS), are to:

(a) Develop a simplified methodology for thermal-hydraulics analyses of a VHTR core
and fuel elements as a surrogate to full 3-D analyses. This methodology entails
thermally coupling a 1-D helium flow in the coolant channels to a 3-D thermal
conduction in the graphite and fuel compacts. The desired outcome is to reduce the
computation time and the numerical meshing requirements. Formulating the
simplified analysis methodology required the development of an appropriate

convective heat transfer correlation in the coolant channels.

(b) Develop and validate a convective heat transfer correlation based on a full 3-D
thermal-hydraulics analysis of a VHTR single channel module and compare the
correlation with others reported by other investigators based on experimental data for

high-temperature gas flow in heated pipes;

(c) Demonstrate the effectiveness of the simplified analysis methodology for performing
thermal-hydraulics analyses of a VHTR single channel module, single fuel element,

and 1/6 full core;



(d) Investigate the effects of helium bypass flow in interstitial gaps between fuel
elements and of helium bleed flow in the control rod channels on the calculated

temperatures in a VHTR core; and

(e) Investigate the effect of varying the volumetric heat generation rate in the burnable
poison rods in a fuel element, both with and without helium bypass and bleed flow,

on the temperature distribution within the VHTR core.

Chapter 2 presents a background and history of gas cooled reactors, HTGRs, and
VHTRs and their main operating and design parameters. This chapter also presents a
review of existing literature on the VHTR analyzed in this work, including materials, the
designs of the fuel compacts and fuel elements, and a review of prior work modeling the

thermal-hydraulics of the VHTR.

Chapter 3 details the numerical meshing and procedures used in the performed
thermal-hydraulic analyses of a VHTR single channel module, fuel element and 1/6 core.
The software packages employed in this research and the motivations behind their usage
are discussed in depth, including the numerical meshing and modeling approaches. The

physical hardware used is also described.

Chapter 4 describes the turbulent convection heat transfer correlation developed for
use in conjunction with 1-D helium flow in the coolant channels and 3-D conduction in
the graphite and fuel compacts, as a surrogate for a full 3-D thermal-hydraulics analysis

of the VHTR core and fuel elements.

Chapter 5 provides the results confirming the effectiveness of using the 1-D

simplified methodology by comparing it to the results of a full 3-D CFD simulation of a



single fuel element. The results of the thermal-hydraulics analyses for a VHTR 1/6 core
section using the developed simplified analysis methodology are also presented. In
addition, results displaying the effects of helium interstitial bypass flow, bleed flow in the
control rod channels, and the effect of varying the volumetric heat generation rate within
the burnable poison rods in a single fuel element and a one fuel element tall, 1/6 core are

investigated in this chapter.

Chapter 6 summarizes the results presented in the previous two chapters and draws
conclusions on their impact in simplifying the thermal-hydraulics analysis of the VHTR,
while Chapter 7 proposes potential directions for future work as extension to this
research. The appendices at the end of this document provide supplemental information.
Appendix A presents details on the material properties used in the performed analysis.
Appendix B reviews the fluid modeling techniques used by others using CFD codes. In
particular, it compares the accuracy and effect of the choice of turbulence model on the

results of the thermal-hydraulics analysis of the VHTR.



Chapter 2 - Background

Gas cooled reactors have been operated and studied for more than half a century.
Ongoing worldwide developments of gas cooled reactors that operate at high
temperatures (800-1200 K) continue to capitalize on the advantages of achieving a high
plant thermal efficiency (from operating at these high temperatures) and the potential
production of process heat for industrial uses (MacDonald et al., 2003; 2004). In the
United States, recent work on Generation-1V reactors has focused on the Very High
Temperature Reactor (VHTR), investigated in this thesis and described in this chapter.
This chapter also provides background information on earlier gas cooled reactors,
outlines some of the challenges to thermal-hydraulics modeling of this reactor, and

reviews the work done to overcome some of these challenges.

2.1. History of gas cooled reactors

Commercial use of gas cooled reactors (GCRs) dates back nearly as far as the initial
development of light water reactors (LWRs), more than five decades ago. Work on gas
cooled reactors began in the 1950s in the United Kingdom. A series of 40 (26 Magnox
and 14 “advanced GCRs”) were constructed to provide electrical power over the
following two decades. The original Magnox facility at Calder Hall in the UK, originally
designed for the production of weapons-grade plutonium, generated a substantial amount
of electrical power. Each of the four reactor units generated 50-60 MW, (Beck et al.,

2010).

Magnox reactors were carbon dioxide cooled, graphite moderated, and used natural

uranium fuel elements clad in magnox alloy (hence the name of the reactor) (Murphy,



2004). The UK’s second generation gas cooled reactors came online in the 1970s. These
reactors were also graphite moderated and carbon dioxide cooled, but operated at high
temperatures. Thus they could not use the magnox alloy as a clad, and instead opted for
stainless steel. This required using UO, fuel, with ~ 2.7 to 3.4 percent enrichment

(Murphy, 2004).

Graphite has been the moderator of choice in gas cooled reactors for a number of
reasons. It has favorable thermal properties (a high heat capacity and relatively high
thermal conductivity) when compared with other solid moderators. It also stores a large
fraction of the decay heat after reactor shutdown, and is relatively inexpensive and non-
toxic when compared with other solid moderators like Beryllium and Beryllium oxide.
Graphite has a very high ignition temperature, which enhances reactor safety and permits
operation at very high reactor exit temperatures (800-1250 K), allowing plants to achieve
a thermal efficiency upwards of 40%, compared to the 30-35% achieved in most LWR

plants. Operation at high temperatures also alleviates the Wigner effect for graphite.

The Wigner effect occurs due to the displacement of atoms from the lattice by
neutron irradiation (Minshall and Wickham, 2001). Neutron collisions with carbon atoms
within the graphite’s lattice structure move them into interstitial spaces within the lattice,
which is then in an unstable configuration. Atoms in these unstable positions have
significant amounts of stored energy that can be released suddenly when attempting to re-
align and thus cause a rapid increase in temperature. This effect is mitigated in higher
temperature regimes because of the self-annealing that takes place during reactor

operation. In the early low temperature (400-600 K) Magnox reactors, the Wigner effect



was a major safety issue resulting in graphite fires in some cases, such as at the

Windscale facility (Minshall and Wickham, 2001).

2.1.1 Development of high temperature gas cooled reactors

The development of the early designs of High-Temperature Gas Reactors (HTGRs)
were driven by an interest in increasing the reactor exit temperature in addition to
capitalizing on the attractive safety features of these reactors. However, material issues
arose because of the temperature limitations on the fuel cladding and vessel materials,
generally stainless steel, and earlier generation gas cooled reactors had operating
temperatures on the order of: clad temperatures of ~800 K, fuel temperatures of ~900 K,
and coolant temperatures of 650-750 K (Murphy, 2004). The higher thermal efficiencies

at high reactor temperatures motivated the development of HTGRs.

Initial operation of high temperature gas-cooled reactors (HTGRs) occurred in 3
countries: the United Kingdom’s 20 MWy, Dragon reactor, the United States’ 115 MWy,
Peach Bottom unit 1, and Germany’s 46 MWy, Arbeitsgemeinschaft Versuchsreaktor
(AVR) (Beck et al., 2010). All of these reactors were helium cooled. Both the Dragon
and Peach Bottom reactors used a prismatic fuel element design with coated fuel particles
dispersed in graphite, while the AVR used fueled pebbles of coated particles dispersed in

graphite (Beck et al., 2010).

Helium is the preferred coolant for HTGRs and offers a number of advantages when
compared with other gases like CO,. It is chemically inert, does not experience neutron
activation during reactor operation, and has some of the best thermal properties of all
gases as well as favorable transport properties. Unfortunately, its low molecular weight

increases the size of the turbo-machinery for Brayton cycle energy conversion (Tournier
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and El-Genk, 2009). This is not a concern for HTGRs that are coupled to an indirect
superheated steam Rankine cycle for energy conversion (Fig. 2.1) (Idaho National

Laboratory, 2011; Zhu et al., 2008).

Both the Dragon and Peach Bottom reactors were of prismatic design and operated
from the mid-1960s to the mid-1970s. The reactor core is comprised of hexagonal fuel
element blocks that could be replaced or moved separately during refueling. The Dragon
reactor operated at inlet and exit temperatures of 623 K (350 °C) and 1023 K (750 °C),
respectively, and was used primarily for fuel and material testing (Beck et al., 2010). The
Peach Bottom reactor operated at inlet and exit temperatures of 600 K (327 °C) and 973
K (700 °C) and was used mostly for the testing of fuel elements. The original fuel
element design for these reactors consisted of coated fuel particles in a single layer of
pyrolytic carbon. Such fuel particles were prone to early failure due to cracking of the
coating (Beck et al., 2010). This led to the development of BISO (two-layer
encapsulated) fuel particles, which led to the development of the TRISO fuel particles
used in the Ft. St. Vrain reactor (Copinger, 2004) and the current VHTR design

(MacDonald et al., 2004).

The German AVR, on the other hand, had been used as a demonstration test facility
for the pebble-bed reactor concept. In a pebble-bed reactor, a packed bed of spherical fuel
pellets is circulated through the reactor core (i.e. flowing from a reservoir or through a
pipe and exiting through the bottom of the reactor) (Fig. 2.2). The gas flows up through
the pellet bed, removing the fission heat generated in the fuel pebbles to the power
conversion assembly. The AVR operated at inlet and exit temperatures of 548 K (275 °C)

and 1223 K (950 °C) and was operational from 1967 to 1988 (Beck et al., 2010).
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Figure 2.1 — A line diagram of an HTGR with a superheated steam Rankine cycle for energy

conversion (Idaho National Laboratory, 2011).
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Figure 2.2 — An axial cutaway of the German AVR (Beck et al., 2010).
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The Ft. St. Vrain reactor was a HTGR design which operated from 1974 to 1989 at
inlet and exit temperatures of 677 K (404 °C) and 1050 K (777 °C), and its plant
produced 330 MW, of power using a secondary Rankine steam cycle (Copinger, 2004).
The Ft. St. Vrain reactor had a prismatic core with hexagonal fuel elements loaded with
TRISO fuel particles. It may be considered a precursor to the prismatic core, Generation-

IV Very High Temperature Reactor (VHTR) (Copinger, 2004).

Recent efforts to deploy HTGRs occurred in Japan and China (Shiozawa et al., 2004;
Zhang et al., 2006). Japan’s High Temperature Test Reactor (HTTR) began operation in
1998 and is still operating today. This helium cooled reactor nominally operates at inlet
and exit temperatures of 668 K and 1123 K (395 and 850 °C), and has been tested at exit
temperatures as high as 1223 K (950 °C) (Shiozawa et al., 2004; Fujimoto et al., 2004).
Such higher temperature operation testing makes the HTTR a valuable asset when
considering the materials issues that future HTGRs face at those higher temperatures
(Shiozawa et al., 2004). China, on the other hand, has developed, built and operated the
High Temperature Reactor-10MWy, (HTR-10) since 2003. The HTTR is particularly
interesting, not only because of its current high temperature operation, but also because

of work done to couple it to a sulfur-iodine (SI) cycle to

The HTR-10 is a pebble-bed reactor design with an exit temperature of 973 K (700
°C). It is currently the baseline for the Chinese commercial HTR-PM (High Temperature
gas-cooled Reactor-Pebble bed Module) project. The HTR-PM, 458 MWy, small modular
reactors would provide economically scalable nuclear power in China (Zhang et al.,
2006). As this is the only current effort in the commercial sector involving HTGRs, the

experiences will be relevant and valuable for other nations considering using these small
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and medium modular reactors for their energy future. These reactor are particularly
attractive to underdeveloped countries or remote communities, with no or limited

electrical grids, or limited access to fossil fuels on a continuous basses.

The HTTR is particularly interesting not only because of its current high temperature
operation, but also because of work done to couple it to a sulfur-iodine (SI) cycle to
produce hydrogen (Sakaba et al., 2007). In the HTTR-SI plant, the HTTR’s primary
helium coolant loop is coupled to a secondary helium loop via an intermediate heat
exchanger to supply high temperature heat to the chemical reactors used in the sulfur-
iodine cycle discussed later (Fig. 2.4). Preliminary results indicate that an optimized SI
system coupled to the HTTR could produce ~100 m’/h of hydrogen at a plant efficiency

of ~44% (Sakaba et al., 2007).

Other earlier generations of gas cooled reactors have been operated by many nations,
including France, Italy, Spain, and Russia. A timeline of development of gas cooled
reactors can be seen in Fig. 2.3 (Beck et al., 2010). In general, HTGRs are characterized
by their helium coolant, graphite moderation, and high operation temperatures (upwards
of 900 K). They use either an indirect steam Rankine cycle or a helium direct closed
Brayton cycle (CBC) for electricity generation. The high operation temperatures not only
increase the thermal efficiency of the power plant, but also provide a potentially valuable
source of process heat. Process heat is an important consideration for future co-
generation for these reactors, as summarized in the next section. This process heat could
be used for the production of hydrogen using thermo-chemical processes and also for
other industrial uses, such oil recovery, seawater desalination, chemical production and

manufacturing of heavy equipment.
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History of the development of GCRs, HTGRs and VHTRs (Beck et al., 2010).

Figure 2.3 -
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2.2 Process heat applications of HTGRs

President George W. Bush, in his 2003 State of the Union address, expressed an
interest in investing in hydrogen energy (MacDonald et al., 2004). Hydrogen is not only
useful as a next generation transportation fuel, but is also widely used today to produce
chemicals and assist in refining crude petroleum (MacDonald et al., 2004). The United
States’ primary current source of hydrogen comes from steam reforming of methane,

which releases significant amounts of CO, and other greenhouse gases.

More efficient and cleaner means of hydrogen production require high temperature
heat sources. The Very High Temperature gas cooled Reactors (VHTRs) could not only
produce electricity at high plant thermal efficiency, but also provide process heat for a
host of industrial uses. These may include cogeneration (the use of the process heat to
burn or generate other types of fuel like biomass) or hydrogen production using thermo-
chemical processes (Elder and Allen, 2009). The thermo-chemical splitting of water (via
the sulfur-iodine cycle, Fig. 2.4 or the hybrid sulfur cycle, Fig. 2.5) and high temperature
electrolysis both require a high temperature heat source which the VHTR is uniquely
suited to provide (Elder and Allen, 2009). VHTRs operate at 200 — 300 K higher exit

temperatures than HTGRs (up to 1200 K), but none have yet been built.

Fig. 2.4 highlights the sulfur iodine cycle for the production of hydrogen; it has three
stages (Elder and Allen, 2009). The first, located in the center of the diagram, requires a
continual input of water to react with sulfur dioxide and iodine. The other two stages are
temperature and catalyst dependent, with the top, higher temperature stage providing the

necessary base compounds to refresh stage one. The bottom stage produces hydrogen.
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Fig. 2.5 displays the hybrid sulfur cycle for the production of hydrogen. This cycle
combines the electrolysis of water to extract hydrogen (top right of Fig 2.5) with the
decomposition of sulfuric acid to renew the base components for the electrolysis. As
Figs. 2.4 and 2.5 display, significant amounts of high temperature heat, in excess of 1073

K (800 °C) are required for both cycles (Elder and Allen, 2009).

%0,

HEAT _{'-;_
L

H.50, 2% 1% O, + 50, + H,O

Hy= 0,
Decomposition

HEAT

Bunsan
Reaction HSO, + 2Hl «+&= | + SO, + 2H.0 <3 HO
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Decomposition

Figure 2.4 — An illustration of the sulfur iodine cycle for the thermo-chemical generation of hydrogen

(Elder and Allen, 2009).

This potential for producing hydrogen fuel is one of the reasons that HTGRs and
VHTRs have recently been considered by several countries, including the United States,
for future design development and technology demonstration. VHTRs could be deployed
as early as 2030-2050. However, China is currently deploying small modular HTGRs
(HTR-PM), based on the demonstrated technology of their HTR-10, using superheated
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steam Rankine cycles for electricity generation (Zhang et al., 2006). The US efforts to

develop a Gen-IV VHTR are briefly summarized next.
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Figure 2.5 — A block diagram of primary processes involved in the hybrid sulfur cycle for the

production of hydrogen (Elder and Allen, 2009).

2.3 The next generation nuclear plant project

The original intent of the Next Generation Nuclear Power Plant (NGNP) project was
to: “demonstrate a full scale prototype reactor [by 2020],; demonstrate high-temperature
Brayton Cycle electrical production at full scale; demonstrate [the viability of] nuclear
assisted production of hydrogen; demonstrate by test the exceptional safety capabilities

of advanced gas cooled reactors, obtain an NRC license to construct and operate the
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NGNP; and support the development, testing and prototyping of hydrogen

infrastructures” (MacDonald et al., 2004).

The development of the Next Generation Nuclear Power Plant (NGNP) was the
primary focus of the United States’ plan for developing and demonstrating the viability of
commercial HTGRs and VHTRs in the US. Exploratory work on scoping designs that
used TRISO particles began in 2004 and continued through 2006 (Idaho National
Laboratory, 2011b). Originally, two reference designs were selected; they were the
prismatic core VHTR and the PBMR, enumerated on in the next section. The original
NGNP is a prototype VHTR demonstration plant, a project that has been put on hold in
2011 and reconfigured into a research and development project focusing on qualifying
materials for a reactor design and laying the groundwork for future licensing (Idaho
National Laboratory, 2011b). Consequently, very little actual design work is planned,
although it must eventually be performed in order to license the reactor. The NGNP
industrial alliance within the private sector is still active, and may at some point (with
government assistance) attempt to build a demonstration plant (Idaho National

Laboratory, 2011b).

2.3.1 The pebble bed modular reactor

The pebble bed modular reactor (PBMR) design considered for the NGNP, as seen in
Fig. 2.6, functions with a large annular reservoir filled with spherical fuel pebbles that
circulate through the reactor core, entering through the top and leaving through the
bottom (Matzner, 2004). These pebbles have a packing fraction of 0.61, and consist of a
graphite matrix containing TRISO fuel particles with a packing fraction of 0.09-0.10
(MacDonald et al., 2003; IAEA, 2001). The UO, within the TRISO particles are
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generally enriched to 7-10%, lower than the 10-19.7% considered in the VHTR design
(Idaho National Laboratory, 2011a). The PBMR reactor employs helium for cooling the
packed bed of fuel pebbles in the core. The NGNP reactor had an outer core diameter of
3.5 m and inner diameter of 1.75 m, and had projected inlet and outlet temperatures of

780 K (503 °C) and 1181 K (908 °C) respectively (MacDonald et al., 2004).
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Figure 2.6 — An axial cutaway view of the PBMR (Matzner, 2004).

The displacement of the fuel pebbles in the PBMR is tightly controlled, and as such
the fuel could achieve a very high burn up, ~90-100 GWD/MT (Idaho National

Laboratory, 2011a). The use of pebbles increases the heat transfer area, thus allowing for
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higher power than that of a prismatic core VHTR (MacDonald et al., 2004). The PBMR
operates at a relatively low thermal power production (~300 MWy, as opposed to 600
MWy, for VHTRS). The rather large and irregular pressure drop over the bed of the fuel
particles in the PBMR, seen in Fig. 2.6, may cause hot spots in the core (Becker and
Laurien, 2003). Circulating the helium coolant through the core consumes ~8% of the
plant’s available electricity generation in the compressors, in comparison to only ~2% in

the prismatic core VHTR (Idaho National Laboratory, 2011a).
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Figure 2.7 — A radial cross-section of a prismatic VHTR or HTGR core (MacDonald et al., 2004).

2.3.2 Very high temperature gas-cooled reactor

The Very High Temperature gas-cooled Reactor (VHTR) considered for the NGNP
project is a prismatic core, graphite moderated design. The reactor consists of vertically

stacked hexagonal fuel elements in three concentric rings (Schultz et al., 2004). A radial
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cross section of the core can be seen in Fig. 2.7; the darker shaded blocks make up the
active core, while the lighter blocks surrounding the annular active core make up the

graphite reflector.

The primary features of the VHTR are: (a) its relatively low power density (approx.
6-8 MW/m® as compared with 60-100 MW/m® in LWRs (Beck et al., 2010); (b) the very
high operating temperatures up to 1273 K (exit), especially applicable when considering
co-generation of hydrogen and process heat; (c) its use of a coated fuel particle designed
to fully contain fission products; (d) its inherent level of safety stemming from the
aforementioned relatively low power density; (e) the use of graphite for large parts of the
reactor core, enhancing safety by serving as an excellent heat transfer and storage
medium; and (f) the prismatic graphite core blocks, which are designed to be easily
replaced or moved during refueling. The VHTR design, chosen for a demonstration
prototype to be built for the NGNP project (MacDonald et al., 2004; Schultz et al., 2004),

1s further detailed next.

2.4 VHTR design details

The specific reactor design considered for the NGNP demonstration unit and
investigated in this thesis is a high temperature variant of the General Atomics GT-MHR,
(General Atomics, 1996). It has an exit temperature of either 1123 K or 1263 K (850 °C
or 990 °C) and an operating exit pressure of 7.07 MPa (McDonald et al., 2004). This
thesis considers the prismatic VHTR design with an outlet temperature of 1263 K.
General Atomics’ GT-MHR plant was intended to consist of four reactor plant modules,
each capable of generating 600 MWy, with a plant thermal efficiency close to 45%
(MacDonald et al., 2004). The GT-MHR design draws heavily on the experience from
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Ft. St. Vrain (General Atomics, 1996). A cutaway view of a full VHTR can be seen in
Fig. 2.8. The helium coolant enters the VHTR through the outer ring of the annulus at the
lower left of Fig. 2.8, and travels up the space between the outer graphite reflector and
the reactor vessel, cooling the vessel wall. In some cases, such as in the Japanese HTTR,
the helium cooling the vessel is bled directly from the energy conversion cycle before
entering the compressor unit of the CBC energy conversion turbo-machinery; this bleed

cooling affects the performance of the VHTR plants (Tournier and El-Genk, 2009).

The helium coolant flows into the upper plenum of the VHTR, where it mixes and
then reverses direction, flowing down through the individual channels in the active core
fuel elements (Fig. 2.9) before exiting into the lower plenum. It then exits to the energy
conversion assembly. Some of the helium coolant in the upper plenum flows through
orifices into the control rod channels in order to cool the control elements in these
channels (Fig. 2.9) (General Atomics, 1996). This flow typically represents less than 3
percent of the total helium flow into the VHTR. Reactor control is achieved using two
separate independent means: (a) large control rods that are inserted at preset locations in

specified fuel elements in the core, seen in Fig 2.9, and (b) reserve shutdown pellets.

The control rods are made of enriched B4C neutron absorber dispersed in a graphite
matrix and formed into cylindrical compacts. These compacts are placed into canisters to
fill control rod holes (General Atomics, 1996). These canisters are connected by a cable
and can be inserted into the active core at varying depths during reactor operation as
needed. The reserve shutdown pellets are 1.4 cm diameter and can be inserted through

holes designated in Fig. 2.9. The pellets consist of enriched B4C granules dispersed in a
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graphite matrix (General Atomics, 1996). The pellets, kept in storage above the reactor

are released into the reactor in the case of an emergency shutdown.
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Figure 2.8 - A cutaway view of a VHTR (MacDonald et al. 2004).

Fig. 2.9 shows a radial cross sectional layout of a quarter of the VHTR core. The 1/6
core section is highlighted with the dashed lines. The annular active core of the prismatic

VHTR is comprised of 102 prismatic, hexagonal fuel elements (Fig. 2.9) in 2 to 3 rings,
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and stacked 10 blocks high totaling 7.93 m. The active core has an effective inner
diameter of 2.96 m and outer diameter of 4.83 m (General Atomics, 1996). The reactor
vessel itself has an inner diameter of 7.23 m. The active core fuel elements are shown in
dark grey in Fig. 2.9. Fuel elements are 0.36 m flat-to-flat and 0.793 m tall. Most fuel
elements have 210 holes loaded with fuel compacts (Schultz et al., 2004) (Fig. 2.10a), 6
holes loaded with burnable poison rods and 108 helium coolant channels, 6 of which are

of a smaller diameter and placed near the center of fuel element.
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Figure 2.9 — A radial cross-sectional view of a VHTR 1/6 core with prismatic fuel elements (grey

shade) and graphite reflector (light shade) blocks.
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Fig. 2.10 displays the layout of the fuel elements used in the active core of the VHTR.
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Figure 2.10 — Radial cross-sectional view of VHTR core fuel elements.

Fig. 2.10a shows an example of a standard fuel element; these standard elements

compose most of the active core, as seen in Fig. 2.9. Fig. 2.10b, on the other hand, shows
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an example of a fuel element with a control rod hole. A few of the core fuel elements
have a large control rod or reserve shutdown channel that replaces some of the coolant
channels and fuel compacts (Fig. 2.10b). The active core fuel elements are surrounded by
graphite reflector blocks in the inner five and the outer 2-3 rings of the reactor core
(lighter grey highlights in Fig. 2.5). In addition, there are axial graphite reflector blocks
stacked on the top (1.2 m) and bottom (0.8 m) of the active core (Fig. 2.8). The burnable
poison rods mentioned earlier are located at the 6 corners of the hexagonal fuel elements.
The amount of enriched boron in each poison rod varies with location in the reactor core
and the reload status of the fuel elements (i.e., the burnable poison rod content changes
with each fuel loading and element arrangement in the VHTR core). Each of these
burnable poison rods, as well as the fuel compacts and coolant channels, run parallel

axially through the fuel elements.

On average, there are six fuel compacts surrounding each of the larger diameter
helium coolant channels in the fuel elements, and each channel removes the fission heat
generated in two fuel compacts. The coolant channels within the fuel elements in the
active core region extend into the top and bottom axial reflectors. The majority of them
are 1.5875 cm in diameter, while some channels near the center of each block (Fig. 2.10a

and b) have a smaller diameter of 1.275 cm. The fuel compacts’ design is discussed next.

2.4.1 TRISO fuel particles in prismatic fuel elements

The coated fuel particles have been used as far back as the Dragon reactor in the
United Kingdom (Beck et al., 2010). Continued development of the coated fuel particles
added additional coatings, and tested different coating materials and layering schemes,
which are partially incorporated into the particles used in the German Thorium High
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Temperature Reactor (THTR) (Beck et al., 2010). Coated Tristructural-isotropic (TRISO)
microspheres (Fig. 2.11) are also used in the Japanese HTTR and Chinese HTR-10. The
VHTR’s spherical TRISO fuel particles consist of uranium oxy-carbide (or in some
cases, UO,) kernels enriched to 19.8 wt% and encapsulated by interlaced PyC and SiC
coatings. The SiC coating retain fission products and restrain fuel kernel swelling during
nominal reactor operation (Kiryushin et al., 1997; MacDonald et al., 2003; Lee et. al,

2006; LaBar et al., 2004; Schultz et. al., 2004; Johnson, 2008; Yan et al., 2003).

The layout of the encapsulation of the fuel kernel in the TRISO particle can be seen in
Fig. 2.11. The fuel kernel is surrounded by a very porous carbon layer that accommodates
fuel swelling and the released fission gases from the kernel during reactor operation.
This layer is then surrounded by a layer of pyrolytic carbon (PyC), which serves to
accommodate thermal stresses and the differential thermal expansion between the inner
porous graphite layer and the outer SiC coating. The SiC layer provides the mechanical
and structural strength for retaining the fission products, while not impeding heat flow
out of the fuel kernel. This layer is then surrounded by another PyC layer, which may
serve as a secondary containment barrier for the fission products, to provide a compatible
bond for the TRISO particles with the graphite matrix of the fuel compacts (Figs. 2.12a,

b) (General Atomics, 1996).

The fuel compacts of the VHTR fuel elements are comprised of TRISO particles
dispersed in nuclear graphite with a packing fraction of 0.289 (General Atomics, 1996).
These fuel compacts, 1.245 cm in diameter and 4.95 cm tall (Fig. 2.12b), are loaded into

vertical channels in a triangular lattice within the prismatic fuel elements (Fig. 2.12c).

27



The TRISO particles in the fuel compacts are the primary source of the heat generation

by fission within the VHTR core fuel elements.

COMPONENT/PLRPOSE
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Figure 2.11 — A TRISO fuel particle with multiple coatings (General Atomics, 1996).

(a) Particles (b) Compactrods (c) Fuel elements

Figure 2.12 — TRISO fuel particles, fuel compacts, and prismatic fuel element (MacDonald, 2003).
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The fission power generated in the fuel elements is removed from the fuel elements
by the helium coolant flowing through the surrounding coolant channels. On average,
each coolant channel removes the fission power generated in two fuel compacts. Not all
the helium coolant entering the VHTR flows through the coolant channels; some flows
through the interstitial gaps between the fuel elements in the VHTR annular core region
(~ 5 — 11%, depending on the width of the gaps) and a small fraction (~3%) flows

through the control rod channels for cooling.

2.4.2 Interstitial bypass helium coolant flow in the VHTR core

The helium bypass flow in the interstitial spaces between fuel elements further
complicates the flow distribution and the thermal-hydraulics analysis of the VHTR core.
These spaces or small gaps between the VHTR core prismatic fuel elements develop due
to the manufacturing tolerances of the elements, and thermal expansion and irradiation
induced swelling during reactor operation. These spaces are seen obliquely in Fig. 2.9 as
the white gaps between the hexagonal fuel elements (both within the active core and in
the radial reflector). Their width varies in the different sections of the core, depending on
the fabrication tolerances, and the operation time and history of the elements within the
reactor core. Although the exact dimension of these passages is not well characterized,

they could be up to 5-10 mm in width.

Helium coolant bypass flow is that which flows through the interstitial spaces
between the fuel elements. In addition, a helium coolant “bleed” flow enters from the
upper plenum through orifices into the control rod channels, discussed earlier (General
Atomics, 1996), flows through the control rod channels in the core fuel elements and
exits into the lower plenum. The control rod channel’s diameter is much larger (10.16
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cm) than that of the regular helium coolant channels (1.5875 cm). Although the helium
inlet temperature into the control rod channels is comparable to that entering the coolant
channels, its exit temperature is significantly lower. The total amount of helium flow
through the control rod channels varies with the reactor design (some designs have an
insignificant amount as the control element does not require cooling), but is typically
limited to ~ 3% of the total helium flow into the reactor (General Atomics, 1996). The
helium bypass flow as well as the “bleed” flow through the control rod channels must be

addressed in thermal-hydraulics analyses of the VHTR, addressed in section 2.5.

2.4.3 VHTR power conversion assembly

The power generated in the VHTR is converted to electricity through a direct
coupling to the power conversion assembly. In plants with indirect coupling of the
VHTR to the power conversion assembly, heat from the reactor primary helium loop is
transferred through a heat exchanger to the turbo-machinery working fluid. A direct
Closed Brayton Cycle (CBC) uses a single-shaft turbo-machinery for energy conversion
(Fig. 2.13a) (El-Genk and Tournier, 2009, 2010; Tournier and El-Genk, 2009). The
bleed cooling of the VHTR vessel in Fig 2.13a increases the plant thermal efficiency
significantly versus the case of direct CBC cooling without a bleed cooling of the reactor
vessel as in the GT-MHR (Fig 2.13b) (El-Genk and Tournier, 2009). Bleeding helium at
the inlet of the low pressure compressor (LPC) to cool the reactor vessel allows the inlet
temperatures (that now do not need to be fixed) to rise commensurate with increasing the
reactor exit temperature for enhanced plant operation (Fig. 2.13a). Thus, only a small
amount of helium coolant is needed to cool the reactor vessel to a sufficiently low

temperature, rather than maintaining the vessel temperature constant at the coolant’s inlet
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temperature regardless of any increase in the reactor’s exit temperature. VHTR plants

with vessel bleed cooling are more efficient with increasing reactor exit temperature.

(a) VHTR direct helium CBC with bleed cooing of reactor vessel
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(b) VHTR direct helium CBC, without bleed cooing of reactor vessel
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Figure 2.13 - CBC with / without bleed cooling of reactor vessel (ElI-Genk and Tournier, 2009).
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Figure 2.14 - Effects on the plant thermal efficiency of the reactor exit temperature, bleed cooling of
the VHTR vessel and intercooling between the LPC and HPC of helium direct CBC (El-Genk and
Tournier, 2009).
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2.5 Challenges to thermal-hydraulics analyses of the VHTR

Ideally, one would perform a full core thermal-hydraulics analysis in order to
optimize the performance and design of a prismatic HTGR or VHTR. However, due to
the complexity and large size of the core, such an analysis would require extensive
computation capabilities (on the order of a supercomputer cluster) and a relatively long
time (weeks to months) to complete. Such requirements can in large part be attributed to
the 3-D CFD simulation of the helium gas flow, both in the coolant channels and bypass
spaces. The VHTR core with the graphite reflector is about 10 meters tall and 8 m in
diameter, and special detail must be paid to the fuel compacts and coolant channels. In
addition, modeling features with very small dimensions on a very large scale complicates
the numerical meshing for the computations, as each of these small features requires a
large number of computational elements to properly model. This reproduction, which

involves thousands of fuel compacts and coolant channels, greatly complicates analysis.

The helium interstitial bypass flow further complicates matters — not only can bypass
features have even smaller sizes than those of the coolant channels (~5 mm), but also the
nature of the flow through these bypass features is not well understood or as easily
characterized as that through the regular coolant channels. Modeling the helium bypass
flow requires large number of numerical mesh elements to adequately simulate the 3-D
helium flow. As the total number of numerical mesh elements increases into the millions,
the computational time and resources required for modeling the VHTR core fuel elements
with helium bypass flow skyrockets (Sato et al., 2010). The next section reviews previous

work reported on the thermal-hydraulics modeling of VHTR core and fuel elements.
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2.6 Review of prior thermal-hydraulics modeling of VHTR

Numerous works have been reported on thermal-hydraulics analyses of the VHTR
core during nominal operation. Nominal operation conditions include an inlet
temperature of either 764 K or 914 K (491 °C or 641 °C), with a corresponding outlet
temperature of 1123 K or 1263 K (850 °C or 990 °C), a total helium coolant mass flow
rate of ~ 330 kg/s and a system or helium exit pressure of ~ 7.07 MPa. These parameters
can vary somewhat in the individual research based on the specified conditions of the
VHTR (two different temperature regimes exist, MacDonald et al., 2004). In early
modeling efforts, such as the GT-MHR reports and the INEEL point design study
(Kiryushin et al., 1997; MacDonald et al., 2003), various codes have been used to
perform the thermal-hydraulics analyses of the reactor. POKE, a relatively simple (when
compared to CFD) thermal analysis code, was used in order to execute rapid, parametric
analysis on the effects of changing the inlet and outlet temperatures as well as total
reactor power and active core height (MacDonald et al., 2003). Using the parameters
from POKE, a reactor design was then input into RELAPS5-3-D/ATHENA (a multi-
physics 3-D volume code), in order to provide some of the same insights as a full 3-D
CFD code, while being somewhat less detailed. These codes both provide valuable design
insight, but do not fully capture all the details that a full CFD analysis can (e.g. specific

hot spots, turbulence effects in bypass regions, etc.).

Full 3-D CFD thermal-hydraulics analyses of VHTRs provide a reasonable degree of
fidelity, but take significantly longer times to perform. One of the first large scale full 3-
D analysis of a VHTR was reported by Pointer and Thomas at ANL (Pointer and

Thomas, 2010). They used an in-house code called SHARP, which incorporates
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DeCART and STAR-CD, in addition to using STAR-CCM+ (the code used in this thesis,
CD-adapco, 2012) in order to perform the VHTR thermal-hydraulics analysis. Pointer
and Thomas (2010) began by benchmarking and evaluating their code on a representative
“unit cell” geometry consisting of a coolant channel surrounded by a hexagonal section
of a graphite fuel element and six, one-third fuel compact segments. This single channel
“unit cell” was primarily employed to investigate the effect of the mesh intensity on the
thermal-hydraulics results. Pointer and Thomas (2010) also investigated the effect of
varying the turbulence model on the analysis results and determined that the k-¢ model
was the most appropriate for performing the VHTR thermal-hydraulics analysis.
Additional information on the choice of turbulence models, including numerical testing

done in this thesis, can be found in Appendix B.

Once validated with the single channel module, the code was used to simulate a full
height 1/6 section of the VHTR (Pointer and Thomas, 2010). They modeled the VHTR
in full 3-D CFD, including the helium “bleed” flow through the control channels,
confirming the viability of using CFD in modeling the VHTR core but highlighting the
need for simplified methods. This simulation analysis required 305 CPU hours on a 25.9

teraflop supercomputer cluster to complete (Pointer and Thomas, 2010).

Pointer and Thomas (2010) ran their simulations of a VHTR using constant axial and
radial power profiles and with helium flow through control rod channels and unspecified
interstitial gaps. An example of the results from their simulations can be seen in Fig.
2.15. Even with the significant computational resources used to perform the analysis,
their work confirmed that Reynolds Averaged CFD models are a viable choice for

modeling the thermal-hydraulics behavior of a prismatic core VHTR.
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Figure 2.15 — Calculated radial temperature field using a full 3-D thermal-hydraulics simulation of a

full height, VHTR 1/6 core (Pointer and Thomas, 2010).
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Figure 2.16 - Results of increasing the width of the interstitial bypass flow gap (0 mm (no gap), 3 mm

and 5 mm) on the calculated temperature field in a 1/12 fuel element (Sato et al., 2010).
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Pointer and Thomas (2010) highlighted the need for a better understanding of the
operational core conditions in addition to some means of simplifying the large scale
simulations, such as an optimized or simplified meshing scheme, without compromising

the accuracy of the calculations (Pointer and Thomas, 2010).

In an attempt to simplify the methods used in thermal-hydraulics modeling of a
VHTR, Tak et al. (2008, 2010) took an inventive approach to reducing the computational
requirements, while still maintaining the fidelity of the calculations (Tak et al. 2008,
2010). They streamlined the numerical mesh using a number of different unit cells to

configure a fuel element block in their own version of a system code.

Each cell was a small self-contained unit encompassing a fuel element, a coolant
channel, or burnable poison rod. Instead of explicitly modeling the 3-D helium flow in
the coolant channels, they used a 1-D flow (using convection) in the coolant channels in
conjunction with conduction in the graphite block and fuel compacts. The turbulent
convection heat transfer coefficient was calculated using the Dittus-Boelter correlation
(Dittus and Boelter, 1930) developed for heated pipes and is applicable for fully
developed flow conditions when the temperature difference between the heated wall and
coolant bulk is < 10 °F. As such, this correlation should not be used in entrance region of

the VHTR coolant channels where helium flow is not fully developed.

Such a simplification of modeling thermal-hydraulics a VHTR flow channel also
allowed Tak et al. (2008, 2010) to avoid the complexity of 3-D CFD simulation of the
coolant in the channel. They employed a chopped cosine axial power profile of their own
derivation and assumed a helium bypass flow in an interstitial gap that was 1-mm by
reducing the total helium flow in the core by 1.1 percent, but did not explicitly simulate
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the actual helium bypass flow. They ran their thermal-hydraulics simulation on a
“typical” personal computer, defined as a 3 GHz Intel Core 2 with 3 GB of RAM. On
this machine, the simplified 1-D calculations were completed in a matter of minutes
while a full 3-D CFD on a similar test section took “several hours” of computation time
to conclude (Tak et al. 2008 and 2010). They demonstrated a significant reduction in the
required computational time using their simplified method, while maintaining reasonable
accuracy in the results. Their findings demonstrated that a simplified method could be
capable of producing comparable results to a full 3-D CFD analysis in a fraction of the
time required to execute the latter. This approach laid the foundation for the current work

presented in this thesis and partially documented elsewhere (Travis and EI-Genk, 2012).

Helium bypass has been identified as an important phenomenon that could affect the
thermal behavior and potential development of hot regions in the fuel elements of a
VHTR core, and thus should be studied and accounted for in future thermal-hydraulics
analyses. The most extensive study of the helium bypass flow and its effect on the
thermal-hydraulics performance of a prismatic VHTR 1is that of Sato et al. (2010). They
analyzed a 1/12 section of a 7.93 m tall prismatic fuel element within a VHTR core under
different bypass flow conditions (Fig. 2.16). While Pointer and Thomas (2010)
accounted for helium bypass insofar as to reduce the helium flow in the coolant channels,
Sato et al. (2010) performed a full 3-D CFD analysis of helium bypass flow in the
interstitial gaps of different widths and at different reactor power levels. They found that
helium bypass flow significantly impacts the temperature distribution in the fuel
elements, cooling the edges and increasing the temperature gradient across the element

from the edge to the center. This gradient is clearly identified in Figs. 2.16a — 2.16c,
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which display the results reported by Sato et al. (2010). These figures show that
increasing the dimensions of the bypass gap between the fuel elements in a VHTR core
from 0 (no gaps) to 3 and 5 mm has a profound effect on the temperatures within the fuel
elements as well as cooling the edges. The 5-mm wide bypass gap (Fig. 2.16¢) increases
the temperatures near the center of the fuel element by as much as 50 K, compared to the
case with no helium bypass gap (Fig. 2.16a). Results also show that helium bypass
potentially increases the intensity and likelihood of causing hot spots because it “robs”
from the helium flow that would otherwise go into the coolant channels in the core. The
increased temperature of the helium gas exiting the coolant channels could contribute to
the formation of hot spots in the lower support plate of the VHTR lower plenum. In
addition, Sato et al. (2010) indicated that using the k-omega turbulence model to simulate
the helium flow in the interstitial gaps did not adequately capture the physics near the
walls, while the results using the k-epsilon turbulence model agreed with empirical
correlations relatively well (Sato et al., 2010). These findings enforced the choice of the
k-epsilon turbulence model in the current thermal-hydraulics analysis of VHTR fuel

elements with helium bypass flow (see Appendix B).

Helium bypass between VHTR core fuel elements has also been modeled by Shultz et
al. (2012) in a scaled experiment at Idaho national Laboratory (INL). Although
expensive, these sorts of experiments go a long way towards helping understand the
behavior of the bypass flow. A scaled multi-block air test facility was built at the Korea
Atomic Energy Research Institute based on the PMR 200 developed in Korea, and
another, different multi-block flow test geometry was developed at INL’s MIR facility

based on the GT-MHR prismatic VHTR. The model based on the GT-MHR (Shultz et al.,
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2012) was much more limited, consisting solely of the corner region between 3 prismatic
fuel element blocks. Experiments were run on both geometries in addition to performing
CFD analyses to determine the nature of the bypass flow. All of the experimental work
was done using unheated sections (including the work done at INL on the geometry based
on the GT-MHR), and attempted to enumerate pressure losses and flow rate in various
bypass gaps (Schultz et al., 2012). The work done the groups (Schultz et al., 2012)
determined that the helium bypass flow could be either laminar or turbulent, depending
on the gap size, and that bypass gap flow preferentially traveled near the vertex points
(where three fuel element blocks meet) in the bypass gaps. The experimental tests
performed were then used to validate and improve upon the CFD modeling tools used,
with these measures still ongoing (Schultz et al., 2012). The performed experimental
tests allowed INL and KAERI to begin preliminary investigation of means for reducing
the bypass helium flow in a typical VHTR core; they determined that three of the most
promising means involved sealing the gaps at the fuel elements near the bottom of the
core, staggering the fuel element arrangement within the core, and manufacturing
grooves along the graphite reflector blocks to further reduce flow to them. As these
measures develop, they may merit further investigation in future work depending on the

test results.

2.7 Research needs
The prismatic core VHTR is based on a long history of design work on gas cooled
reactors (Idaho National Laboratory, 2011a). The prismatic VHTR is the preferred choice

of the NGNP project in the United States. The chosen design was based on the GT-MHR
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design of General Atomics. This design is used as the baseline for the analyses,

performed at the UNM-ISNPS and documented in the following chapters..

Some attempts have been reported in the literature to perform thermal-hydraulics
analysis of the VHTR core and fuel elements, using varying simplifying assumptions and
modeling approaches (See section 2.6). The large size of a VHTR core and the
complexity of the helium flow in the core coolant channels, as well as accounting for the
helium bypass flow in interstitial gaps between fuel elements and the helium bleed flow
in the control rod channels makes modeling the core a very challenging task. In addition
to the extensive need for advanced and fast supercomputing capabilities, a typical case
could take a long time (weeks to months) to complete. Therefore, there is a need to
develop and demonstrate effective computational tools and methodologies for performing
future thermal-hydraulics and safety analyses of VHTRs. In addition to reducing the
numerical meshing requirements and computational time, it is desirable to maintain
acceptable accuracy of the results. Such computational tools and methodologies would be
useful to the design optimization, operation and safety analyses of VHTRs. These needs
are the focus of the performed research at UNM-ISNPS and documented in this Thesis.
The numerical meshing techniques and options implemented in the course of
demonstrating the effectiveness of the developed methodologies and performing thermal-
hydraulics analysis of the VHTR fuel elements and core are detailed in the ensuing

chapter.
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Chapter 3 - Numerical codes, meshing, and methodology

Further needs exist to develop and validate effective computational methodologies for
thermal-hydraulics analysis of VHTRSs and to investigate the effects of the helium bypass
flow in the interstitial gaps and control rod channels on the temperature distribution in the
core. In addition to ensuring the accuracy of the results, such methodologies should
effectively reduce the numerical meshing requirements and computational time to
complete the analyses. A simplified analysis methodology for thermal-hydraulics analysis
of a VHTR core and fuel elements is developed and validated in Chapter 4. This chapter
presents the numerical meshing tools and options implemented in Chapters 4 and 5 for
the analysis of the single channel module, VHTR fuel elements and VHTR 1/6 core. In
addition to the computer codes and numerical meshing schemes used in those analyses,

this chapter introduces the employed computational hardware.

During the course of the development of the VHTRs and HTGRs, many computer
codes have been employed to model the thermal-hydraulics behavior of their reactor
cores. An early work at INL used a simple code, POKE, in conjunction with a full 3-D
finite volume code, RELAP5-3-D/ATHENA (Idaho National Laboratory, 2012). POKE
is suitable for performing simplified thermal-hydraulics analysis of pre-specified regions
of the core; in the case of the VHTR, each stack of fuel elements was modeled as a single
region. This simplified treatment made it possible to carry out quick parametric analyses
on flow characteristics, which could then be used in the input for a more detailed code
like RELAP5-3-D (Idaho National Laboratory, 2012). RELAP5-3-D/ATHENA is the
result of iteration on the original RELAP code used for analyzing nuclear reactor
behavior in the 1950s (Idaho National Laboratory, 2012). RELAPS5-3-D/ATHENA
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specifically is an evolution of the RELAPS5 code developed in the 1980s, and is a finite
volume thermal hydrodynamics code with an integrated neutron kinetics package; it is
used as the primary code for reactor analysis at Idaho National Laboratory. Recent work
at INL focused on the verification and validation of RELAP5-3-D/ATHENA with the
FLOTRAN package of ANSYS, which is a commercially available finite element code
package. Results showed that the two codes produce comparable results (Carbajo et al.,
2008). ANSYS is one of many codes used by industry and research organizations for

smaller scale simulations.

Another code package that is gaining widespread usage within the nuclear industry
for thermal-hydraulics simulations is STAR-CCM+ (CD-adapco, 2012). Pointer and
Thomas (2010) at Argonne National Laboratory (ANL) have used STAR-CCM+ as part
of a portfolio of codes to perform thermal-hydraulics simulation of a VHTR. Researchers
at Idaho National Laboratory used STAR-CCM+ to validate its effectiveness for
simulating experimental work done on flow modeling in the VHTR lower plenum
(Johnson, 2009). Given the traction within the industry that STAR-CCM+ is gaining,
combined with the increasing acceptance within academia, it was selected by UNM-
ISNPS to perform the thermal-hydraulics analyses of the VHTR, documented in this
Thesis. A summary of the primary features of the STAR-CCM+ code as well as a

recount of the experience gained in the course of using this code are given next.

3.1 Numerical meshing and computer codes used in present research

STAR-CCM+, a commercial Computational Fluid Dynamics (CFD) code (CD-
adapco, 2012), is a finite volume code that includes a suite of modeling options ranging
from 1-D to 3-D. It offers options for simulating single phase, multi-phase, multi-
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component fluid flow and convection heat transfer, in addition to heat conduction in
solids. The physics models in this code are capable of handling both steady state and
transient (both implicit and explicit) problems. In addition, STAR-CCM+ incorporates 3-
D CAD capabilities for creating complex geometries. It also is capable of importing more
complex 3-D models from other CAD programs such as Solidworks. For numerical
analysis, STAR-CCM+ employs its own proprietary meshing schemes for discretizing the
user’s model into finite volumes for analysis. The materials properties can be selected

from among those provided in the code or introduced by the user.

The different numerical meshing schemes in STAR-CCM+ code include polyhedral,
tetrahedral, and trimmed square prisms, which are shown in Figs. 2.1(a), (b) and (c),
respectively. The numerical mesh elements in Fig. 2.1 use the same base and target cell
sizes and display the effect of the mesh type on the relative size and shape of the mesh
elements or cells. In STAR-CCM+, the user’s primary control is specifying the size of
the numerical mesh element or cell. The user can specify the minimum cell size — that is,
the lowest average distance across the cell — and the target cell size, best interpreted as
the average effective diameter of the average cell in the mesh. In general, the size of the
mesh elements will be on the order of the minimum cell size near interfaces and
boundaries and grow to the target size away from the interfaces and boundaries. The
order or the multiplier for the numerical mesh cells progressively to grow from the
minimum to the target size is also specified by the user. A growth multiplier of 1
represents average growth, while higher growth multiplier will result in the cells growing
to the target cell size almost immediately. A growth multiplier of less than 1 will result

in each numerical mesh cell being much closer to the size of the proceeding cell near the
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boundary, resulting in a longer distance to grow to the target cell size. By default,
boundaries are meshed at the smallest cell size, but this is not recommended. Instead, the
user may opt to use the optional prism layer meshing model in order to employ smaller

cells that are better fit to simulating the heat transfer at a boundary or an interface.

The research detailed in the next three chapters employed the prism layer meshing
model at the boundaries and interfaces between regions. This model is compatible with
the various basic meshing elements shown in Fig 2.1. Recently, the prism layer meshing
model has been made compatible with the tetrahedral mesher, an option that was not
available in earlier versions of STAR-CCM+. This meshing model automatically
conforms to the contours of the surface shape in order to produce a user-set number of
prism layers. These prism layers can be seen easily in Fig. 2.1, where each of the
examples employs the prism layer meshing model near the top boundary. In the prism
layers, the numerical mesh cells get progressively (geometrically) smaller as they
approach the boundary. The user can specify the number of layers, the total thickness of
all the layers (up to an upper bound controlled by the code), and the growth multiplier

from one layer to the next.

The present thermal-hydraulics analyses of the VHTR employed the polyhedral
meshing model unique to STAR-CCM+, in conjunction with the prism layer mesher to
properly treat the perpendicular heat transfer at common boundaries or surfaces.
Although the prism layer mesher significantly increases the number of numerical mesh
cells or elements in a simulation, it not only increases the accuracy of the results, but also
helps concentrate numerical cells in the areas of interest, such as in the boundary layers

and at common interfaces. The polyhedral meshing model is chosen for performing the
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present thermal-hydraulics analyses based on extensive testing with the other two

primary meshing models in the code.

a)

Figure 3.1 — Examples of (a) polyhedral, (b) tetrahedral, and (c) trimmer numerical meshing schemes
in STAR-CCM+ (CD-adapco, 2012).



In general, the trimmer meshing model requires a larger number of cells to produce
the same results as the polyhedral mesher. The tetrahedral mesher generally provides an
inferior version of the polyhedral meshing model for the same number of cells. Even
though the meshing models within STAR-CCM+ are highly sophisticated, some

identified drawbacks encountered in the course of this research are enumerated on below.

Although the user can directly control the meshing scheme within the geometry of
interest, this requires a significant time to carry out because each individual region within
the geometry must be broken down into suitable subsections. Such a procedure is not
practical for large and/or complicated geometries, like that of a VHTR 1/6 core, in which
individual fuel rods and fuel elements need to be hand-detailed. Normally this is not an
issue due to the extensive capabilities of the mesher, but the code has a limitation on the
axial stretching of cells past a certain aspect ratio, unless more specific controls like the
user-defined mesh are established. In the case of a single channel module (Chapter 4) or
even the single fuel element block (Chapter 5) analyzed in this work, such controls are
unnecessary because the default meshing tools achieve sufficient radial refinement in
conjunction with some stretching in the axial direction. In the case of the full height 1/6
core analysis, however, a radially refined but axially coarse mesh is needed. In this case,
the extruder meshing model is employed. The extruder model, which is an optional add-
on that is usable with any mesh type discussed, takes a given surface and extrudes it into
axial segments of the user’s specified length in the normal direction. This model,
although not originally intended for this type of use, but rather to extrude geometries like
channel entrance regions, performs well. The STAR-CCM+ code also includes mesh

refinement tools that automatically identify and remove or repair poor quality cells.
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These tools are implemented in the current work, and executed as a part of the meshing
utility without input. Specifics on each of the meshed geometries (sizes, number of prism

layers, etc.) and their implementation can be found in the following chapters.

The STAR-CCM+ code incorporates various physics models for fluid flow, including
those of primary concern for this work, turbulent flow simulation. Direct solution of
turbulent models is not an option except in simple cases due to the unrealistically large
amount of computational power required to directly solve the Navier-Stokes equations, so
a model that makes adjustments to simplify the equations is required. STAR-CCM+
includes a reasonable number of options to model turbulent flows. For the problems
considered in the current work, appropriate choices available in the code are the
Reynolds-Averaged Navier-Stokes (RANS) approaches with a variety of different
implementations, which include the following models: (a) K-epsilon; (b) K-omega; (c)
Spalart-Allmaras; and (d) Reynolds Stress Turbulence. Of those models, the realizable
two-layer k-¢ model is employed in the present research, based on the testing results
presented in Appendix B and the findings of Pointer and Thomas (2010) and Sato et al.
(2010). More information on turbulence modeling in the thermal-hydraulics analyses in

this research can be found in Appendix B.

All thermal-hydraulics analyses conducted in this work are for steady-state operating
conditions. The analyses reported in Chapters 4 and 5 of this document are conducted
using STAR-CCM+ versions 5.02, 5.04, 6.04, 7.02, and 7.04. The code version was
changed to the most current release once the stability and suitability of the newest version

was determined.
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This research also used Solidworks 2006 SP version 4.1 in order to produce the
design of the parts of the VHTR core modeled in STAR-CCM+. Solidworks is a
standard CAD package (Solidworks, 2006) that is capable of generating full 3-D models
to the user’s specifications. These models can be exported to various CFD packages,
including STAR-CCM+. Exporting models in this work is done using the STEP 214 file
protocol (CD-adapco, 2012). These codes are implemented on the employed computer

hardware at UNM-ISNPS, discussed next.

3.2 Computer hardware

The commercial software codes discussed above are implemented on a number of
different physical machines at UNM-ISNPS. Thermal-hydraulics analyses are conducted
on a pair of server nodes acting independently. Both nodes use the 64-bit Windows
Server 2007 operating system, and have two, 2.27 GHz quad-core Intel Xeon processors
each. One of the nodes used for less intense simulation (most of the work in Chapter 4)
has 24 GB of registered RAM. The other node, used primarily for the work in Chapter 5,

has 48 GB of registered RAM.

These machines are roughly equivalent to modern desktop workstation hardware with
the exception of the installed RAM, which is significantly more than an average
workstation. Due to the nature of the STAR-CCM+ code as a finite volume solver, the
intensity of the numerical meshing directly impacts the memory requirements for the
simulations. The most intense numerical mesh grids, like those used in the VHTR 1/6
core analyses, heavily taxed not only the installed RAM but also the virtual memory
(with up to 114 GB of total memory usage), significantly slowing down the calculations.
Such a slowdown can be mitigated by running entirely on the faster physical flash-based
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RAM. Even with the capabilities of the aforementioned hardware, thermal-hydraulics
analyses of the VHTR core and fuel elements remained a challenging task. The next
chapter discusses the basis for developing an effective methodology for conducting such
analyses using a less intense numerical mesh grid and hence requiring a shorter time to

complete the calculation.
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Chapter 4 - A Simplified thermal-hydraulics analysis methodology

As discussed earlier, a means of simplifying the process of modeling the VHTR
would be helpful in furthering efforts to evaluate the design of the reactor. A simplified
modeling approach that involves using 3-D conduction in the graphite and fuel compact
regions and 1-D convective helium gas flow in the coolant channel to replace the 3-D
simulation of the gas is presented in this chapter. The 3-D computational fluid dynamics
simulation of the helium coolant flow in the coolant channels of a VHTR adds greatly to
the number of numerical mesh elements and the time needed to complete a thermal-
hydraulics analysis of the reactor core. The simplified methodology with a 1-D flow
using a convective heat transfer correlation serves as a surrogate replacement of a full 3-

D CFD simulation in the coolant channels.

4.1 Procedures for developing a convection heat transfer correlation

The numerical calculations needed to develop a turbulent convection heat transfer
correlation for the helium flow in the VHTR coolant channels are carried out using a 3-D
numerical analysis of a single coolant channel fuel module (Fig. 4.1). The thermal-
hydraulics analysis of this module is performed using the STAR-CCM+ commercial
software. Once converged, the results of the analysis are used to develop a Nusselt
number correlation in terms of the helium coolant flow Reynolds number and Prandtl
number. The helium properties in these dimensionless numbers are evaluated at the local
coolant bulk temperatures. The determined quantities in the full 3-D thermal-hydraulics

analysis of the single channel fuel module are: the local heat flux, ¢", the wall and helium

bulk temperatures, T, and T}, respectively, and the helium coolant flow rate, m . These

quantities, in conjunction with knowledge of the temperature dependent material
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properties (presented in Appendix A) are used to calculate the local values of the
convective heat transfer coefficient, 4, and the values of the following dimensionless

quantities as:

"

q
h=—>= (4.1)
(Tw _Tb)
45
Re = m 4.2)
7D u,
hD
Nu=—-
s (4.3)

4.2 Review of other turbulent convection correlations

Tak et al. (2008, 2010) investigated a method closely related to the methodology
developed in this chapter (using a 1-D correlation as part of a system code). They used
the fully developed Nusselt correlation of Dittus-Boelter (1930) to determine the local
heat transfer coefficient of the helium flow inside a coolant channel of a prismatic fuel

element block. The Dittus-Boelter correlation, given as:
Nu,,, =0.023 Re’* Pr*, (4.4)

is applicable for 0.7 < Pr, < 160, Re, > 10,000, z/D > 10 and for a small temperature rise
in the boundary layer, with the fluid properties evaluated at the bulk flow temperature.
Dittus-Boelter’s correlation is widely used for pipe flow and has proven to be relatively
accurate, given that the conditions are satisfied by the problem being modeled. The
correlation however, does not account for the effect of flow mixing at the entrance of the

coolant channel. In the case of the VHTR, this is not valid near the entrance of the active
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core. Even so, the results of Tak et al. demonstrated a substantial reduction in the
computation time compared to using a 3-D CFD simulation for the entire simulation

(Tak, 2008).

The Seider-Tate correlation (1936) is also intended for fully developed turbulent
convection in circular tubes, but with large differences between the wall and the bulk
fluid temperatures. It does not account for the effect of the entrance mixing and is
applicable for the same range of parameters as the Dittus-Boelter correlation (1930). The

Seider-Tate correlation is given as:

Nu,p, =0.023Re)® Pry (ue, /g2, )" (4.5)

Other forms of this correlation have been reported with a larger coefficient of as
much as 0.027 (McEligot et al., 1965). This correlation is valid for 1.0 x10* < Re < 5.0 x
10°, 0.67 < Pr < 100 and 0.0044 < (uy/uw) < 9.75. At lower film temperatures, the last
term on the right hand side is almost unity and this correlation becomes that of Dittus-
Boelter with a different Prandtl exponent. The Seider-Tate correlation, unfortunately,
does not account for any entrance effects, and is therefore only functional for fully

developed flow.

Better correlations exist that do account for the effect of entrance mixing on the local
convective heat transfer coefficient of gas: the correlations of Taylor (1967) and
McEligot et al. (1965) are based on experimental heat transfer data for turbulent gas and
liquid flows in uniformly heated tubes. They account for the effects of both entrance

mixing and the relative changes in the fluid viscosity at the wall, z4,, and in the bulk flow,

tp. Thus, these correlations are more applicable to conducting the 1-D analysis of the
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helium flow in the coolant channels of a HTGR or VHTR. However, their predictions of
the values of local heat transfer coefficients in the entrance length of the coolant channels
in the heated core section for fully developed turbulent convection and of the length of
the entrance region could differ by as much as 20%; more on this will be expounded on
in section 4.3. Furthermore, these correlations have not been validated for a non-uniform

axial thermal power profile, similar to that in the active core of a HTGR or VHTR.

A representative correlation for turbulent convection of helium in the coolant
channels of a HTGR or VHTR core, including the entrance mixing length, is developed
in this chapter and validated using experimental data and a full 3-D CFD analysis of the
single coolant channel module. This correlation also accounts for the effects of the non-
uniform axial fission power profile in a HTGR or VHTR core and the changes in the
properties of graphite, fuel compacts and helium gas with temperature along the coolant

channel.

4.3 CFD modeling and development of a convective heat transfer correlation

To develop a representative correlation in order to determine the local turbulent
convection heat transfer coefficient for helium gas flow in the VHTR coolant channels,
this thesis uses a single flow channel module (Fig. 4.1). The data used to develop this
correlation are obtained by coupling the 3-D conduction in the graphite and fuel
compacts with a full 3-D simulation of the helium coolant in a central flow channel of the
hexagonal unit channel module (Fig. 4.1). Fig. 4.1 highlights the unit channel module,
which is 8.0 m tall, similar to the active core of a VHTR, and has a central helium flow
channel surrounded by a hexagonal section of graphite and 6, 120 degree sections of the
fuel compacts; the coolant channel also penetrates the 1.2 m and 0.8 m thick graphite
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reflector on top and bottom. Heating in these regions is neglected as it is significantly

lower than the heating in the active core.

This single flow channel module can be applied to rectify an entire fuel element in n
HTGR or VHTR core, except those near the central handling hole (Fig. 2.4), or the
control element holes in other elements. Of the many divisions possible, the one used in
the present analysis (Fig. 4.1) is the smallest and self-contained; when repeated it
provides a fair representation of the fuel elements. A triangular sector that is 1/12 the size
of the single channel module in Fig. 4.1 and 4.2 is also capable of replicating the fuel
elements (Fig. 2.4) via symmetry, but does not contain an entire coolant channel. The
single channel module is applicable to both symmetrical and non-symmetrical
geometrical or power loading conditions. The 3-D numerical thermal-hydraulics analysis
of the single channel fuel model is performed using the STAR-CCM+ commercial

software package, discussed in Chapter 3.

In addition to the fully developed entrance region, this analysis must account for
increased flow mixing at the entrance of the heated section of the flow channel, primarily
due to the abrupt switch from the negligibly heated top graphite reflector (less than 1 K
temperature rise in the coolant channel) to the heated active core. The performed thermal-
hydraulics analysis accounts for changes in material properties with temperature.
Material properties that change include those of the graphite, helium gas and the
constituent materials of the fuel compacts, and are listed in Appendix A (Table A.1). The
thermal-hydraulics analysis also accounts for the effect of the axial fission power profile
in a VHTR core, namely by using both a constant and chopped-cosine axial profiles with

the same total power generated.
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Figure 4.1 - Axial isometric view and a radial cross-section of the single channel fuel module.
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The heat in the middle section of the single channel module (Fig. 4.1) is provided by
the thermal power generated in the 120 degree segments of the 6 stacks of fuel compacts
at the corners of the module. Figure 4.2 shows these segments in a cross-sectional view
of the single channel module. Although in the actual reactor, the stack of fuel compacts
does not extend the full length of the core (each stack of compacts is ~78.15 cm long and
each fuel element is 79.3 cm long), the performed thermal-hydraulics analysis models the
stacks of fuel compacts as one contiguous 8.0 m long fuel compact, in order to simplify
the numerical meshing by reducing the size/number of interfaces. The heat generation
rate in the compacts is kept constant by reducing the volumetric heat generation rate
commensurate with the increase in size of the fuel compacts. The employed boundary
conditions in Fig. 4.2 are as follows: the outer surfaces of the graphite and fuel compacts
are assumed adiabatic, while the interfaces between graphite and fuel and graphite and
coolant are assumed negligible resistance contact interfaces. The top and bottom surfaces

of the graphite reflector regions in Fig. 4.1 are also assumed adiabatic.

The 1.2 m long section of the coolant channel in the top graphite reflector (L/D > 75)
is more than adequate for the helium flow to become hydrodynamically fully developed
before entering the heated core region. However, the axial conduction from the core to
the top graphite reflector block and the large heating rate in the heated core causes the
helium flow entering the core to no longer be thermally or hydrodynamically fully
developed. The flow mixing in the entrance length of the helium coolant channels in the
core increases the local heat transfer coefficient. Such an effect decreases gradually with
increased distance from the entrance to the coolant channels in active core and eventually

diminishes as the helium gas flow becomes fully developed.
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Figure 4.2 - Radial cross-section cutaway view of the single channel module.

Figure 4.3 - Mesh employed in the thermal-hydraulics analysis of the channel module.
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The local values of Nusselt number in the helium coolant channel are collated and
formulated into a dimensionless correlation for the local Nusselt number (Nu) as a
function of the local bulk Reynolds number (Rey), local bulk Prandtl number (Pry) of the
helium coolant flow. Helium properties used in the correlation are evaluated at the
calculated local helium bulk temperature. The developed turbulent convection correlation
is compared to those of Taylor (1967) and McEligot et al. (1965) and to the results of the
full 3-D thermal-hydraulics numerical analysis of the single channel fuel module (Fig.
4.1). This correlation is to be used as a surrogate of a full 3-D CFD simulation of the

helium gas flow in the coolant channels of a prismatic core HTGR or VHTR.

The simplified thermal-hydraulics analysis methodology that employs the developed
Nusselt number correlation couples the 3-D heat conduction in the graphite and fuel
compacts to a 1-D helium gas flow in the coolant channels of a VHTR. The accuracy as
well as the effectiveness of this methodology for reducing the meshing requirement and
computation time of the thermal-hydraulics analysis of a single channel fuel module are
investigated in this chapter. Since the developed correlation is based on 3-D numerical
results for a wide range of helium gas flow rates, it is used for the thermal-hydraulics

analysis of a full height VHTR 1/6 core in Chapter 5.

4.4 Numerical meshing

The single channel module used the polyhedral meshing model native to STAR-
CCM+ (a finite volume code) by way of an imported CAD model of the module from
Solidworks. Due to the small dimensions of the single channel module in the radial
direction (compact radius of 0.635 cm and flow channel radius of 0.79375 cm) compared
to the very long axial dimensions (1.2 m top axial reflector + 8.0 m active core + 0.8 m
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bottom axial reflector = 10 m), the meshing model ensures that the numerical mesh cells
do not become distorted in the axial direction, and are not too large. Fig. 4.3 displays the
numerical mesh implemented in the performed thermal-hydraulics analysis of the single

channel module with a full 3-D simulation of the helium flow in the channel.

A fine numerical mesh grid is implemented in the 3-D analysis (Fig. 4.3). It
contained a total of 6.67 million cell elements, 4.12 million of which reside in the
graphite block and fuel compacts for simulating the 3-D heat conduction, and 2.07
million of which are used in the CFD simulation of the helium flow in the central
channel. An additional 480,000 numerical mesh elements are located in the reflectors. A
less refined numerical mesh grid is also used with little effect on the solution
convergence and the accuracy of the results. The unrefined grid employed a total of 4.67
million cell elements, 2.62 million of which in the graphite and fuel compacts and 1.60
million of which are in the helium flow channel. The results showed a difference of <
0.1% 1in the calculated values of the wall, T;, and helium bulk, 7} temperatures and in the
heat flux at the wall of the flow channel, compared to those calculated with the finer
mesh grid of 6.67 million mesh elements. When a coarser numerical mesh grid of 2.55
million cell elements (1.08 million in the graphite block and fuel compacts and 1.06
million in the flow channel) is used, the numerical solution did not converge. In the
present 3-D thermal-hydraulics analysis, it appears that a mesh grid of at least 2.6 million
elements in the graphite and the fuel compacts of the module (Fig. 4.1) and 1.6 million

mesh elements in the helium flow channel are required to achieve complete convergence.

As Fig. 4.3 shows, the implemented numerical mesh grid employs prism layers along

interfaces in order to better simulate heat transfer at the interfaces and increase the
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accuracy and resolution of the calculations. These prism layers form concentric circles
around and inside the channel to better track the heat flow perpendicular to the interfaces
while also retaining a set of radially uniform layers in the boundary layer at the channel
wall. The refinement in these layers assists in accurately modeling the heat flow in the

boundary layer.

A number of different numerical meshing schemes are used in the prism layers (in
conjunction with the mesh sensitivity analysis discussed earlier) before settling on the
one seen in Fig. 4.3. The employed meshing scheme uses five prism layers near the
channel wall with a total thickness of 0.8 mm with a total thickness ranging from 0.1 mm
to 1 mm. Mesh grids with as many as six and as few as four prism layers are also used.
Four prism layers often proved insufficient for adequately simulating the boundary layer
along the wall, unless the mesh size within the rest of the flow channel is decreased,
compared to when using five or six prim layers. Increasing the number of prism layers
beyond 6 has little effect on the calculated results, but increases the total number of
numerical mesh elements in the calculations. A total prism layer thickness of 0.8 mm is
chosen to increase the total size of the prism layers to best capture heat transfer through
the boundary layer in the region near the wall. Increasing the number of prism layers and
their thickness beyond the set limits in the code could cause difficulty in numerical
meshing. STAR-CCM+ limits the total thickness of prism layers near the wall, which if
exceeded, the code could create “false” prism layers or mesh elements having “negative
volumes”, resulting in a corrupt meshing to start the numerical simulation. The user’s
selected setting in the prism layers affects the numerical meshing as well as the fidelity of

the results. The proper setting depends on the nature of the problem, thus the user may
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wish to experiment with the different schemes to assess the fidelity on the calculations
and the effect on the size of the numerical mesh grid and the time to complete the

calculations.

The meshing elements in the prims layers near the wall or interfaces are the smallest
anywhere in the implemented numerical grid, with a size of 0.08 mm at the interfaces,
growing to an average cell size of 1.2 mm across near the center of the channel. The size
of the numerical mesh elements in the axial direction is larger, up to 6 mm. In the
numerical grid, the aspect ratio of the mesh elements is an important consideration that
needs to be investigated by the user, depending on the nature of the problem. For the
numerical grid used in the single channel module analysis, most mesh elements in the
center of the coolant channel have an aspect ratio of ~ 2, a few elements in the center of
the channel have an aspect ratio as high as 3 and most elements in the prism layers near
have an aspect ratio of 5 or higher. Although these aspect ratios could be smaller in the
prism layers, which would significantly increase the size of the numerical mesh grid and
the computation time, the values used in the present analysis are a good compromise

between accuracy in the results and computation time.

Meshing in the fuel compacts and graphite region is somewhat more relaxed (Fig.
4.3). In the fuel compacts, the smallest mesh size used is 1.5 mm across; the mesh
elements average 6 mm in length. The size of the numerical mesh elements in the
graphite are even larger, with a maximum size of 10 mm away from the interfaces with
the fuel compacts and the coolant channel, where the prism layer meshing model is
employed. The mesh used in Fig. 4.3 is the primary mesh used in the following section

for the results.
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The numerical simulation is deemed converged when a set of criteria is satisfied: (a)
the normalized residual of the overall energy balance reaches or drops below 10 (b) the
residuals of the momentum balances in the three primary coordinates in the flow channel
(x, y, and z) and of the two turbulence transport variables (7%, the turbulent kinetic
energy and Ty, the turbulent dissipation rate) reach or drop below 107; (c) the average
rates of the change in the values of the above residuals approach zero (i.e., the residuals
flat line); and (d) the changes in successive iterations of the values of select variables (the
helium gas bulk temperature near the inlet of the heated section of the flow channel, the
gas bulk temperature near the exit of the channel and the wall surface temperatures at 4

locations along the heated section of the channel) are < 0.01 K.

Table 4.1 - Operational parameters for single channel module

Parameter: Value
Helium temperature entering the coolant channel (K) 914
Helium inlet pressure (MPa) 7.07

Nominal helium mass flow rates:

- Reactor core total (kg/s) 330
- Single channel fuel module (Fig. 4.2) (kg/s) 0.0306
Total thermal power input to the single channel module (kW4,) (Fig. 4.2) 55.4

4.5 Results and discussion

Operational parameters used in the thermal-hydraulics analysis of the single channel
module are listed in Table 4.1. Numerical simulations used a 3-D CFD model in the
coolant channel with mass flow rates ranging from 40 to 100 percent of the nominal flow

rate with no bypass in the VHTR core. These flow rates correspond to a maximum local
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Mach number of approximately 0.05 for Helium at these conditions, and thus the flow
can safely be assumed incompressible. The thermal power profile for the fuel compacts in
Table 4.1 corresponds to a total VHTR thermal power of 600 MWy, and assumes that the

channel being modeled receives an amount of power equal to that of an average channel

in the VHTR.
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Figure 4.4 - Axial power profiles in the thermal-hydraulics analysis of the single channel fuel module.

Fig. 4.4 shows the chopped-cosine axial and constant power profiles used in the
thermal-hydraulics analysis of the single channel module and separately references the
actual power profile with gaps in the fuel compacts in the VHTR core. The maximum
power density in the chopped-cosine axial profile is 34.364 MW,/m’, at 3.44 m from the

entrance of the active core. The constant and chopped-cosine power profiles will be used
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in the thermal-hydraulics analysis of the unit channel module to evaluate their effect on

the calculated temperatures and the values of Nu along the coolant channel.

Figure 4.5 compares the calculated local axial wall and helium bulk temperatures in
the heated section (8 m) of the flow channel in the module in Fig. 4.1. For both axial
power profiles (Fig. 4.4), the total heat removed by the helium flow in the central channel
is identical and thus so is the exit helium bulk temperature, Ty, in Fig. 4.5; in addition the
local wall and helium bulk temperatures are very similar in the first 1/3 of the heated
section of the flow channel. They are higher for the chopped-cosine axial power profile in
the remainder of the channel, except near the exit where the temperatures are slightly
lower than for the uniform axial power profile. On the other hand, the differences
between the local wall and helium bulk temperatures (Ty, - Ty) along the heated section of
the flow channel are almost identical for both axial power profiles. Thus, the effects on
the local values of the turbulent convection heat transfer coefficient and Nu are also small
(Figs. 4.6 and 4.7). The results of the 3-D thermal-hydraulics analysis of the single
channel fuel module show that the entrance length in the heated section of the channel is
z/D = 25. Beyond this length, the convective turbulent heat transfer coefficient the heated
channel becomes fully developed, and thus independent of the axial location. For z/D >
25, the obtained values of the local wall and helium bulk temperatures and of the local
wall heat flux, using both the uniform and chopped-cosine axial power profiles, are used
to determine the local values of the heat transfer coefficient and Nusselt numbers, Nugp,
for fully developed turbulent convection. The values of Nugp are correlated in terms of

local Reynolds, Rey, and Prandtl, Pry, (Fig. 4.6).
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Figure 4.5 - Comparison of temperature profiles as a function of power profile for the single channel

module analysis.
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4.5.1 Developing the turbulent Nusselt number correlation

This subsection presents and discusses the developed correlation for turbulent
convection in the coolant channels of VHTR core. Fig 4.6 shows the calculated values of
local Nusselt Number for fully developed turbulent convection, Nugp, in the heated
channel where z/D >25. The values of Nugp are insensitive to the axial power profile
used in the 3-D thermal-hydraulics analysis of the single channel module. The developed

correlation of Nugp, for z/D >25 is given as:
Nu,, =0.11 Reg'646 Prf o (4.6)

This correlation is within + 3% of the values calculated from the present analysis for bulk

Reynolds numbers ranging from 22,000 to 58,000 and 0.64 < Pr < 0.68.

For the values of Nu used to develop the correlation in Eq. 4.6, the temperature
difference between the film and bulk temperatures are between 40 and 60 K, for which
the Dittus-Boelter correlation (Eq. 4.4) is not valid. Instead the Seider-Tate correlation
(Eq. 4.5) is used for comparison in the fully developed region only, as it does not account
for the entrance mixing. The present thermal-hydraulics results for fully developed
turbulent convection (Eq. 4.5) are in disagreement with the correlation of Seider-Tate
(Eq. 4.5) by up to 13%, of Taylor (1967) (Eq. 4.7a) by up to 11% and of McEligot, et al.
(1965) (Eq. 4.8a) up to 20% (Fig. 4.6). Differences of 10 to 20 percent, however, are in
line with the differences between the correlations and the data reported by McEligot and
Taylor (Taylor, 1967; McEligot et al., 1965). Such differences are particularly important
since they are largest at the values of Rey, (~40,000 to 56,000) in the VHTR coolant

channels during nominal operation.
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Figure 4.6 — Comparison of the fully developed turbulent convection data for reported correlations

with the correlation developed in this work (Eq. 4.6).
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The increased mixing at the entrance of the heated section of the flow channel (8.0 m)
increases the local heat transfer coefficient and the Nusselt number. When the helium
flow enters the channels in the active core, it is hydrodynamically developed, but
thermally developing due to the sudden influx of heat. Such mixing and the resulting
increase in the local Nusselt number decrease gradually with increased axial distance
from the entrance of the heated channel section. The effect of the entrance mixing
diminishes as the helium flow becomes hydrodynamically and thermally fully developed.
The local values of the turbulent convection heat transfer coefficient and Nu approach

those for fully developed turbulent convection when z/D > 25 (Fig. 4.7).

Taylor’s correlation in its entirety does a reasonable job of capturing the entrance
effect measured in the channel. Taylor’s correlation (1967) for fully developed turbulent

convection in uniformly heated circular tubes is given as:

Nu,, =0.023Rel® Pr)* (T, /T,) 7 (4.72)

Nu :NMFD [T /]‘}7] —[0.57-1.59/(z/ D)] (4.7b)

w

This correlation developed for hydrogen gas flow at high temperatures is valid for 7.3
x10° <Re < 1.3 x 107, 0.71 < Pr < 10.0 and 1.1 < (T/Tp) < 27.6. The last term on the
right hand side of Eq. 4.4a, similar to that in Eq. 4.5, accounts for the changes in the fluid
viscosity in the boundary layer by placing greater emphasis on the ratio of the local wall
and bulk temperatures. As the flow progresses down the channel and becomes fully
developed, the corrective entrance term, the second on the right side of Eq. (4.7b)
approaches unity and the correlation becomes identical to that of Dittus-Boelter. Taylor’s

correlation has never been validated for helium gas at VHTR operation conditions.
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The correlation of McEligot et al. (1965) for fully developed turbulent convection in

uniformly heated circular tubes is given as:

Nu,, =0.021Re)® Pr* (T, /T,) *° (4.82)
Nut = Nutyy [1+(z/D)"| (4.8b)

Similar to equation (4.5), the last term on the right hand side of Eq. (4.8a) accounts for
the changes in the fluid viscosity at the heated wall, with an emphasis on the ratio of the
local wall and fluid bulk temperatures. The second term on the right hand side of Eq.
(4.8b) accounts for the effect of flow mixing on the local heat transfer coefficient in the
entrance length of the coolant channel. For helium gas flow, Equation (4.8b) is valid for

1.64 x 10* <Re < 6.05 x 10°, 0.65 <Pr< 0.68 and 1.0 < (T,,/Tp) < 2.12.

Fig. 4.6 and 4.7 compare the developed correlation with the correlations of McEligot

and Taylor. The developed correlation in its entirety is given as:

Nut = Nuty [1+0.57 ¢ 020/7 | (4.9)

The second term on the right-hand side accounts for the entrance effect and approaches
zero as the flow progresses down the channel. The correlation in Eq. (4.9) is compared
with Taylor’s correlation in Fig. 4.7. The two correlations compare favorably, although
variance in the numerical calculations near the entrance of the channel cause some slight

scatter in the determined local values of the heat transfer coefficient and Nusselt number.

Figure 4.7 shows that the developed correlation (Eqgs. 4.6 and 4.9) is in excellent
agreement with the 3-D numerical results to within + 2%, for both the uniform and

chopped-cosine axial power profiles. Although Taylor’s correlation (Eq. 4.7) captures the
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trend of the present numerical calculations at the entrance of the heated section of the
helium flow channel, its predictions are as much as 20% lower than the present numerical
results. Equation (4.7b) also predicts that the entrance mixing effect diminishes within a
shorter distance into the flow channel (~ z/D > 10), compared to z/D > 25 for the present

3-D numerical thermal-hydraulics results and correlation (Fig. 4.7).

The correlation of McEligot et al. (1965) (Eq. 4.8) highly over predicts the values of
the local Nusselt number in and the length of the entrance mixing section (Fig 4.7). This
correlation indicates that the effect of entrance flow mixing diminishes after a distance ~
z/D = 150. This value in much higher than those indicated by the present 3-D numerical
results and correlation (Eq. 4.9) (of z/D = 25) and by Taylor’s correlation (1967) (Eq.
4.7) of only z/D = 10. In general, the results of the present 3-D numerical analysis and
the present correlation (Egs. 4.6 and 4.9) are consistent and in good agreement with
Taylor’s correlation. When compared to Taylor’s (1967), the correlation by McEligot et
al. (1965) (Eq. 4.8) under predicts the values of the heat transfer coefficient for fully
developed turbulent convection, Nugp, and over predicts the local heat transfer coefficient
in the entrance section by more than 20% (Figs. 4.6 and 4.7). Furthermore, the extent of
the entrance mixing section (~ z/D = 150) in the helium flow channel is 15 times that

given by Taylor’s correlation (1967) and 6 times that for the present correlation (Eq. 4.9).

The effect of the non-contiguous fuel compacts also bears investigation. A single
continuous fuel element is chosen to reduce meshing requirements, but in order to be
certain the effect from such a simplification is small, the impact of the axial power

distribution (Fig. 4.4) associated with the actual fuel elements is considered.
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Figure 4.7 — Comparison of the fully developed correlation in this work, including the entrance

region, and the correlations of Taylor (1967) and McEligot et al. (1965).
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The temperature data from the thermal-hydraulics analysis of the single channel
module are determined with the gapped power profile and presented in Fig. 4.8.
Although the gaps in the stack of fuel compact have a fairly profound effect on the local
wall temperature where they occur, their effect on the local helium bulk temperature is
negligible (small, localized decreases in the slope near the gaps). In addition, because the
differences in the wall temperature line up fairly well with the sharp power decreases
where no fuel compacts are present, the effect on the local heat transfer coefficient
(calculated from ¢"and (7),-7})) is mitigated. The gaps in the fuel compacts tend to cause
a reduced local Nusselt number for the small width of the gap, while the local Nusselt
number within the fueled region is slightly higher than that of the simulation with
contiguous fuel compacts. The net effect of the non-contiguous compacts is thus

negligible, and the calculation results agree fairly well with the developed correlation.

1400

1300
3
o
S 1200
©
Lin]
=N
&
21100
o
=

1000

o — ——+3 Tw, gapped fuel compacts
= Tw, contiguous fuel compacts

gm i 1 1 1
0 2 4 6 8 10

Acaal position from entrance (m)

Figure 4.8 - Effect of gaps in fuel compacts on the calculated axial temperature profiles.
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coefficient using a full 3-D simulation and the developed simplified methodology.

4.5.2 Validation of 1-D flow simulation

Local Tb (K)

The results of the simplified analysis approach for modeling steady state thermal-

hydraulics in a single helium coolant channel module of a HTGR or VHTR core are

validated by comparing them to those of the performed numerical analysis involving a

coupled full 3-D conduction in the graphite and fuel compact and CFD simulation of the

helium flow in the channel. These comparisons are shown in Figs. 4.9 - 4.11. Figure 4.9

compares the local values of the convection heat transfer coefficient and of the helium

flow bulk temperature. The results in this figure confirm the accuracy of the simplified

simulation approach, based on the use of 3-D conduction in graphite and fuel compacts
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and 1-D helium flow in the coolant channel, for calculating the local heat transfer

coefficient along the single channel module.

Temperature (K)
976.00 977.43 978.86 980.29 981.71 983.14 984.57 986.00

Full 3-D Simulation 3-D Conduction / 1-D Flow Simulation
(a) Axial Location: z/D = 20.
Temperature (K)
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Figure 4.10 - Comparison of radial temperature fields for 1-D and 3-D methodologies in single

channel module.
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Figure 4.11 - Comparison of the calculated radial temperature profiles in the coolant channel using

the simplified methodology and full 3-D analysis of the single channel fuel module.
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The values of the local turbulent heat transfer coefficient calculated by the two
numerical simulation methods are in good agreement (Fig. 4.9), except near the exit of
the heated section of the central flow channel. At that location, the difference between the
calculated values of the local heat transfer coefficient by the two simulation methods is <
10%. The results in Fig. 4.9 also show that the local values of the helium bulk
temperature along the heated section of the central flow channel are in good agreement
with those calculated using the full 3-D thermal-hydraulics analysis; the difference is

quite small, amounting to < 3 K.

Both the 1-D and 3-D helium flow simulations predict similar values of the
temperature drop in the boundary layer (7, -T3), along the heated section of the channel.
This is demonstrated in Fig. 4.10, which compares the calculated radial temperature
distributions by the two simulation methods, at different axial locations along the heated
length of the helium flow channel. Figure 4.10 compares images of the calculated
temperature contours in the unit channel module at two axial locations of the heated
section of the central flow channel; at z/D = 20 within the entrance mixing length (Fig.
4.10a) and z/D = 252 corresponding to the core mid-plane (Fig. 4.10b). These images
show good agreements between the calculated temperatures at these cross-sections within
the fuel compacts and the graphite as well as of the helium flow in the central channel.
The temperature values in Fig. 4.10a are very close while those in Fig. 4.10b are slightly
different, by < 3 K. This difference is within the range of uncertainty (+ 2%) of the
present correlation (Eq. 4.9), when compared to the turbulent convection heat transfer

results obtained using the full 3-D thermal-hydraulics analysis.
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In addition to simplifying the problem setup and reducing the numerical meshing in
the flow channel, the 1-D helium flow simulation significantly reduces the computation
time. The numerical solution also converges much faster than that of the full 3-D
thermal-hydraulics analysis. In the simplified methodology, only the graphite and fuel
compacts are extensively meshed. The present numerical thermal-hydraulics analysis are
run on a single server node, whose specifications are given in Chapter 3. A full 3-D
numerical simulation on this node took ~ 19 - 28 hours of total time. On the other hand,
with the same number of processors, the cases involving 3-D conduction in the fuel
compact and graphite and the 1-D helium flow simulation in the channel each took about

~ 30 minutes of total time, representing a ~40 fold decrease in CPU time.

The comparisons of the simulation results in Figs. 4.9 - 4.11 validate the applicability
of the simplified analysis methodology that uses 3-D conduction both in the fuel
compacts and the graphite, and 1-D simulation of the helium flow in the central channel
of the module. The results verify the accuracy of this approach for future implementation
to the analysis of a HTGR or VHTR full fuel element or the entire core, at significant
savings in the total computation time and meshing requirements. The next chapter
examines the validity of the simplified methodology, in conjunction with the developed
Nusselt number correlation (Egs. 4.6 and 4.9), to performing thermal-hydraulics analyses

of VHTR fuel element and a VHTR 1/6 core.
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Chapter 5 - Prismatic fuel element and 1/6"™ VHTR core thermal-

hydraulics analyses

This chapter examines the effectiveness of the simplified simulation methodology
developed in the previous chapter for performing thermal-hydraulics analyses of a VHTR
fuel element. The results are compared with those obtained using a full 3-D thermal-
hydraulics analysis of a fuel element. The simplified methodology is also used in this
chapter to investigate the effects of helium bypass flow in interstitial gaps between fuel
elements in a VHTR core on the calculated temperatures as well as the numerical
meshing requirements and the computation time to complete the calculations. Analyses of
a VHTR fuel element are also performed with and without a helium bleed flow in the
control rod channels. In these analyses, the volumetric heat generation rate in the corner
burnable poison rods varied from 25% to 100% of that of the fuel compacts. The effects
of the helium bypass flow on the intensity of hot spots are investigated. Finally, thermal-
hydraulics analyses of a one-element tall and a full height VHTR 1/6 core are performed.
The former investigated the effect of the helium bypass and bleed flows, while the latter

did not consider helium bypass flow.

5.1 Numerical meshing

The full 3-D thermal-hydraulics analysis of the hexagonal fuel element (Fig. 5.1)
employed a total of 43.9 million numerical mesh elements or cells: 31.0 million in the
flow channels, 5.7 million in the fuel compacts, 5.3 million in the graphite, and 1.9
million in the axial graphite reflector block. Figs 5.2a and 5.2b show cross-sectional
views of the numerical mesh grid implemented in the helium flow channels, the solid
graphite and the fuel compacts in a quadrant of a VHTR prismatic fuel element. This
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quadrant is marked with a dashed-line in Fig. 2.9. The size of the numerical cells or mesh
elements in the graphite of the fuel element increases from 2.0 mm near the interfaces
with the helium flow channels to as much as 1.2 cm far from these interfaces. In the
helium flow channels, the smallest mesh element size is 1.4 mm. The smallest mesh
element size in the cylindrical fuel compacts is 1.6 mm and increases to 6.4 mm at the

center of the compacts (Fig. 5.2b).

In order to accurately capture the heat flow at the interfaces between the solid
graphite and the helium flow in the coolant channels, 5 prism layers of numerical mesh
elements are used near these interfaces (Fig. 5.2a). The prism layers at the interfaces
between the solid graphite and both the fuel compacts and the helium flow channels are
appropriate for simulating the perpendicular heat flow at these interfaces (Figs. 5.2a and
5.2b). This meshing approach is implemented in the thermal-hydraulics analysis using the
simplified thermal-hydraulics methodology developed in the previous chapter, as well as
in the full 3-D analysis of the hexagonal fuel element (Fig. 5.1). Since the simplified
analysis methodology eliminates meshing in the helium flow channels, the number of
numerical grid elements used in the hexagonal fuel element is much smaller than that

used in the full 3-D analysis, totaling only 12.9 million mesh elements.

A similar meshing scheme is implemented in the thermal-hydraulics analysis of the
prismatic fuel element with interstitial bypass helium flow. Figure 5.3 shows the details
of the meshing grid used in the bypass flow interstitial gap, a corner burnable poison rod,
fuel compacts and a standard flow channel. The width of the interstitial gap around the
fuel elements is taken as 3 and 5 mm and the obtained results are compared to those

without a bypass flow.
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The comparison quantifies the effect of the bypass flow as well as that of the width of
the interstitial gap on the helium flow distribution in the coolant channels and the
calculated temperature field in the VHTR prismatic fuel element. The helium bypass
flow passages and the helium coolant channels share a top plenum region with a constant
inlet mass flow rate and constant exit pressure. The prismatic fuel element (Fig. 5.1) is of
a “standard” design (i.e. without control rods or reserve shutdown holes but with six
burnable poison rods located at the corners). The thermal-hydraulics analysis investigates
the effect of changing the volumetric heat generation rate in the poison rods, particularly
when it is assumed the same as in the fuel compacts. In reality, the volumetric heat

generation rate in the corner poison rods is only a fraction of that in the fuel compacts.

The numerical thermal-hydraulics analysis of the prismatic fuel element with a
helium bypass flow employs 4.9 million numerical mesh cells in the fuel compacts and
the corner burnable poison rods, 15.8 million cells in the graphite matrix (additional cells
are added in the prism layers around the edges of the fuel element, the fuel compacts and
the coolant channels), 2.3 million cells in the bypass flow passage, 30.9 million cells in
the helium coolant channels, and 1.4 million cells in the connecting top plenum region.

The details of the implemented numerical mesh grid can be seen in Fig. 6.

The numerical meshing approach used is particularly important in modeling a full-
height, prismatic VHTR 1/6 core. The VHTR full core is ~ 10 m tall and 8 m in outer
diameter including the graphite reflector (Fig. 2.9). Although eliminating the numerical
meshing in the coolant channels in the simplified analysis methodology significantly
decreases the number of the numerical mesh elements, simplifies the numerical grid and

markedly decreases the computational time, the simulation task is still extraordinarily
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large. Even the 3-D heat conduction in the solid graphite and the fuel compacts with a

few million mesh grid elements is computationally taxing.

The present thermal-hydraulics analysis of a full height VHTR 1/6 core uses a fine
numerical mesh grid in the radial direction and a relatively coarse mesh grid in the axial
direction. This two-dimensional numerical mesh grid is built upward in order to
accomplish the meshing task. Although the numerical meshing in the STAR-CCM+
commercial software (CD-adapco, 2012) used to perform the thermal-hydraulics analysis
code could be preferentially biased toward a coarser numerical grid in a given coordinate
direction, the long computation time due to the larger number of non-uniform numerical
grid mesh elements is undesirable. The largest numerical mesh grid used with the
conventional polyhedral mesh elements in STAR-CCM+ commercial software code

employed a total of ~150 million cells, and captured only three stacks of fuel elements.

Instead, a thin wafer (~2 cm thick) with a radial cross-section identical to that of a the
VHTR core is meshed. This wafer is then used in conjunction with the extruder meshing
model in the STAR-CCM+ code to generate axial segments of a specified length that
varies with the desired refinement of the numerical mesh grid. For the full height VHTR
1/6 core thermal-hydraulics analysis using the simplified method, the length of the axial
segments ranges from 2.5 to 8 cm. Although the aspect ratio of these cells is large and in
some cases could be as much as 10 — 20, the fact that these cells are for heat conduction
in the solid graphite and fuel compacts makes such large aspect ratios acceptable. By
contrast, when modeling the helium flow in the coolant channels using 3-D CFD, a small
aspect ratio < 3.0 is preferable because of the complexity of the flow turbulence in the

channels. These meshing constraints are omitted when using the developed simplified
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thermal hydraulics analysis methodology, because no meshing is required in the coolant

channels.
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Figure 5.3 - Close up of employed mesh for single fuel element with bypass region.
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Figure 5.4 shows a cross-sectional view of the numerical mesh grid used in the core
fuel elements and near the interfaces between these elements (darker shade) and the inner
graphite reflector elements, or assemblies (lighter shade). The full height 1/6 VHTR core
analysis used a relaxed mesh grid in the reflector assemblies (Fig. 5.4). The smallest
numerical mesh cells in the reflector near the interfaces with the core fuel elements are 5

mm across, while the larger cells in the reflector elements are 1.5 cm across.

In Fig. 5.4, the numerical mesh grid is refined at the interfaces with the helium
coolant channels and the fuel compacts. The smallest mesh size in the solid graphite near
the small features is 1.2 mm, increasing to 4.8 mm away from these features. The mesh
grid in the graphite bordering the helium coolant channels is comprised of at least one
prism layer. The fuel compacts use a similar meshing scheme. Several concentric layers
of prism elements are used near the wall of the coolant channels. Thus, when the 3-D heat
conduction in the graphite matrix is coupled to the 1-D helium flow in the coolant
channels, the inner wall surface temperature and the local heat flux are calculated

accurately using the heat transfer coefficient correlation in Egs. (4.6) and (4.9).

A limitation to the implemented numerical meshing approach in the full height 1/6
core thermal-hydraulics analysis is that the radial sections are of uniform composition.
Thus, the non-contiguous stacks of the fuel compacts in the core prismatic elements are
modeled as contiguous, 7.93 m long compacts. As such, the volumetric heat generation
rate used in the contiguous fuel compacts is lower than that in the actual shorter compacts
in the core fuel elements, but the total heat generation rate is the same. Besides
simplifying the numerical grid, using contiguous fuel compacts in the thermal-hydraulics

analysis insignificantly affects the values of the calculated temperatures.
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Figure 5.4 - Employed numerical mesh grid for VHTR 1/6 core thermal-hydraulics analysis.
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5.2 Thermal-hydraulics analysis

Once the numerical mesh grid is developed and implemented, performing the
thermal-hydraulics analyses is relatively straightforward. The input to the analyses
includes the axial and radial power profiles in the reactor core region or the fuel element,
and the inlet temperature and mass flow rate of the helium in each coolant channel. These
and other input parameters used in the thermal-hydraulics analyses are listed in Table 5.1.
These parameters are for a typical prismatic VHTR design (MacDonald et al., 2003;
LaBar et al., 2004; Schultz et al., 2004). When assuming no helium bypass flow through
the interstitial gaps or bleed flow in the channels of the reserve shutdown and control
rods in the fuel elements, the total helium flow in Table 5.1 corresponds to an average

mass flow rate of 0.0306 kg/s per coolant channel (Figs. 5.1 and 5.4).

The average volumetric heat generation rate used in the fuel compacts corresponds to
a reactor nominal power of 600 MWy,. The present thermal-hydraulics analysis of a full
height 1/6 core employs a uniform radial power profile and either a uniform or a
chopped-cosine axial power profile. The full 3-D analyses of the prismatic fuel element
and of the full height 1/6 core include a circular plenum above the top axial reflector
block. They use the helium coolant parameters in Table 5.1 at the inlet plenum surface
(mass flow and temperature) and assume the same total pressure at the exit of all the
coolant channels of 7.064 MPa. This pressure corresponds to a total pressure of the

helium coolant in upper plenum of the VHTR of 7.07 MPa.

In a prismatic VHTR core fuel element, the majority of the helium coolant channels
are 1.5875 cm in diameter and a few near the center of the core fuel elements have a

smaller diameter of 1.27 cm (Fig. 5.1). Thus, since the total pressure drop across the
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different diameter channels is the same, the coolant mass fluxes in the larger and small
diameter channels are different, but proportional to their respective effective cross-
section areas. In the present thermal-hydraulics analyses without interstitial bypass flow,
the helium flow rate in the small diameter coolant channels is 0.0178 kg/s, which is ~
58% of that in the large diameter channels (0.0306 kg/s). These flow rates are
incorporated in the thermal-hydraulics calculations of the prismatic fuel element, using

both the simplified methodology and a full 3-D analysis.

Table 5.1 - Operational parameters for the VHTR 1/6 core thermal-hydraulics analysis

Parameter Input Value
Coolant total mass flow rate [kg/s] 330
Volumetric heat generation rate [MW/m?3] 28.4
Coolant inlet temperature [K] 914
Coolant exit temperature [K] 1263
Reactor inlet pressure [MPa] 7.07
Reactor total power [MW,, ] 600

The helium bypass flow through the interstitial gaps reduces its total flow rate and
distribution in the coolant channels. The helium flow rates in the coolant channels
depend on the assumed width of the interstitial gap, taken as 5 mm in the present
analysis. These helium flow rates are determined using a full 3-D simulation of the fuel
element with no heat generation. The obtained helium flow rate estimates are then used in
the thermal-hydraulics analysis of the prismatic fuel element with a helium bypass flow.
Although the actual helium flow rates in the coolant channels of the fuel element with
fission heating could differ slightly, the results should be applicable to assessing the
effect of the helium bypass flow on the temperature distribution within the fuel element.

The thermal-hydraulics analysis of the fuel element without a helium bypass flow is
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conducted using the simplified methodology and the results are compared with those of
the full 3-D analysis. The results of the two methods are comparable, while the savings
in the computational time and meshing requirements using the former are significant. The
thermal-hydraulics analysis of the prismatic fuel element, with and without helium
bypass flow kept the total heat generation in the fuel element constant, but the volumetric
heat generation rate in the corner burnable poison rods (Fig. 5.1) is taken equal to 25%,
50% and 100% of that in the fuel compacts. The purpose is to assess the effect of
changing the volumetric heat generation rate in the poison rods on the intensity and the
extent of the resulting hot spots. In reality, the volumetric heat generation rate in the
poison rods (fully enriched B4C) is estimated using separate neutronics analysis as ~25 -

30% of that in a typical fuel compact.

In the numerical thermal-hydraulics analyses, a solution convergence is considered to
be attained when the normalized energy residuals have dropped by at least 3 orders of
magnitude and stabilized (stop decreasing). An additional convergence requirement in the
full 3-D thermal-hydraulics analysis is that the normalized residuals of the momentum
variables in the coolant flow channels in the three principal coordinates are stabilized. In
addition, the residuals of the turbulent dissipation and kinetic energy transport variables
must fall by more than 4 orders of magnitude before stabilizing. Upon reaching a solution
convergence, the error in the overall energy balance is determined by comparing the total
energy input to that removed by the helium flow in the coolant channels, based on the
total flow rate and inlet and exit enthalpies. The overall energy balance is typically
satisfied to within + 1%. The next section presents and discusses the obtained thermal-

hydraulics analyses results.
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5.3 Results and discussion

This section presents the thermal-hydraulics results for a single fuel element (Fig. 5.1)
using both the simplified methodology and a full 3-D analysis. The purpose of the
performed calculations without a bypass helium flow is to account for the entrance effect
in the heated coolant channels as well as validate the effectiveness and fidelity of the
simplified methodology in reducing the computation time and memory requirements.
Also presented in this section are the thermal-hydraulics analyses results using the
simplified methodology for a fuel element with helium bypass flow in a 5 mm wide
interstitial gap (Fig. 5.3) and for a full height VHTR 1/6 core. The local values of the heat
transfer coefficient of the helium gas flow in the coolant channels, including the entrance
mixing section (z/D < 25), are determined using Egs. (4.6) and (4.9) based on the
calculated inner wall and helium bulk temperatures in the numerical analysis. The results
in this section also include the effect of changing the volumetric heat generation rate in
the burnable poison rods on the temperatures for prismatic fuel element, without a helium

bypass flow.

5.3.1 Fuel element analysis without a bypass flow

The performed thermal-hydraulics analyses of a prismatic fuel element (Fig. 5.1)
using both the simplified methodology and a full 3-D numerical analysis are carried out
using a node running 64-bit Windows Server 2007 with two, 2.27 GHz quad-core Intel
Xeon processors and 48 GB of RAM. The full 3-D thermal-hydraulics analysis took ~
100 hours of real time to complete, versus only 3 hours using the simplified
methodology, representing more than a 33 fold increase in computation time. The results

of the two methods are comparable with < 5 K difference in calculated temperatures.
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The calculated temperature fields in the hexagonal fuel element using the full 3-D
thermal-hydraulics analysis (Fig. 5.5a) and the simplified methodology (Fig. 5.5b) are
similar and the values are within a few degrees. A more pronounced difference of up to 4
K is seen in Figs. 5.6a and 5.6b near the center of the fuel element, where there is a fuel
handling hole surrounded by 6 small diameter helium coolant channels. These channels
experience lower helium gas flow rates than the standard larger diameter channels in the
fuel element. The simplified analysis methodology assumes that the small diameter
coolant channels have 57% of the mass flow of the standard channels, thus receiving ~
5% more flow than in the full 3-D analysis. The calculated temperatures at the center of
the fuel element using the simplified methodology are ~ 2 — 4 K lower than those

calculated in the full 3-D thermal-hydraulics analysis (Figs. 5.6a and 5.6b).

The fuel element’s thermal-hydraulics analysis results presented in these figures
confirm the effectiveness and accuracy of the simplified methodology. There is little
difference in the calculated temperatures, compared to those obtained using the full 3-D
thermal-hydraulics analysis. Given that the simplified methodology runs ~ 33 times
faster for the single element analysis case, it is used next to perform the thermal-

hydraulics analyses discussed in the following sections.

5.3.2. Effects of helium bypass flow and heat generation in burnable poison rods

It has been recognized that the helium bypass flow in the interstitial gaps between the
prismatic fuel elements in a VHTR core is inevitable and should be accounted for in the
thermal-hydraulics analysis. The interstitial gaps are initially present because of the
manufacturing tolerances of the prismatic fuel elements, but their width changes during
reactor operation due to thermal expansion and graphite swelling by neutron irradiation.
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Thus, the width of the interstitial gaps varies with the reactor’s nominal operation
conditions and history and could be 5 mm or even larger. For the same total helium
coolant flow rate in the VHTR, the helium bypass flow cools the edges of the prismatic
fuel elements in the core, but effectively decreases the helium flow in the coolant
channels. This increases the graphite and fuel compact temperatures in the interior of the
fuel elements. Thus, the helium flow rates and distribution would depend on the assumed

width of the bypass flow gap.

With no interstitial gaps, the helium flow rate in the standard diameter coolant
channels in the fuel elements is fairly uniform, ranging from 30.1 to 30.7 g/s. This flow
rate decreases to 28.3 — 29.3 g/s in a fuel element with an assumed 3-mm wide bypass
flow gap, and to 26.8 — 27.4 g/s in a fuel element with a 5-mm wide bypass flow gap. The
total flow area of a 3-mm wide bypass flow gap represents 5.6% of the total flow area in
the fuel element and the helium bypass flow represents 5.5% of the total flow rate. With
a 5S-mm wide interstitial gap, the helium bypass flow area and rate represent 13% and
11.1% of the total in the fuel element, respectively. These results are obtained from the
full 3-D CFD numerical analysis of the prismatic fuel element performed without heat

generation.

The total helium flow equals the sum of those in the 5-mm wide bypass gap and the
coolant channels. The calculated values are used in the performed thermal-hydraulics
analysis of the fuel element with helium bypass flow. For simplicity, the helium mass
flux in the coolant channels (small and standard) in the fuel element is taken as constant.
The total helium flow rate for a prismatic fuel element of 3.24 kg/s is split into 0.36 kg/s

in the 5-mm wide bypass gap and 2.88 kg/s in the coolant channels. The total heat
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generation rate in the fuel compacts of the element, which is assumed to represent the
average fuel element in the VHTR, is 616 kWy, corresponding to a nominal reactor

power of 600 MWy,.

The next section presents the results of the thermal-hydraulics analysis of a prismatic
VHTR fuel element, with and without helium bypass flow and with different volumetric
heating rates in the corner burnable poison rods (Fig. 5.1). The analysis performed using
the simplified methodology involves full 3-D heat conduction in the graphite and the fuel
compacts, a 3-D helium flow in the interstitial bypass flow gaps, and a 1-D helium flow
in the coolant channels. The helium coolant flows downward through the interstitial gaps
and coolant channels and exits through the bottom of the fuel element. The total length of
the fuel element is the same as those of the coolant channels and bypass flow gaps (79.3
cm). Due to the symmetry in the bypass flow gap, and in order to reduce the number of
the numerical mesh elements and computation time, only half the gap width (2.5 mm) is
used with an adiabatic boundary at the vertical plane of symmetry. The results of the
analysis for the conditions in Table 5.1 are presented in Figs. 5.7a — 5.7d. Owing to the
small height of the fuel element (0.793 m), compared to that of the core (7.93 m), the

axial thermal power in the fuel compacts assumed uniform ~ 28.4 MW/m’ (Table 5.1).

The images of the traversed temperature fields in Figs. 5.7a — 5.7d are taken at an
axial location 55 cm from the inlet (or top) of the prismatic fuel element. The results in
Fig. 5.7a show that the helium bypass flow has a profound effect on cooling the edges of
the fuel element, including the corner burnable poison rods, but increases the
temperatures in the rest of the fuel element. This is because the helium bypass flow (11%

of the total) decreases its flow rate in the coolant channels of the fuel element. In the
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absence of a bypass flow, all the helium coolant flows through the channels in the fuel

element, further lowering its temperatures.
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Figure 5.7 - Calculated temperature fields, 55 cm from the top of the prismatic fuel element, with and

without bypass flow and different heating rates of the corner poison rods.
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Figure 5.8 - Calculated radial temperature distributions along the 0 degree coordinate in fuel element

with 100% power in burnable poison rods, with and without bypass flow (55 cm from top of

element).
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The heat generation in the corner burnable poison rods produces local hot spots,
whose intensity depends on the assumed volumetric heat generation rate in these rods
(5.7b — 5.7d). The local hot spots are clearly evident in Fig. 5.7b, in which the
volumetric heat generation rate in the burnable poison rods is assumed the same as that of
the fuel compacts. Although unrealistic, it provides a reference case for comparison with
the results in Figs. 5.7c and 5.7d. In these figures the volumetric heat generation in the
burnable poison rods is 50% and 25% of that in the fuel compacts, respectively.
Compared to the results in Fig. 5.7a, with no helium bypass flow and 100% volumetric
power generation in the burnable poison rods (Fig. 5.7b); the temperatures of the fuel

element are lower in the center but much higher near the edge of the fuel element.

Decreasing the volumetric heat generation in the corner burnable poison rods to 50%
and 25% of that in the fuel compacts changes the temperature in the interior of the fuel
element by only a few degrees but noticeably decreases the intensity of the corner hot
spots (Figs. 5.7c and 5.7d). As indicated earlier, the volumetric heat generation in the
burnable poison rods during reactor nominal operation is likely to be 25% - 30% of that
in the fuel compacts, for which the image in Fig. 5.7d is representative of the average fuel
element in a prismatic VHTR core. To further examine the temperature fields in the fuel
element with and without helium bypass flow and with different heat generation rates in
the burnable poison rods, the calculated temperatures in the fuel element along the 0° and
30° coordinates (Figs. 5.1 and 5.7b) are compared in Figs. 5.8 — 5.10 and 5.11,
respectively. The results in Fig. 5.8 show the effect of the helium bypass flow on the
temperature distribution in a fuel element with burnable poison rods generating the same

volumetric heat generation rate as the fuel compacts (100%).
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Figure 5.9 - Calculated radial temperature distributions along the 0 degree coordinate in fuel element

with 25% power in burnable poison rods, with and without bypass flow (55 cm from top of element).
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Figure 5.10 - Calculated radial temperatures along the 0 degree coordinate in fuel element without

bypass flow and different power in the burnable poison rods (55 cm from top of element).
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Figure 5.11 - Calculated temperature along the 30 degree coordinate in fuel element with and

without bypass flow and different powers in the burnable poison rods (55 cm from top of element).
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The helium bypass flow (filled circle symbols) increases the temperatures in most of
the fuel element by ~ 10 — 15 K, while reducing the edge temperatures by as much as ~
32 K, as compared to the same simulation with no bypass flow (void circle symbols).
With a helium bypass flow, the maximum temperature near the center of the fuel element
is 1018 K. Without a helium bypass flow, however, the temperature in most of the
element is lower, except at the corner poison rod it peaks at 1029 K. In Figure 5.8, the
temperature peaks within the fuel element correspond to the fuel compacts and the almost
flat valleys correspond to the helium coolant channels. The peak temperatures near the
edge of the fuel element without a helium bypass flow correspond to the corner burnable

poison rods.

Figure 5.9 shows that reducing the volumetric power generation in the corner
burnable poison rods (BPRs) to 25% of that in the fuel compact causes little change in the

calculated temperatures within the majority of the fuel elements, but noticeably decreases

the temperature of the corner burnable poison rods. This decrease in the BPR’s
temperature between the cases with and without helium bypass flow in Fig. 12 is 31 K,
compared to 32 K in Fig. 5.8. The results in Fig. 5.9 show that the maximum temperature
near the center of the fuel element with a helium bypass flow is 1021 K and that of the
burnable poison rods is 1007 K. The latter is much lower than in Fig. 5.8, due to the
lower heat generation rate in these rods. In general, decreasing the heat generation rate in
the BPRs to what would be expected during nominal reactor operation (~ 25% — 30% of
that in the fuel compacts) insignificantly changes the temperatures within most of the fuel
element, except those of the BPRs and of the solid graphite in their vicinity. This is

shown by the results in Fig. 5.10 for the fuel element with no helium bypass flow.
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Decreasing the generated thermal power in the BPRs from 100% to 50% and 25% of
that in the fuel compacts changes the average fuel element temperatures by only 1 — 2 K,
but decreases that of the BPRs by 15 K and 22 K, respectively (Fig. 5.10). As indicated
earlier, the temperature distributions presented in Figs. 5.8 — 5.10 are along the 0°
coordinate in the fuel element. The results in Fig. 5.11, however, are for the 30°

coordinate in the fuel element (Figs. 5.1 and 5.7b).

Figure 5.11 shows that the higher temperatures in the central region of the fuel
element with helium bypass flow are even more prevalent. Without helium bypass flow,
these temperatures decrease by 10 — 15 K, while varying the generated power in the
BPRs has little effects on the temperature values and distribution in the fuel element. In
general, attempting to reduce the interstitial gap width and hence, the helium bypass flow
is desirable in terms of lowering the temperature and the differential thermal expansion of
the fuel elements in a VHTR core. The next subsection investigates the effect of helium
“bleed” flow through control rod channel on calculated temperatures in a fuel element,

without a helium bypass flow.

5.3.3. Effect of helium flow through control rod channel

The thermal-hydraulics analysis results in this section are those calculated using both
the simplified methodology as well as a full 3-D analysis of a fuel element without
interstitial helium bypass flow (Figs. 5.12 and 5.13). The objective is to examine the
effectiveness of the simplified methodology in which the flow through the coolant
channels as well as is the control rod channel is 1-D, but thermally coupled to the 3-D

conduction in the graphite and fuel compacts of the fuel element.
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Figure 5.12 - Calculated temperatures using a full 3-D analysis of a prismatic fuel element with

helium coolant bleed flow (3% of total) in the control rod channel (at 20 and 55 cm from entrance).
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Figure 5.13 - Calculated temperatures using simplified methodology versus a full 3-D analysis of a

prismatic fuel element with helium flow (3% of total) in control rod channel (at 55¢m from entrance).
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The helium flow rate in each of the 48 control rod channels in a prismatic VHTR core
is 0.20625 kg/s, which totals 3% of the total helium flow rate into the reactor. Thus, 97%
of the total helium coolant flows through the coolant channels of the core. The
corresponding helium flow rate in each of the 1.5875 cm diameter, coolant channels is
0.02968 kg/s. Figures 5.12a and 5.12b compare the calculated temperature fields in a
prismatic fuel element at two axial locations from the entrance (or top) 20 cm and 55 cm,
respectively. In these figures, the analysis is performed using a full 3-D numerical
simulation of the fuel element with helium flow through the control rod channel and the
coolant channels, but with no helium bypass flow. In these calculations, the volumetric
heat generation rate in the corner burnable poison rods is assumed the same as in the fuel
compacts and the helium inlet temperature of 914 K is the same as in the coolant and the
control rod channels. The axial heat generation rate in the fuel compacts is assumed

uniform, since the height of the fuel element is 1/10™ of that of a VHTR active core.

The results in Figs. 5.12a and 5.12b show the growth of the thermal boundary layer
and the increase in the local helium coolant bulk temperature in the control rod channel
with axial elevation. These figures also show the calculated temperature contours in the
thermal boundary layer within the control rod channel. The radial extent of the thermal
boundary layer is limited to the region next to the channel wall, but does grow with axial
distance as the flow progresses down the channel. Because of the high helium flow rate in
the control rod channel, its bulk temperature is significantly lower than that in the
surrounding helium coolant channels. At 55 cm from the fuel element entrance, the
helium bulk temperature in the control rod channel is 919.5 K (Fig. 5.12b), versus 940.5

K in the surrounding coolant channels.
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The simplified thermal-hydraulics analysis methodology calculates almost the same
temperature distribution in the fuel element, and the same helium local bulk temperatures
in the control rod and coolant channels, but provides no details on the growth as well as
the temperature gradient in the thermal boundary layers in the control rod and the coolant
channels. This thermal-hydraulics analysis methodology significantly reduces the number
of the numerical mesh elements and the computation time. The results calculated using
the simplified methodology (Fig. 5.13b) are compared with those obtained using a full 3-
D analysis (Fig. 5.13a), at 55 cm from the entrance of the coolant channels in the fuel

element. Note that Fig. 5.13a is the same as Fig. 5.12b.

In Fig. 5.13b, the helium flow in the control rod and helium coolant channels in the
fuel element is simulated as 1-D, in conjunction with the forced convection correlations
in Egs. (4.6) and (4.9) for calculating the local heat transfer coefficient. The helium
coolant flow in these channels is thermally coupled to the 3-D conduction in the graphite
and fuel compacts in the fuel element and exits at the same bulk temperature as that
calculated using the full 3-D analysis (928.35 K). Although no meshing is required in the
control rod and coolant flow channels when using the simplified methodology, in the full
3-D analysis meshing the control rod channel (Fig. 5.13a) adds approximately 560,000
numerical mesh elements to the total used in the analysis with no helium flow in the
control rod channel. In addition, the full 3-D simulation runs significantly slower than

that with the simplified methodology.

A full simulation of the fuel element with helium flow in the control rod channel
using the simplified methodology (Fig. 5.13b) took 2.5 hours to complete versus ~ 26

hours for the full 3-D simulation (Fig. 5.13a). However, the calculated temperatures in
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Figs. 5.13a and 5.13b using both simulation methods are almost identical. The largest
difference between the calculated maximum temperatures in the fuel element using the
two methods is 0.3 K, and the temperature difference between Figs. 5.13a and 5.13b at

the center of the element near the control rod channel is 0.12 K.

These results further confirm the effectiveness and accuracy of the simplified
methodology for thermal-hydraulics analysis of the fuel element with the helium flow in
the control rod channel. In the next subsection, the simplified methodology is used to
perform the thermal-hydraulics analysis of a prismatic fuel element with helium flow in
the control rod channel and helium bypass flow in a 5-mm wide interstitial gap. The
results show the combined effect of the helium bleed flow in the control rod channel and

through the interstitial gap on the calculated temperatures in the fuel element.

5.3.4. Fuel element analysis with helium bypass and flow in control rod channel

The results of the combined effect of the interstitial helium bypass flow and the
helium flow through the control rod channel on the temperatures of the fuel element,
shown in Fig. 5.14b at 55 cm from the entrance. These results are obtained using the
simplified methodology for performing the thermal-hydraulics analysis of the fuel
element. Note that Fig. 5.14a is the same as Fig. 5.13b with helium flow in the control
rod channel, but without a helium bypass flow. In both figures, the volumetric heat
generation rate in the corner burnable poison rods is assumed the same as that in the fuel
compacts. The helium bypass flow cools the edges of the fuel element, including the

poison rods, but raises temperatures in the central region of the element (Fig. 5.14b).

The peak temperature in the center region of the element in Fig. 5.14b is ~ 1030 K

versus 1015 K in Fig. 5.14a without a helium bypass flow. In Fig. 5.14a, the edge
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temperatures vary from 1005 K — 1018 K and those of the corner burnable poison rods
peak at 1039 K. The helium bypass flow in Fig. 5.14b cools the edges of the fuel element
to 975 K — 980 K and the burnable poison rods to ~ 1003 K. The 3-D simulation of the
helium bypass flow in the 5-mm wide interstitial gap (Fig. 5.14b) increases the total
number of the numerical mesh cells in the fuel element by an additional 2.75 million
mesh cells, totaling 20 million cells. This prolonged the time to complete the calculations

to ~ 48 hours, versus only ~ 2 hours in Fig. 5.14a without helium bypass flow.

The next section presents the results of the thermal-hydraulics analyses of a one
element high (0.793 m) VHTR 1/6 core with and without helium flow in 5-mm wide
interstitial gaps between the fuel elements and in the channels for the control rod
elements. The modeled helium flow through the coolant and control rod channels is one-
dimensional using the simplified methodology detailed earlier. The numerical meshing in
the coolant channels is thus omitted, but the helium flow in the channels is coupled to 3-
D heat conduction in the core’s solid graphite moderator and fuel compacts. The helium

flow in the interstitial gaps between the core fuel elements is modeled using full 3-D.

5.4 Thermal-hydraulics analysis of a one fuel element high VHTR 1/6 core

This subsection presents and discusses the results of thermal-hydraulics analyses of a
one fuel element high (0.793 m) VHTR 1/6 core. The analyses are with and without
helium bypass flows in interstitial gaps between fuel elements and bleed flow in the
control rod channels (Fig. 5.15). The heat generation and conduction in the radial
reflector graphite blocks insignificantly affect the temperature field in the active core
region. Thus, the analyses include a single row of graphite blocks in the inner and outer
radial reflectors.
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Figure 5.14 - Calculated temperatures using the simplified methodology of a prismatic fuel element

with helium flow in the control rod channel and interstitial bypass flow (at 55 cm from entrance).
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Figure 5.15 - Calculated temperature field for a one-fuel element (0.793 m) high, VHTR 1/6 core

without helium bypass or bleed flow in control rod channels, 55 m from top of VHTR core.
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Figure 5.16 - Calculated temperature field for a one fuel element (0.793 m) high, VHTR 1/6 core with

helium bypass flow and bleed flow in control rod channels, 0.55 m from the top of the core.
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The objectives of the one-fuel element tall (0.793 m), VHTR 1/6 core thermal-
hydraulics analyses are to further examine the effectiveness of the simplified
methodology, to reduce the numerical meshing requirements and complete the
calculations in a reasonable time. The performed thermal-hydraulics analyses in this
section are for uniform axial and radial power profiles in the VHTR active core region,
but the same helium inlet temperature (914.0 K) from the upper plenum, and same exit
pressure (7.064 MPa). The helium bleed flow into the control rods channels is assumed
3% of the total entering the reactor (330 kg/s), while that flowing through the 5-mm wide
interstitial gaps totals 10.67% (or 5.87 kg/s for the 1/6 core). Without flow in the control
rod channels, the helium flow through the interstitial gaps increases to 11.0% of the total

into the reactor.

The analysis performed in this section with helium bypass flow in the interstitial gaps
and bleed flow in the control rods channels requires a large number of numerical mesh
elements, totaling 109.9 million. They are broken down as follows: 21.0 M elements or
cells in core fuel compacts; 638,000 cells in the corner burnable poison rods; 16.8 M cells
in the graphite moderator of the fuel elements; 122,000 and 223,000 cells in the inner and
outer radial reflector blocks; and 71.1 M cells in the interstitial bypass flow gap between
the core fuel elements. Owing to the large number of the mesh elements used, particularly
for modeling the 3-D helium flow in the interstitial gaps, calculations took 10 - 11 days to
complete using the computer hardware discussed in Chapter 3. It is worth noting that the
total number of mesh elements used in this analysis is comparable to that implemented in

the next section for the thermal-hydraulics analysis of a full height (9.93 m) VHTR 1/6
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core, including the 1.2 and 0.8 m top and bottom graphite reflectors. Such an analysis

does include interstitial helium bypass flow or helium bleed flow in control rod channels.

The results in Figs. 5.15 and 5.16 highlight the effect of the interstitial helium bypass
flow on the calculated temperatures in the reactor core, 0.55 m from the entrance (top).
Fig. 5.15 clearly shows the hot spots at the locations of the burnable poison rods, in
which the volumetric heat generation is assumed conservatively the same as that in the
fuel compacts. The temperature of these rods peaks at 1032 K. The temperatures of radial
graphite reflector blocks are 10 — 20 K hotter than the graphite in the core fuel elements
(Fig. 5.15). This can be attributed to two effects: (a) the convective mixing of the
developing helium flow in the entrance section of the coolant channels (z/D < 25), which
increases the local heat transfer coefficient, thus enhancing the cooling of the fuel
elements; and (b) the axial conduction that transfers heat from the bottom to the top of the
reflector. The high thermal conductivity of graphite also stimulates radial heat conduction

in the reflector (Figs. 5.15-5.18).

The heat transfer between the radial reflector blocks and the nearest fuel elements in
the core is small, and insignificant with helium bypass flow through the interstitial gaps
(Fig. 5.16). Such flow has an insulating effect that hinders heat transfer, not only among
the core fuel elements but also to and from the surrounding graphite reflector blocks.
Without helium bypass flow, the temperatures near the center of the core fuel elements
(Fig. 5.15) are 20 — 40 K lower than those with helium bypass flow (Fig. 5.16a) due to
the decrease in the helium flow rate in the core coolant channels. The helium bleed flow
in the control rod channels also increases the temperature in the core fuel elements

because it further decreases helium flow rate in the core coolant channels (Fig. 5.16b).
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Figures 5.16a and 5.16b show the temperatures of the fuel compacts in the VHTR
core, including those near the control rod channels. In Fig. 5.16a, it is clear that the
temperatures of the fuel compacts in close vicinity to the control rod channels are higher
than in the interior of the core fuel elements. The helium bleed flow in the control rod
channels increases the temperatures within the core fuel elements by 2 — 3 K, except near
the channels, where the temperatures decrease by 3 — 4 K (Fig. 5.16b). In both Figs.
5.16a and 5.16b, the temperatures in the rings of the radial graphite blocks adjacent to the
annular core region remain low (914 — 935 K). The next subsection presents the results
of the thermal-hydraulics analysis for full height VHTR 1/6 core without helium bypass
flow nor bleed flow in the control rod channels, further examining the validity of the

simplified analysis methodology.

5.5 Thermal-hydraulics analysis of a full height 1/6 core without bypass flow

The performed thermal-hydraulics analysis of a full height (9.93 m), prismatic VHTR
1/6 core without helium bypass flow or bleed flow in the control rods channels, used the
simplified methodology for the operating conditions listed in Table 5.1, with both
uniform and chopped-cosine axial power profiles and a uniform radial power profile.
This analysis took approximately 72 — 108 hours of real time to complete using the
computational hardware discussed in Chapter 3. Simulations using the 48 GB node ran
significantly faster, likely due to a reduced reliance on the slower virtual memory. ANL
(Pointer and Thomas, 2010) conducted similar runs of full 3-D thermal-hydraulics
analysis for a full height VHTR 1/6 core, but with lower helium inlet temperature (784 K)
and volumetric heat generation rate in the fuel compacts (33.59 MW/m®). They used 24

cores of a 25.9 teraflop cluster and took over 300 hours of CPU time to complete. These
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calculations also required an unknown amount of RAM, but in the authors’ experience, it

would have been an extensive amount.

The results of the performed thermal-hydraulics analysis of the full height VHTR 1/6
core are presented in Figs. 5.17 and 5.18. The inner and outer reflectors in a prismatic
VHTR are made of the same 1G-110 graphite as the fuel elements. This analysis is for a
uniform volumetric heat generation in the fuel compacts, constant helium flow mass flux
but different flow rates in the standard and smaller diameter coolant channels in the core,
no helium bypass flow, and no helium flow in the control rod channels. Figures 5.17 and
5.18 show relatively uniform temperatures in the active core region, but hotspots at the
corners of the core fuel elements where burnable poison control rods are located. This
analysis is overly conservative, assuming that the poison rods experience the same
volumetric heat generation rate as in the fuel compacts. In reality, the hot spots at the
burnable poison rods locations (Fig. 5.7a) would not exist to the same extent because the
volumetric heat generation in the poison rods would be lower, ~25% — 30% of that in the
fuel compacts. It is notable that slightly smaller hot spots occur near the core’s reserve
shutdown channels, not cooled in this analysis (Fig. 5.17). The hot spots at the locations
of the burnable poison rods in the core are only a concern under non-standard flow

conditions and with unrealistically high volumetric heat generation rate in these rods.

The inevitable helium bypass flow through interstitial gaps between the core fuel
elements and between these elements and the surrounding graphite assemblies of the
radial reflector is likely to cool the edges of the fuel elements and alleviate the hot spots
at the burnable poison rods’ locations. This would occur at the expense of increasing the

temperature in the interior of the core fuel elements. Based on the results discussed
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earlier for a fuel element with and without helium bypass flow in Figs. 5.7 — 5.11, such

an increase in the core fuel elements’ temperatures could be as much as 30 K.
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Figure 5.17 - Calculated radial temperatures field at core mid-plane in the thermal-hydraulics
analysis of a full height, VHTR 1/6 core with constant volumetric heat generation in fuel compacts

and no helium bypass flow.
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(a) Uniform Axial Power Distribution (a) Cosine Axial Power Distribution

Figure 5.18 - Calculated axial temperature distributions in the thermal-hydraulics analysis of a full

height VHTR 1/6 core with constant volumetric heat generation and no helium bypass flow.

The presented images of the calculated temperature fields of the VHTR core in Figs.
5.18a and 5.18b also show the axial delineation in the numerical meshing. The two
figures are for the same total heat generation in the reactor core (600 MWy,), but different
axial power profiles. With a uniform axial power profile, the hottest temperatures occur
at the exit of the core (bottom of Fig. 5.18a). With a chopped-cosine axial power profile,

however, (Fig. 5.18b) there are notable differences in the calculated axial temperature
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distribution. The cosine power profile increases the temperatures in the axial middle
section of the core by more than 50 K, but decreases the temperatures near the core exit

(bottom of Fig. 5.18b).

This chapter investigated and demonstrated the effectiveness and accuracy of the
developed simplified methodology for conducting thermal-hydraulics analyses of VHTR
core and hexagonal fuel elements with and without helium flows through the control rod
channels and in interstitial gaps. Results indicate this methodology is accurate and
quicker than full 3-D CFD for performing thermal-hydraulic analyses for fuel elements
and a VHTR 1/6 core both with helium bypass flow in interstitial gaps between fuel

element and helium “bleed” flow through the control rod channels and without.
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Chapter 6 - Summary and conclusions

This research developed an effective thermal-hydraulics analysis methodology that
markedly reduces the numerical meshing requirements and computational time. The
simplified thermal-hydraulics analysis methodology is an effective surrogate to a full 3-D
analysis of VHTR fuel elements or a full core. It couples a 1-D convective flow and heat
transfer of helium in the coolant channels to the full 3-D heat conduction in the graphite
moderator and fuel compacts of the VHTR fuel elements. Besides the helium local bulk
temperature in the channels, the local heat transfer coefficient is calculated using a
Nusselt number correlation, developed and validated in this work. This methodology
effectively decreases the total computation time and simplifies the meshing requirements
with a negligible effect on the accuracy of the numerical results. In addition to omitting
the numerical meshing in the coolant channels, it decreases the total computation time by
a factor of ~33 — 40 with little effect on the calculated temperatures (< 5 K), compared to
a full 3-D thermal-hydraulics analysis of a fuel element, without compromising the
accuracy of the results.

The developed correlation accounts for the effect of entrance mixing, which increases
the local heat transfer coefficient. The entrance region extends to ~ 25 times the channel
diameter (z/D < 25). Beyond this entrance length, turbulent convection becomes fully
developed and the local Nusselt number becomes independent of axial distance in the
channel. The developed correlation is within + 2% of the numerical results, including in
the entrance mixing length. It compares favorably, to within 10%, with Taylor’s
correlation (based on high temperature hydrogen heat transfer, Taylor, 1967). For the

local bulk temperature of the helium flow in the coolant channels, the developed Nusselt
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number correlation calculates the local heat transfer coefficient. The calculated values
are used, in conjunction with the calculated heat flow from the graphite to the VHTR
coolant channels wall to determine the local wall surface temperature.

Performed are thermal-hydraulics analyses of a VHTR fuel element, with and without
helium bypass flow in interstitial gaps (5 mm wide) and helium bleed flow in the control
rod channels. Analyses are also performed of a one-fuel element tall VHTR 1/6 core,
with and without helium bypass flow, and of a full height VHTR 1/6 core without helium
bypass or bleed helium flow. These analyses that use the developed simplified
methodology in the STAR-CCM+ commercial software package account for the changes
in the properties of graphite, fuel compacts, and helium with temperature. The thermal-
hydraulics analyses are for the same reactor thermal power (600 MWt;) and inlet and exit
temperatures of 914 K and 1263 K, using both uniform and chopped-cosine axial power
profiles in the active reactor core. Although the axial thermal power profile slightly
changes the local helium coolant bulk and channel wall temperatures, it insignificantly
affects the local values of the heat transfer coefficient in the coolant channels.

A full 3-D thermal-hydraulics analysis of a single fuel element without a helium
bypass flow took ~ 100 hours of real time to complete, versus only ~ 3 hours with the
simplified methodology. The calculated temperature fields in the thermal-hydraulics
analyses of a VHTR fuel element using the full 3-D and the simplified methodology are
similar and the values are within a few degrees (< 4 K). The performed thermal-
hydraulics analysis using the simplified methodology for the fuel element without helium
bypass flow, but with helium flow in the control rod channel, took 2.5 hours to complete

versus ~ 26 hours using a full 3-D simulation. The relatively high helium flow rate in the
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control rod channels decreases the flow rate in the rest of the coolant channels of the
VHTR core. The largest difference between the calculated maximum temperatures in the
fuel element using the simplified methodology and the full 3-D simulation is 0.3 K, and

the temperature difference near the control rod channel is 0.12 K.

The helium bypass flow in the interstitial gap between the core fuel elements has a
beneficial effect on the hot spots at the corner burnable poison rods. Results show that the
helium bypass flow in the 5S-mm wide interstitial gap cools the edges of the fuel element,
including the corner burnable poison rods, but raises the temperature in most of the
central region of the fuel element. Even without bypass, the intensity of these hot spots
dramatically decreases as the volumetric heat generation rate in the poison rods decreases
to a level more akin to that expected during nominal reactor operation (~ 25% of that in
the fuel compacts). When the assumed volumetric heat generation rate in the corner
burnable poison rods is the same as in the fuel compacts, the helium bypass flow
increases the temperatures in most of the fuel element by ~ 10 — 15 K, while reducing the
edge temperatures by as much as ~ 32 K. With a helium bypass flow, the maximum
temperature near the center of an average fuel element is 1018 K. Without a helium
bypass flow, the temperature in most of the fuel element is lower except at the corner
poison rods, where it peaks at 1029 K. Reducing the volumetric power generation rate in
the corner burnable poison rods to 25% of that in a fuel compact has little change on the
temperatures of the fuel element, but effectively decreases the poison rods temperature.
The maximum temperature near the center of the fuel element with a helium bypass flow
is 1021 K and that of the burnable poison rods is 1007 K. Decreasing the volumetric

thermal power in the burnable poison rods from 100% to 25% of that in the fuel compacts
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increases the temperature near the center of the fuel element by only ~ 1 — 2 K, but

decreases that of the poison rods by as much as 22 K.

In general, it is desirable to decrease helium bypass flow in interstitial gaps between
VHTR core fuel elements. Results show that the helium bypass flow cools the edges but
increases the temperatures in most of the fuel elements, and hence the differential thermal
expansion. The interstitial gaps are initially present because of the manufacturing
tolerances of the prismatic fuel elements, but their width changes during reactor operation
due to thermal expansion and graphite swelling by neutron irradiation. Thermal-
hydraulics analyses are also performed for a one element high (0.793 m) and a full height
(9.73 m) VHTR 1/6 core using the simplified methodology and uniform and chopped-
cosine axial power profiles. In addition to the significant savings in the computation time
and numerical meshing requirements, the results are reasonably accurate, further
confirming the effectiveness of the simplified methodology for future use in thermal-

hydraulics and safety analyses of prismatic VHTRs or HTGRs.
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Chapter 7 - Recommendations for future work

Much like all research, results typically identify additional areas for future
investigations. This work demonstrated the effectiveness of the developed methodology
for thermal-hydraulics analyses of VHTRs and the developed turbulent convection
correlation in the coolant channels, including the entrance effects. Suggestions for future

expansion of this research are summarized below..

(a) Perform experimental verification of the developed Nusselt number correlation.
These experiments would effectively measure the changes in the heat transfer coefficient
in the entrance section of the coolant channels and heat flux and local temperatures at the

inner wall as well as those of the bulk gas flow in the channels.

(b) Expand the use of the simplified methodology to thermal-hydraulics analysis of
a full height VHTR 1/6 core, with helium bypass flow and helium bleed flow in the
control rod channels. This requires more advanced computation hardware, as compared
to that used in the present research, and could quantify the benefits in term of decreasing
the numerical meshing requirements, memory requirements and total CPU time to
complete the calculations. One refinement that is relatively simple to implement is the
radial power profile in the core, which this work assumes it uniform. Adding this profile
to the CFD model is straightforward. The radial profile depends on fuel loading and the
operational period. In addition, a given radial profile may not simply be a function of
radius, but also of angle to some extent. This complicates the implementation of such a
profile. This non-uniform radial behavior might also be present in coolant distributions.
Effectively implementing a more specific coolant distribution is another improvement

that could be made to the current work. It assumes that coolant flow in all core channels
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of the same size is the same, reasonable but not entirely true. Chapter 5 demonstrated
that in a given single block, the difference in the helium flow rate in any given channel
compared to the average flow rate can differ by approximately 3 percent. This, in
conjunction with the potential increase in the temperature gradients resulting from a

radial power profile, could change the results of the thermal-hydraulics analysis.

(¢) Investigate impact of failure modes on the temperatures of a full height 1/6 core.
Another potential avenue for future research involves investigating different failure
modes. The simplest of these involves examining the effect of coolant channel blockages,
much like Tak et al. (2010), for example by reducing the convective heat transfer
coefficient to zero in some channels. While the investigation of unintended flow
blockages or impediments has benefits to the safety analysis of a VHTR, further

examining other lesser explored failure modes may also prove valuable.

(d) Study the impact of VHTR operation life on the thermal conductivity of the
graphite moderator and fuel compacts. Because the thermal conductivity of graphite
(here, 1G-110) is a strong function of irradiation dose, it might have significant effects on
the heat transfer and peak temperatures within the graphite. Additional simulations run

with different thermal conductivity functions could have significantly different results.
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Appendix A - Materials properties

Materials choices are an important consideration for the VHTR, given the very high
temperatures in the reactor and the relatively complex effect of radiation on these
materials, particularly the graphite moderator in the core and the steel reactor vessel. In
HTGRs, serious considerations have been paid to the materials comprising the reactor;
this fact remains true, as the temperatures for VHTRs have increased (Beck et al., 2010).
The CFD code used in this work, STAR-CCM+, does not include most materials
properties of interest, so it is important to import into the code a qualified set of

temperature-dependent properties.

The bulk material in the VHTRs is nuclear graphite moderator in the annular core,
surrounding radial inner outer reflector and the top and bottom reflector as well as the
massive support columns in the lower plenum (see Figs. 2.7-2.9). There are several types
of nuclear graphite considered by the reactor developers in different countries. In this
work, the Japanese manufactured IG-110 nuclear graphite is used (Nightingale et al.,
1962 and Ishiyama, 1996). The properties used in the present analyses are of un-
irradiated graphite. The changes in the graphite properties, such as the heat capacity and
thermal conductivity could affect the results of the analyses presented in this work, which
is a topic for future follow-on research. Table A.1 lists the properties of the un-irradiated
IG-110 nuclear graphite used in this work. The helium properties in the temperature
regime of interest in the VHTR core (Tournier and El-Genk, 2008) are also listed in
Table A.1. Figures A.1 and A.2 present the correlations and data for the specific heat and

thermal conductivity of the solid materials in the VHTR core.
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Table A.1 - Materials properties used in the present analyses of the VHTR core and fuel elements

(temperature T in K).

Material Property

Material

Value or Correlation

density, p (kg/m”3)

specific heat, C, (J/kg-
K)*

thermal conductivity,

k (W/m-K)**

IG-110 Graphite
(block properties)

1740

6.05x107 T>- 0.00269 T>+ 4.19 T
=294

-13.2+2.50x10%/(T+268)"™

density, p (kg/m”3)

specific heat, C, (J/kg-
K), for 300<T<2000 K

thermal conductivity,
k (W/m-K), for
300<T<1400 K

Composite Fuel (fuel
properties), based on
reported properties for
IG-110 (Ishiyama et
al., 1996, Nightingale
et al., 1962) and UCO
(IAEA, 2006)

1650

3.11x107 T?-0.00155 T>+2.73 T
824

8.5+ 7.68x10%/ (T+268) >

density, p (kg/m”3)

specific heat, C, (J/kg-
K)

thermal conductivity,

k (W/m-K)

dynamic viscosity,

u (uPa-s)

Helium (coolant
properties), (Tournier

and El-Genk, 2008)

P/RgT

5197.6

0.000258 T +0.103388

0.03319 T +13.0744

* Best fit of the data reported by Nightingale et al. (1962) for temperatures from 300 to 2000 K

**Best fit of the data reported by Ishiyama et al. (1996) for temperatures from 300 K to 1400 K
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The material properties for the fuel compacts prove to be rather more complex. The
fuel compact consists of TRISO particles are dispersed in a graphite matrix, and thus,
effective properties for this heterogeneous mixture are needed. There are a number of
approaches that could be used to model the properties this matrix of coated fuel particles
and graphite. The expression for the specific heat, relatively straightforward, is obtained
based on the mass fractions of the different materials on the fuel compacts. Barring
irregularities in the arrangement of the fuel particles within the graphite matrix, this work
assumes the fuel particles are uniformly dispersed in the graphite matrix with a packing
fraction of 0.289 (MacDonald et al., 2003. The specific heat of the fuel compact is the
summation of the mass fractions of each of the components times their individual specific
heat. In Table A-1, the specific heat of each component (UCO, SiC, pyrolytic graphite in
the TRISO particle and the 1G-110 making up the graphite matrix) as a function of
temperature are compiled and then multiplied by the relative mass fractions to determine
the specific heat of the fuel compacts. A best fit polynomial of that data are obtained for
use in STAR-CCM+, as the code requires that specific heat be either a constant or a
polynomial function of temperature. The polynomials in Fig. A.1 are those of the
specific heat as a function of temperature for both the fuel compacts and the un-irradiated

IG-110 graphite.

For the thermal conductivity of the fuel compacts, Maxwell’s derivation for widely
dispersed spheres (Eq. A.1) in an otherwise homogenous material is used (Leung and
Dooley, 2002). Rayleigh’s derivation, which involves additional corrective terms in the

denominator, is more appropriate in the case densely packed spheres, but even in cases
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where the spheres nearly touch, its effect is minimal. Thus, the Maxwell’s, less

complicated equation, is used instead (Leung and Dooley, 2002), as:
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Figure A.1 - Specific heats for fuel compacts and un-irradiated IG-110 nuclear graphite as functions

of temperature.
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In Eq. A.1, ke is the effective thermal conductivity of the fuel compact, k, is the
thermal conductivity of material n, 0 being the graphite matrix, and ¢ is the volume

fraction of the coated fuel microspheres.
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The graphite matrix in the fuel compact is IG-110. The thermal conductivity of the
fuel compact requires the effective thermal conductivity of the TRISO fuel microsphere.
Eq. A.1 is applied first to obtaining thermal conductivity of the coated fuel particles by
simulated each coating layer as a sphere embedded within the homogenous matrix of
graphite and spheres represented the other coating layers. Eq. A.1 is them used to obtain
the average thermal conductivity of the fuel compact as a homogenous matrix of IG-110
nuclear graphite with dispersed coated fuel particles. The effect of the fuel microspheres
on the average thermal conductivity of the coated fuel particle, as compared to that of the
IG-110 nuclear graphite can be seen in Fig. A.2. The developed expression for the
average thermal conductivity of the fuel compact as a function of temperature is listed in

Table A.1.
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Appendix B - Choice of turbulence models in thermal-hydraulics

analysis

Computational Fluid Dynamics (CFD) codes use a variety of methods to solve for
and model fluid flows, most of which are based on the Navier-Stokes equations. Flow in
this work is turbulent, so direct solutions of the Navier-Stokes equations are not ideal. As
a finite volume solver, STAR-CCM+, the code of choice for this work, has a limited
supply of options available to model turbulent flows. The code package does not come
equipped with the ability to solve high Reynolds number flows via direct numerical
simulation (understandably so, as even moderate Reynolds number flows can be difficult
to solve without vast computing resources using direct solution over all possible values of

the Navier-Stokes equations).

STAR-CCM+ uses the Reynolds-Averaged Navier-Stokes (RANS) approach with a
variety of different implementations in order to resolve turbulent flows (CD-adapco,
2012). The code package also includes Large Eddy Simulation (LES) and Detached
Eddy Simulation (DES), but special allowances are made in order to use these models
(namely additional computational costs along with additional user inputs). Choosing
which of the implementations available is appropriate is an important task when
modeling simulations in STAR-CCM+ as each has its own quirks and appropriate
applications. STAR-CCM+ employs four distinct RANS solvers, each with its own set of
sub-models namely (CD-adapco, 2012): (a) K-epsilon; (b) K-omega, (c) Spalart-

Allmaras; and (d) Reynolds Stress Turbulence.
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The k-epsilon model, a modification of the Navier-Stokes equation, uses two eddy
expressions for two transport variables (k and €). The k variable is representative of
turbulent kinetic energy transport, while € is representative of the dissipation of turbulent
kinetic energy. The standard model uses differential equations (B.1) and (B.2) for &
and &, and equation (B.3) relates the two together (Jones and Launder, 1972; Launder and

Sharma, 1974):

0 4 0 L P (g B) ] g,

it am owss— (25| = wsy —pe o (B.1)
dpe d ue\ 9 | < £2
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In these equations, 7;; are the Reynolds stresses, functions of the eddy viscosity, y;. It

contains the primary relationship between k and &:

He = C/qupkz/g > (B.3)

where the velocity scale is on the order k"2 and the length scale is of the order k** / &. C
and o values with subscripts represent constants in use (as determined by the code
package; these defaults can be changed but it is not recommended), f-subscripts
symbolizes wall damping functions, and ¢-subscripts are explicit wall terms (Bardina et
al., 1997). The above equations adequately describe the standard two-layer k-¢ turbulence
model, which has been in use in finite volume solvers since proposed by Launder and
Sharma (1974). This model is not the default recommended in STAR-CCM+. Instead, the
code package uses a “realizable” two-layer model (one-layer models are not considered
in this discussion, as they are generally more limited than two-layer models). This model
implements a different equation for ¢ (B.4), and treats c, as a function of flow and
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relative turbulence properties as opposed to a constant (B.5) (Alfonsi, 2009; Shih, 1994;

Lien, 1998).
pe _ 8 He) Se — e e
= (B.5)

R ag+asuek

In general, the realizable k-& model is perceived to be the better of the two (at worst,
the model should produce results as accurate as the standard model), and thus should be
used when employing the k- model (Alfonsi, 2009; Bakker, 2005). The changes to the
realizable k-¢ model from the standard model help resolve wall effects better, and as such
provide better data from the wall itself if the simulation is concerned with such effects (as
this one is). Both realizable and standard models also have a one-layer approach, but this
is by definition more limited than the two-layer implementation, and thus ignored for the

purposes of this work.

The other sub-model of note available in STAR-CCM+ is the V2F k-¢ model. It is
generally intended for low Reynolds number turbulent flows and is therefore of little use
to our system. The model does not use wall damping functions f, and as such is somewhat
less effective for highly turbulent effects near the wall. This model was explored for an
application to a system very similar to this by Pointer and Thomas (2010); their results
indicated that the realizable two-layer k-¢ model was the preferred model of choice for
this simulation (they did not explore k- models in detail to the best of the author’s

knowledge).
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Another k-& model exists (not included in STAR-CCM+), the Renormalization Group
Method (RNG). This model adds an additional term in the € equation to account for the
interaction between dissipation and mean shear (Bakker, 2005). It also makes allowances
for changes in the turbulent Prandtl number and effective viscosity (less constants),
which improves simulation fidelity for transitional flows, as well as heat and mass
transfer from the wall (highly applicable to this simulation). The realizable k-¢ method
provides many of the same benefits as this model while addressing some jet and swirl

effects, though the RNG model is thought to do a better job of resolving some transitional

flows (Bakker, 2005).

Generally, k-¢ models are the default models when turbulence is accounted for in
finite volume solvers, and a great deal of work has been done using variants on the model
(indeed, the default turbulence model in STAR-CCM+ is the realizable two-layer k-g).
The k-€ model gives good results for flows with small pressure gradients, and is relatively
insensitive to effects propagating from free-stream turbulence (Bardina et al., 1997). As
such, it does a good job at capturing effects near walls (again, given a small pressure
gradient in the direction normal to the wall), but does so at the cost of an increased mesh
refinement. It is only valid for fully turbulent flows — if the flow approaches the
transition region, the results begin to become invalid. k-&¢ models also struggle with
swirling (not applicable here, LES simulations should be used for these), separation
effects, and non-circular ducts (Bakker, 2005) (not applicable to most flows in the core,

but if bypass flow is to be modeled, this effect must be taken into consideration).
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Conversely, the k-w model is not as widely applied in finite volume systems. A-®
models come in two primary sub-models: the standard one, and the shear stress transport

model, which blends the k&-® and k-& models.

Similar to the k-& model, the k- model is a two equation eddy viscosity model. As
before, the k variable is representative of the turbulent kinetic energy transport, while in
this case the second variable, ®, represents the specific dissipation rate of turbulent

kinetic energy, and accounts for the turbulent frequency of the system.

The transport equations for k and w differ slightly from those of the k-¢ model
(Wilcox, 1993). As before, there are a number of constants in the equations (a, £’s, and

o’s are all constants), and the Reynolds stresses are a function of eddy viscosity p; (B.6):

te = pk/w (B.6)
The standard k-w model is not recommended for most applications, since while it can
be fairly accurate, it tends to incorporate a fair amount of uncertainty into results due to
the nature of the ® variable in the free stream (values can get very large away from the
wall) (Bardina, 1997). As such, the unmodified k- model sees very little use aside from

some specialized cases, none of which applies to pipe flow.

The shear stress transport (SST) k- model, on the other hand, can be applied to
much more varying systems and vies with the realizable k-¢ two-layer model for general
finite volume use. Each has advantages and disadvantages that make them more
applicable to specific systems. The SST k-» model uses the same k equation, but adds a

blend function F1 to the ® equation in order to emulate having both ® and € present. It
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also uses a forcing function on the eddy viscosity (B.7) to limit large swings in the values

away from the wall (Menter, 1994a, 1994b):
__ pk OF,
pe =2 /Gmax (111 22)) (B.7)

Note that Q is the vorticity and F is a function of wall distance. The changes in the ®
equation act to transform the equation into the k- model near the wall and the A~ model

away from the wall in free stream areas.

One interesting addition to the SST k- model is an additional formulation for the
transition model (namely near the boundary layer of certain walls). While not important
for the formulation of this model, this does have some impact on other systems. For all
the models in STAR-CCM+ except SST k-w, the only available option for emulating
transition in turbulent flow near a boundary is the turbulence suppression model, where a
distance from a wall is specified and turbulence is ignored at the wall up to that specified
distance from the wall. In the k-® model, a second transition approach is available: the
Gamma ReTheta transition model. This model uses a correlation to force transition in a
dynamic region near the boundary layer, with a distance based on local variables and the
free stream Reynolds number, much like a standard engineering correlation (CD-adapco,
2012). Some prior knowledge about the flow is needed to make use of this, and so the
turbulence suppression is most often used, but this specification can be of use for certain

flow regimes.

The basic k~® model is of very little use outside specialized corner cases. The SST k-
o model, though, bears investigation as a model of use for this work. The equations are

well refined, and the model retains the positive characteristics from the k-® model (wall
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flow) while still keeping fidelity in the free stream by incorporating the k-¢ model. Based
on the views of some experts (Bakker, 2005), the realizable k-¢ model tends to be the

more widely used of the two.

1400 —— ! ' ! ' ! ' !
3 |
o 1200
2 _
S _
g | a a
& 1100 [
£ _
I_ L
1000 |-

900 |

Axial position from entrance (m)

Figure B.1 - Effect of turbulence model on the calculated temperature distribution in the single

channel module.

This work compared the effect of the k- and k- models in order to determine their
effect on the simulation. Although the research done by Pointer and Thomas (2010) and
Sato et al. (2010) indicates that the k-€ model is better suited for this sort of work, no
appreciable difference (< 2%) was found between the two models, as is apparent in Fig.
B.1. Nevertheless, the k-€ model was chosen as the basis for this work based on the
familiarity with this model for channel flow combined with the recommendations noted

(Pointer and Thomas, 2010; Sato et al., 2010).
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The Spallart-Allmaras turbulence model, in contrast with the k-¢ and k- models, is a
one equation eddy model. The equation directly accounts for the transport of turbulent
kinetic energy, and introduces terms to adjust for the production and dissipation of the
turbulent kinetic energy (Spalart, 1992). The model does an acceptable job of resolving
well-defined, wall-bounded flows, but struggles with flows that separate, flows where
free shear is present, and flows where the amount of turbulence rapidly decays or
increases (i.e. entrance/exit regions) (Bardina, 1997; Bakker, 2005). As such, the model is
not of a great deal of use for the present modeling of the VHTR core considering the need

to resolve the entrance effects.

The Reynolds Stress turbulence model has not been studied in detail in this work, due
to issues with incompatibility with the current system in STAR-CCM+. This model is
studied as an application to a system that is highly similar to one by investigated by
Pointer and Thomas (2010). They found that the wall layer treatment in this model
predicted a higher thermal resistance in the boundary later than the other models, causing
much higher temperatures in the solid, and thus discarded this model as solution for this
simulation. It is a significantly more complex model that uses seven equations instead of
two to resolve turbulence in the flow. As such, this model is much more suited for
modeling highly complex flows (swirling, rotation, separation), but incurs a high cost in

computational requirements.
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