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Natural Circulation Scaling of a Pressurized Conduction Cooldown
Event in the Upper Plenum of the Modular High Temperature Gas
Reactor

1 Introduction

The current generation of nuclear reactors in the United States includes 104 light water
reactors (LWR), all of which rely on active safety systems which in turn rely on the
performance and operation of pumps, electrical power, and can be affected by human
performance. As power consumption grows, so does the need for nuclear power plants.
The current proposed generation of reactors, the Gen 111+ reactors such as the AP1000,
are designed to advance the safety beyond that of the current generation of existing light
water reactors through the implementation of passive safety systems. A passive safety
system is designed so that natural physical forces such as gravity and pressure induce
thermal hydraulic phenomena within the facility that result in a safe shutdown during
accident scenarios without the use of safety systems that need to be actuated. The
AP1000 is designed so that the in-containment refueling water storage tank has enough
water for three days of operation following an accident, and once those three days pass,

air cooling from natural circulation is sufficient (1).

Moving beyond Gen 111+ is the GEN 1V reactors. One of those proposed reactor
concepts, the Very High Temperature Reactor (VHTR), is being designed to implement
passive safety systems, such as intracore natural circulation for heat removal once an
accident has occurred. The VHTR operates, as its name suggest at a high temperature,
with an outlet temperature of 1000°C which exceeds limitations of current material
constraints. Due to material constraints, the High Temperature Gas Reactor (HTGR),
which is similar in design to the VHTR but operates at a lower temperature, is the reactor
with which this study is focused. Additional to the passive safety, the fuel of the General
Atomics Modular High Temperature Gas Reactor (MHTGR) is designed in a way that
allows for safe operation up to 1600 °C. The HTGR is also designed such that its



components have inherently safe characteristics, such as the use of helium as a coolant,

which operates in a single phase and is an inert gas.

1.1 Project Background

This study is part of work done at Oregon State University (OSU) in collaboration with
the United States Nuclear Regulatory Commission (NRC), United States Department of
Energy (DOE), and Idaho National Laboratory (INL) on the High Temperature Test
Facility (HTTF). To accomplish the objectives of this project, a scaling analysis was
performed on the Modular High Temperature Gas Reactor (MHTGR) which has
informed the design of the HTTF.

The MHTGR is a prismatic HTGR design which uses helium as its coolant and graphite
as its moderator. It is designed with a lower power density than LWRs allowing for safer
operation at higher temperatures which leads to higher operating efficiency.
Additionally, the safety is increased through the use of helium, which operates in single
phase as an inert gas. Figure 1-1 shows a diagram of the GT-MHR which has the same
overall design and is of a similar concept to the MTHGR.
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Figure 1-1: GT-MHR Diagram (2)

The HTTF is a thermal-fluid scaled integral test facility of the MHTGR. The primary
purpose of the HTTF is to provide quality assured experimental data for code validation
for various transient scenarios. In addition to this, the thermal fluid phenomena that
occur during these transients can be examined. There are two main types of transients to
be studied with the HTTF, the Depressurized Conduction Cooldown (DCC) event and the
Pressurized Conduction Cooldown (PCC) event. A DCC event is an accident in which



there is a break in the pressure boundary of the system resulting in air ingress into the

facility. A PCC event is an accident in which there is

no pressure boundary break, but a loss of forced convection occurs either from the
shutdown of the circulator or from a break in the boundary between the inlet/outlet
crossover duct which results in no break of the pressure boundary. A computer rendering
of the HTTF vessel can be seen in Figure 1-2.

Figure 1-2: Oregon State University High Temperature Test Facility



The focus of this study is the inlet plenum, or upper plenum, flow mixing that occurs
following a PCC event. Once a PCC event occurs, the decay heat in the core results in
flow reversal and may result in the hot gas from the core entering into the upper plenum.
The concern of this accident scenario is that once the gas flows into the upper plenum it
could impinge upon the upper plenum doing damage to the reactor vessel resulting in a

more serious accident.

There are two ways that the PCC event could occur, either through a complete loss of

flow accident or from a break between the inlet and outlet duct.

In either case, it is postulated that once forced circulation is lost to the system, the
buoyancy forces of the coolant fluid imparted by the decay heat in the core will be
substantial enough to overcome the residual momentum and gravitational forces on the
fluid resulting in flow reversal. There are several postulated flow patterns, which have
been evaluated as part of this study. The one most expected in a loss of flow accident is
one in which the hottest region of the core has the gas flowing upwards, and when the gas
enters into the upper plenum it transfers heat to the upper plenum shroud and then flows
down through the cooler regions of the core and where it then circulates back into the
heated region. Because the MHTGR is designed with the heat sink at a lower elevation
than the heat sink, intracore natural circulation is expected. When the intracore natural
circulation occurs, it is expected that there will be only flow within the core and that no

flow will pass down the upcomers.

It is important to understand the flow patterns that occur during this event. The flow
patterns directly contribute to the passive safety of the reactor through their effect on the
heat transfer. The natural circulation of the gas reduces the internal temperature of the
core and transfers heat to the outer region of the core which then conducts through the
core barrel and radiates off the surface of the vessel to the reactor cavity cooling system.

This study is not being done to look at the effect that the circulation of the helium gas has



on the heat transfer, but how the gas flows in the upper plenum given the boundary

conditions of the PCC event.

1.2 Research Objectives

The objective of this study is to determine the conditions of the PCC event in the HTTF
and how they compare to that of those same conditions in the MHTGR. Due to the
nature of scaling, it will be not be possible to achieve similarity in all aspects of the PCC
event between the two facilities. Because of this, distortions will exist and this study can
be used to characterize those distortions as the development of both the HTTF and
MHTGR moves forward.

what conditions would be required to accurately model upper plenum mixing during the
PCC event in the HTTF with respect to the MHTGR. This work was completed in two
parts: (1) analytical scaling analysis of the PCC event and (2) computational fluid
dynamics modeling of the PCC event for both the MHTGR and HTTF in StarCCM+.

The analytical scaling analysis was done by evaluating a non-dimensional momentum
equation defined for mixing in the upper plenum. From this equation, three non-
dimensional parameters were identified that characterize the upper plenum mixing: the
Froude number, the Reynolds number, and the ratio of inlet plenum length to flow
channel diameter. This analysis looked at maintaining the similarity between model and
prototype through the use of non-dimensional parameters through three methods: (1)
temperature scaling, (2) forced convection of coolant in HTTF, and (3) using nitrogen
instead of helium in the HTTF analysis. This part of the analysis also looked at
determining what the natural circulation velocity of the coolant is once flow reversal has
happened. The natural circulation velocity is the velocity that is present in both the
Froude and Reynolds equations. This was done through the evaluation of a loop
momentum balance equation. Through the use of the three methods used for scaling, a
series of values for the non-dimensional parameters in both facilities were determined,
along with the relative distortion of each method. These results are used as the input for
the CFD modeling. This work and its corresponding results can be found in Chapter 4.



The computational fluid dynamics modeling of PCC mixing in the upper plenum was
done by creating and running models of both the MHTGR and HTTF. A series of
different models for the PCC event in the upper plenum were created. It is expected that
during the PCC event, some of the outer flow channels will operate in downflow while

the inner channels will be in upflow.

A sensitivity study was performed by running three types of models for a range of
upflow to downflow ratios: (1) 25% of channels in upflow, 75% of channels in
downflow, (2) 50% of channels in upflow and 50% of channels in downflow and (3)
100% in upflow and upcomer inlet set as an outlet., The breakdown of what simulations
were run can be found in Chapter 5, while the results of the three models for the MHTGR

and six models for the HTTF can be found in Chapter 6.

1.3 Assumptions and Limitations

1.3.1 Assumptions

This study was done assuming that loss of flow has occurred and that flow reversal and
intracore natural circulation have onset. This means that instead of the helium gas
flowing down through the core, there will be upflow in some of the flow channels
resulting in gas jets entering the upper plenum. If the jets stay intact they could impinge
upon the upper plenum ultimately doing damage to the system. There is also the
possibility that the jets will diffuse into bulk flow and will not impinge upon the upper
plenum. Once the jets either lose their momentum or hit the upper plenum, they will
transfer heat to the upper part of the vessel and move to the outer radial region of the
upper plenum and fall back into the outer regions core.

1.3.2 Limitations

This study consists of analytical scaling that is used to define a series of flow models
which were built in Star-CCM+ to determine how well the HTTF can be used to scale the
upper plenum mixing during the PCC event through the use of comparisons between



models for both the HTTF and MHTGR. No experimental data has been taken as part of
this study. The scaling work that has been done is only applicable to this scenario and
not to the facility as a whole. The overall scaling parameters such as temperature,
pressure and power scaling as well as the choice of gas may be varied from that of
standard operations for the HTTF, but only with respect to this analysis. The geometric
parameters of the facility such as core length, upper plenum height, and flow channel

diameter are constraints and cannot be changed for this analysis.

1.4 Outline

This chapter describes the background for this study. This includes the background of
the HTTF project and its relevance with respect to the MHTGR. Additionally, this

chapter states the objectives and importance of this thesis study.

Chapter 2 provides information on the work done in this study, including: natural
circulation/convection in nuclear reactors from both analytical and numerical
perspectives, buoyancy driven flow reversal, pressurized conduction cooldown events,
pressurized loss of forced convection events, and jet impingement. An explanation and
background of how Star-CCM+ was applied in this work with respect to the models that

were used and how they work is also included in this section.

Chapter 3 provides a description of the facilities associated with this study including the
MHTGR and the HTTF. It also describes the previous scaling work and how it is used in

this study.



Chapter 4 presents the analytical work completed for this study by the author that bridges
the gap between the previous scaling work and the study, as well as the work that has

been done to set up the information needed for the models.

Chapter 5 presents the Star-CCM+ models utilized as part of this work including a
simplified model of the system to establish boundary conditions and basic flow patterns
and that primarily describes the work. Also in this section, is a model of the MHTGR
under similar conditions for validation on the ability for the HTTF to model the PCC.

Chapter 6 presents the results of the models and what significance they actually have to

the work.

Chapter 7 presents the conclusions from this work and any future work that needs to be

done.
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2 Literature Review

This section discusses the literature review that was done as part of this overall work with
the following categories: natural circulation/convection, buoyancy driven flow reversal
pressurized conduction cooldown, pressurized loss of forced convection, scaling, effects

of other gases, gas jet impingement, and CFD modeling.

2.1 High Temperature Gas Reactors
There are many different types of high temperature gas reactors that will be discussed
throughout this literature review so it is important to understand each of them and how

they are both similar and different to the MHTGR, which is the focus of this project.

The MHTGR is the third generation of gas cooled reactors (3). The idea behind them is
that through the use of tiny fuel particles coated with porous graphite and then covered by
layers of pyrolytic carbon, silicon and carbide, the particles would be robust enough to
stand up to large temperature transients and would not fail below 1600 °C. Four other
reactor types of gas reactors are discussed throughout this literature review: Gas-Turbine-
Modular Helium Reactor (GT-MHR), High-Temperature Thermal Gas-Cooled Reactor
10 (HTR-10), High Temperature Test Reactor (HTTR), and the Gas-Cooled Fast
Reactors (GCFR) (4).

The GT-MHR is a 600 MW prismatic helium-cooled graphite-moderated reactor
developed by General Atomics that was originally designed to operate using plutonium to
aid in the reduction of Russian weapons grade plutonium. It maintains many of the same
overall design safety features as the MHTGR including use of inert fluid as a coolant,
graphite core for slow thermal response and stability at high temperatures, and a lower
power density core with a steel reactor vessel surrounded by a reactor cavity cooling

system which allows for passive cooling to keeping the temperature below design limits.

(5)
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The 10 MW High Temperature Gas-cooled reactor (HTR-10) is a pebble bed graphite-
moderated helium gas-cooled reactor with 10 MW thermal power and an outlet
temperature of 700°C and an operating pressure of 2.5 MPa. Two safety demonstrations
were performed on the HTR-10 to demonstrate inherent safety features as well as to
obtain transient data for safety analysis codes. Both of these demonstrations were
anticipated transients without scram (ATWS) tests. The test of specific interest to this
study is the shutdown of the helium circulator which resulted in a decrease in the reactor
core power and an increase in the upper reflector temperature as well as the upper part of
the side reflector but a decrease in temperature of other parts of the core structure. (6)

The HTTR is a 30 MW helium-cooled graphite-moderated prismatic high temperature
gas reactor designed to obtain characteristic data for HTGR’s (7). Similar to the HTTF,
the HTTR is designed primarily for the evaluation of depressurized events as they are the

more severe accidents postulated for the high temperature gas reactors. (8) (9)

The GCFR is helium cooled fast reactor. Because it does not have the graphite core that
the other gas reactors do, it is not able to maintain reactor stability during an accident
scenario through passive safety alone. (4) (10)

The main similarity between these four reactors is that they have the same expected flow

paths during pressurized or depressurized accident scenarios.

2.2 Natural Circulation/Convection Studies

Passive safety heat removal was evaluated for a GCFR design, was evaluated by Cheng
(4) was based on that of the high-temperature thermal gas-cooled reactors (HTRs). In
this reactor design, natural convection coupled with in-vessel emergency heat exchanger
as well as a hybrid active/passive safety system is utilized for post-accident cooldown.
The need for a partially active system comes from the GCFR having too high of a power
density for purely passive cooling to be effective. It was found that passive safety alone,

for low pressure cases, was insufficient to keep the system below its maximum
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temperature limit. From this, it can be summarized that power density and pressurization

directly affect the capabilities of natural convection passive cooling.

Celata (11) studied upflow conditions of forced and mixed convection in water cooled
vertical pipes, where natural convection has a significant impact on forced convective
flow through a buoyancy driven force. In this evaluation the buoyancy forces were
represented by the Rayleigh number with the pressure gradient forces represented by the
Reynolds number for buoyancy forces and the opposite for forced flow. An experimental
apparatus was constructed with a three-head piston pump system to analyze this problem.
The further into mixed convection zone of flow the system reached, the higher the errors
there were found to be in calculating the heat transfer coefficient. This analysis has
shown that the low-Reynolds k-¢ for developing flow in a tube shows close agreement
with the mixed convection flow in vertical pipes; however, its influence on the heat
transfer in mixed convection for both the aided and opposed mixed convection cases
shows that it is not useful for practical purposes and would be more reasonable to look at
other ways to determine the heat transfer coefficient under these conditions. From this a
new method for determining the heat transfer coefficient in upward mixed convection
flow in a vertical channel was determined with similarities to other methods. It was
determined that as L/D increases, the heat transfer decreases with a maximum decrease
achieved when the buoyancy parameters reach a point of unity.

Mohammed (12) discussed the importance of mixed convection in the laminar flow
regime with respect to convective heat transfer is discussed. This problem was evaluated
experimentally in a heated tube with air, as the working fluid, circulated by a centrifugal
fan. A series of test runs were carried out over various laminar Reynolds number ranges
and various Grashof ranges for assisted and opposed flows. Relevant conclusions from
this work included that at a high Grashof number and low Reynolds number, it was found
that in the heated section fully-developed flow was not achieved due to the presence of

flow reversal, with a lower the Reynolds number, the higher the surface number, and the
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surface temperature variation was found to be a function of both Reynolds and Grashof

numbers.

2.3 Buoyancy Driven Flow Reversal

The paper by Sabwarhall (13) discusses CFD analysis for natural circulation in a GCFR.
For the first 24 hours, plume behavior is not considered as the forced convection required
from the blower prevents recirculation. Plume behavior is soon once natural circulation
and flow reversal onset and is attributed to the reduction in mass flow rate. The CFD
analysis was run using Fluent with inputs form GAMBIT and RELAP5. The goal of this
work was to understand the interaction of hot plumes in the upper plenum. The flow
channels for the core were modeled as the upper plenum inlets and the gap between the
reflector and the shield, emergency core cooling system and the power conversion units
were used as the outlets. A series of trials were run changing the location and changing
what inlets and outlets were open. The key thing to take away from this study is that the
flow path follows that of the temperature profile. As the temperature decreases so does
the flow rate, and where no temperature gradient is found little flow is found.
Additionally, while it was determine that the net mass flow rate was taken to be positive;
the mass accumulated into the upper plenum was determined to be negligible allowing

for the problem to be modeled as steady state.

Cheng (14) evaluated the effects and development of buoyancy-assisted flow reversal in
vertical circular channels. Buoyancy assisted flow reversal phenomenon was determined
to be a profound influence on flow instability and thus heat transfer. This study looked at
the problem with a heated slab with circular channels where the temperature was not
uniform throughout the slab. It was seen that the “fluid near the hotter side is accelerated
due to the buoyancy” and thus reversed flow is seen near the cold area. This occurs
corresponding to the ratio of Reynolds number to Grashof number. As the ratio

decreases, the strength and amount of flow reversal increases. Within a single pipe, where
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there are regions of up and down flow, a series of rings develop such that at the center of
each side the highest velocity occurs and it decreases the closer to the outside of the pipe

and to the other region such as if it were a boundary.

2.4 Pressurized Conduction Cooldown/Loss of Forced Convection

The paper by Haque (15) presents numerical simulations of the VHTR using THERMIX
to look at both PCC and DCC conditions. This study looked data from the CRP-3
benchmark problem for the GT-MHR. Both depressurized and pressurized conduction
cooldown were evaluated. For the pressurized case, a system pressure of 55 bar was
assumed following SCRAM, with heat transfer from conduction and radiation caused by
natural convection. At high pressure, helium natural circulation occurs in core as well as

in the top and bottom reflectors.

The temperature distribution over time during pressurized cooldown can be seen in

Figure 2-1.

t=() hour t=48 hours =100 hours

Figure 2-1: VHTR Pressurized Cooldown Temperature Distribution (15)
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Initially at O hours, which would be the conditions under normal operations, the helium
gas jets flow from the upper plenum down through the core. This results in the coldest
temperatures being at the top of the core, with the gas increasing in temperature the
further it travels through the core. Once the forced convection ends and the accident
scenario begin, the buoyancy forces of the fluid imparted by the decay heat in the core
begin to overcome the gravitational forces and remaining inertia of the fluid. Once
natural circulation begins and the coolant begins flowing up through the core the
temperature reverses. After 100 hours of this, the temperature profile settles on what is
seen on the right side, where the hottest part of the core is now just below the upper

plenum.

The flow patterns that correspond to the temperature distributions in Figure 2-1 can be
seen in Figure 2-2 where the hotter regions of the core have upflow and the colder

regions have downflow.
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Figure 2-2: VHTR Gas Velocity Vectors During Pressurized Cooldown (15)
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During normal operation, which is what’s seen in the 0 hour part of the figure, the coolant
flows down through the core from the upper plenum via forced convection. Once the
accident scenario has progressed, and natural circulation onsets, what is seen in the other
two parts of the figure occurs, where the central heated gas channels are in upflow with
the outer cooler channels in downflow.

Over time the velocity appears to stabilize eventually resulting in a steady state flow
reversal and a velocity gradient that is related to temperature profile. Additionally, the

radial and axial temperature profiles can be seen in Figure 2-3.
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Figure 2-3: Temperature Distribution at Maximum Temperature Location (15)

In Figure 2-3 the temperature profiles for axial and radial temperature profiles are shown
where there difference between normal operations and PCC temperature profiles can be

seen. The temperature reversal can be seen in the second part of the figure, where the top
of the core is seen as the highest temperature very quickly once the PCC even has begun.

A very important point can be taken from these graphs and this work: once the accident
begins the temperature profile of the system changes eventually resulting in flow reversal
and a temperature reversal. A similar effect was seen by Chen (16), although because the
reactor was the lower power HTR-10, the the time that it took for these thermal
phenomena was significantly shorter than what was seen in the GT-MHR case.

Additionally, the occurrence of the hotter temperatures in the upper regions of gas
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reactors during a pressurized loss of forced convection (P-LOFC) is something that was
also identified by the IAEA (17).

Dunn (18) looked at the effect of various MHTGR designs with varying powers, number
of fuel columns, power density and vessel inside diameter, but with the same pressures
and inlet and outlet temperatures. The powers range from 410 MWt to 500 MWt, with
the power density of 63W/cm? corresponding to the 410 MW case and 62W/cm®
corresponding to the 500 MWt case. The temperature of the upper plenum shroud was
found to range between 735°C to 771°C, which is under the 815°C maximum allowed
temperature. From the data, the lowest power core design, which had the highest power
density had the highest upper plenum shroud temperature. Only the highest power case
was found to have equal upper plenum shroud temperature. What should be noted from
this is that even for the worst case design, the temperature remains under the maximum
allowed temperature. The decay heat for this study was set to 12%, with 2% accounting
for power level instrumentation uncertainty and the other 10% accounted for uncertainty
in actual decay heat, material properties and method of calculation.

In their paper, Kunitomi et al. (19) define a pressurized accident as one that is caused by
a break internal to the system that does not result in depressurization which is equivalent
to an inlet/outlet crossover duct. The work was done based on the HTTR. The thermal
hydraulics code TAC-NC was used to analyze temperature transients during both the
depressurized and pressurized cases. In the pressurized case it is shown that helium
flows up through the reactor core and downwards along the reactor pressure vessel inner
surface through the mode of natural circulation which transfers the cores decay heat the
pressure vessel which then loses heat vessel cooling system through radiation and
conduction of air, where radiation is the dominant method. A maximum temperature is
reached after 10 minutes in the pressurized condition at just under 400 degrees °C above
that of the core outlet temperature. Under this condition, the maximum temperature

occurs in the upper part of the core because the natural circulation transfers the decay
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heat to that region. With proper insulation, the top head of the pressure vessel remains
well under the core inlet temperature. Additionally after a 30 hour time period has
passed, natural circulation provides less than one-fifth the heat removal rate that
conduction through the core structure provides. Part of the reason for this is that heat
transferred through natural circulation is transferred to the graphite blocks in the upper
core region. Based on their design, as long as the system remains pressurized, if the
vessel cooling system fails, the reactor pressure vessel would not reach a temperature that
is significantly higher than that seen when the coolant is active. The heat transfer through
the graphite being the primary source of decay heat removal as compared to the natural

circulation of the gas was also seen in HTR-10 analysis done by Wu (20).

In the paper by Ball (21) accident scenario simulation results for both the prismatic and
pebble bed core HTGR variants sensitivity studies are looked at to help quantify
uncertainties using an Oak Ridge National Laboratory Graphite Reactor Severe Accident
Code (GRSAC) (22) are presented. The accidents evaluated includetwo types of loss of
forced circulation accidents, pressurized and depressurized (D-LOFC). The start of a
LOFC run was run from operating conditions to a LOFC with a flow coastdown transient.
For the P-LOFC case, a passive reactor cavity cooling system was considered to be
operational, which results in the core temperatures being fairly uniform and results in
lower peak temperatures than the depressurized case due to the buoyancy flows. This
also results in higher temperatures near the top of the core and a maximum fuel
temperature of just below 1300 °C after 24 hours and eventually reducing to just above
1000 °C by 120 hours. The study also suggests that the driving controller of the success
of the outcome of the P-LOFC is the emissivity for the radiation between the vessel and
the RCCS and that the effects on the system are not nearly as severe as they are for the D-

LOFC event but the reactors should be able to withstand both events.
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2.5 Scaling

In the paper by Zuber (23), the development of the methodology of scaling that was used
in the work that this study is built on is discussed. The methodology was developed as an
important element of the US NRC Severe Accident Scaling Methodology development
program. It employs a hierarchical, two tiered scaling analysis, starting with system
decomposition which provides system hierarchy and identifies geometric processes and
then moving into a second part which includes scale identification and looks at
volumetric, area and time scaling. The third level of this approach is top-down or system
scaling analysis and the fourth and final level is bottom up process scaling analysis. The
top down and bottom up processes are combined to provide the two tiered analysis which
is designed to handle five objectives: 1) “provides a methodology that is comprehensive,
systematic, auditable and traceable”, 2) “provides a scaling rationale and similarity
criteria”, 3) “provides guidelines for reviewing facility design and test conditions”, 4)
“ensures prototypicality of experimental data for important processes”, and 5) ’quantifies

effects of distortion”.

This overall methodology can be seen in the flow chart below Figure 2-4.

Stage 1 Stage 2 Stage 3 Stage 4
SYSTEM - SCALE | TOP-DOWN/SYSTEM ™| BOTTOM-UP/PROCESS
DECOMPOSITION IDENTIFICATION SCALING ANALYSIS % SCALING ANALYSIS
PROVIDE:
Consarvation
equations
PROVIDE:
System PROVIDE DERIVE:
HIERARCHY FOR: PERFORM:
hisrarchy Volumetric :"'::'"9 ﬂ':::" and Detailed scaling
IDENTIFY: concentrations time ratlos analysis for
Characteristic: A Importanl processes
concentrations red ESTABLISH: A
concentrations DERIVE AND VALIDATE:
gm:‘;:" Sealing hierarchy Sealing groups
Procaas tme IDENTIFY;
scales Important
processes
o be addressed in
bottom-up/process
acaling analyses

Figure 2-4: Flow Diagram for Two-Tiered Scaling Analysis (23)
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The two-tiered scaling methodology was used in the development of the work done by
Reyes (24), which was the basis for much of the work that was used to develop the HTTF

and the scaling analysis that was completed to support this work.

Ishii’s (25) paper discussed the development of the Purdue University Multi-Dimensional
Integral Test Assembly (PUMA), a scaled test facility of the simplified boiling water
reactor, which used a similar methodology as the Zuber two tiered methodology. The
relationship between reduction of cross-sectional area between a scaled facility and a
prototypical facility which results in an increase in surface-to-volume ratio was identified
as an area that causes distortion because of the effect on heat transfer area. One of the
main conclusions of importance from this study is that all the scaling requirements cannot
be satisfied and that “some scale distortions are inevitable”. Two reasons for distortion
were identified: “difficulty in matching the local scaling criteria and lack of
understanding of a local phenomenon itself”. This results in great difficulty to directly
use results from a scale facility to represent a prototypical facility, but can be mitigated
by characterizing the distortion.

2.6 Effects of Other Gases

In his paper Epiney (26) looked at the effect of injecting heavier gases into the reactor
system under depressurized conditions. It discusses the issue with decay heat removal
that gas cooled fast reactors have due to their high core power density. The heavier gases
being considered for injection are nitrogen and CO,. The reference reactor design for this
study is designed to prevent depressurization below one MPa, which is the limit for the
blower power. This system actuates whenever the vessel pressure drops below 3 MPa.
The initial injection into the system of the heavier gas is limited by the upstream pressure.
No concern is shown for oxidation because previous studies show this only occurs above
1600°C. The importance of this study to my overall work is how different gases react
under similar conditions. Their ability to cool was defined by the product of their density

and specific heat as well as their mass flow rate, and it was shown that the cooling



21

capabilities of helium are far insignificant to that of other gases, and this is primarily

because of its much lower density.

2.7 Gas Jet Impingement

The effects of a jet impinging on a spherical cavity was looked at in Terkhov’s (27)
paper. The experimental set up was from a subsonic nozzle with a low turbulence
(Re~10% onto a spherical cavity. Three regions are seen, where the flow impinges
directly on the wall, where the jets turn upon contacting the wall and form vortices, and
an annular region with a laminar boundary layer. Instead of turning at a 90 degree angle
as the flow does when it hits a flat surface it was seen that the flow entering the cavity
reflected back out of the cavity at 180 degrees opposite to where it entered, resulting in
flow pulsations. The important thing that can be taken away from this study is that the
rate of heat transfer to the cavity surface was less than the rate of heat transfer to a flat
surface and is largely dependent on the relationship between the nozzle diameter and the

cavity diameter.

2.8 CFD Modeling

In the paper by Yoo (28), CFD-assisted scaling was discussed which pertains directly to
the work done in this study. In this case the study focuses on the use of Fluent for heat
transfer in PWR spent fuel pools. The goal was to determine the peak cladding
temperature using a scaled down single fuel assembly. The scaling parameter and initial
conditions of the CFD model were the first things developed. It was determined that
although thermal similarity could be set for the facility, flow similarity could not be
preserved due to facility complexity. In the development of the CFD model, it was
determined that a one-eighth slice of the entire geometry was adequate to fully represent
the phenomena expected. The conclusion of this study showed that while temperature
similarity was conserved, the other thermal hydraulic parameters, while not preserved,

did not pose an issue to the requirements for the scaling and study in the case.
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3 Facility Descriptions

This section provides a more detailed description of the two facilities of interest in this
work, the MHTGR and HTTF.

3.1 Modular High Temperature Gas Reactor

3.1.1 MHTGR Operation Characteristics
The MHTGR is a prismatic helium cooled, graphite moderated 350 MW high
temperature gas reactor (28). In Figure 3-1 is shown the GT-MHR, which, while

different from the MHTGR, has the same basic overall design.
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The lower part of the diagram shows the initial flow path of helium into the GT-MHR.
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Helium enters into the side of the reactor vessel’s outer wall through the outer part of the

coaxial duct in the bottom left of the figure, and then distributes radially around the core

and into the upcomers. Once it travels through the upcomers it flows into the upper
plenum and then down into the flow channels through the core and into the lower
plenum. Once it enters the lower plenum it travels back out through the center of the
annular duct. The reason that the flow is from the top of the reactor to the bottom is so
that the cooler gas can keep the instrumentation and control rod drives from getting too
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hot. The system pressure for normal operations is 6.375 MPa, with a core inlet

temperature of 259 °C with a core outlet temperature of 687 °C.

3.1.2 MHTGR Geometric Characteristics (28)

The dimension of importance to this study, the distance between the top of the upper
reflector and the center of the upper plenum shroud, which is referred to as the upper
plenum height is 4.21 m. The upper plenum height is the maximum distance that the
fluid entering the upper plenum from the core can travel before comes into contact with a

direct obstruction

The center of the core is made up of the reflector, followed radially by a layer of mixed
reserve shutdown control (RSC) elements and standard fuel elements, which is then
followed by two layers of standard fuel elements. After the standard fuel elements are
two layers of hexagon side reflectors, the first of which incorporates reactor control
elements. After the hexagon side reflectors is the permanent side reflector, then the core

wall.

With the exception of the flow channels around the fuel handling hole, which have a
diameter of 12.7 mm (0.5 in), all of the coolant channels have a diameter of 15.875 mm
(0.625 in). Within each fuel elements the fuel channels and coolant holes have a
diameter of 18.795 mm (0.74 in). In the standard fuel element there are a total of 107
coolant channels per hexagon cell and in the RSC fuel element there are a total of 96
coolant channels per hexagon cell. With a total of 54 standard fuel elements and 12 RSC
fuel elements, 6930 coolant channels resulting in a total flow area of 1.34 m?. The

upcomers are located between the inner and outer walls of the core.
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3.2 High Temperature Test Facility
The OSU HTTF is a 2.2MW integral scaled thermal hydraulic test facility, designed to
be an electrically heated scaled model of the MHTGR. The scaling for this facility is %

axially and ¥4 radially, which equates to 1/16 area scaling and 1/64 volumetric scaling. It

will have a ceramic core with electric heater rods. The HTTF will operate at a reduced
pressure compared to that for the MHTGR, 0.8 Mpa, which is approximately a 1/8 scale.
It will operate at a temperature prototypical to that of the MHTGR. Additionally, the
HTTF is designed to operate with helium or nitrogen depending on which matches the

scaling parameters better for a particular test.

A computer rendered model of the HTTF can be seen in Figure 3-2.
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Figure 3-2: Oregon State University High Temperature Test Facility

The cutaway on the right shows the inlet-outlet crossover duct of the HTTF as well as the

inside of the upper plenum and the flow channels that pass up through the core.

A top down view of the core can be seen in Figure 3-3.
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Figure 3-3: Top Down View of Core Flow Channels

The flow area for the HTTF is 1/16 of that of the MHTGR. This is achieved by
maintaining the approximate flow channel size, but scaling down the number of flow
channels so the layout is different than that of the MHTGR. In this top down view, the
core flow channels can be seen in the center of the figure. With respect to the upper
plenum, the end of these channels will act as the upper plenum inlets or outlets depending
on the simulation. In order to scale the flow area of the HTTF, the flow channel diameter
was maintained while the number of overall flow channels was reduced. This was done

due to the difficulty of manufacturability of the smaller flow channels.

The flow pattern during normal operations of the HTTF is seen in Figure 3-4.



Figure 3-4: HTTF Normal Operations Flow Path

Like in the MHTGR, during normal operations, the coolant in the HTTF flows up
through the upcomers in the wall of the reactor vessel into the upper plenum and down

through the core.

3.3 Facility Summaries

28

The summary of the key properties for this study of the MHTGR and HTTF can be seen

in Table 3-1.

Table 3-1: Facility Summaries

Property MHTGR | HTTF

Coolant Helium Helium, Nitrogen
Operating Power (MWth) 350 2.2

Flow Area (m?) 1.34 0.085

Upper Plenum Height (m) 4.21 1.05

Outlet Temperature (°C) 687 687

Operating Pressure (MPa) 6.375 0.8




The operating power for the HTTF is its maximum operating power and will differ
depending on the mode of operation.

29
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4 Analytical Work

The following chapter details the analytical efforts to identify the necessary scaling
parameters for this work. It also describes the derivations to determine the natural
circulation velocities to be input into the scaling parameters. It then goes on to input the
MHTGR and HTTF parameters to determine whether or not the facilities have any level

of comparison from a scaling point of view.

4.1 Natural Circulation Velocity

The starting point for this analysis is the momentum equation in equation 1 written out in
Cartesian coordinates,

62ui

=(p)g tu—— (1)

6xj6xj

9 (pu;) n dpuju;)
at ax]'

Each one of the terms in the equation is then normalized against the boundary of the inlet

as seen in equations 2, 3, 4, 5, and 6,

pt=- )
Ap* =0 (3)
uf =5 4)
tr = et (5)
xi+ - dch;C:lnel (6)

where the + superscript notes the normalized ratio, Uit is the velocity at the inlet of the
upper plenum from the core, Lp is the upper plenum length, and dchannel is the flow
channel diameter. Substituting these into equation 1 and multiplying out the terms
attached to the time rate of change of momentum provides equation 7,
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o4+
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Using the definitions of the densinometric Froude number and the Reynolds number

shown in equations 8 and 9,

1

Fr = (Uezxitpexit )E (8)
ILipApexit
Uonind

Red — Pexit exz channel (9)

where the densinometric Froude number is defined as the ratio of the inertial to buoyant
forces and the Reynolds number is the ratio of inertial to viscous forces, results a non-

dimensionalized momentum equation seen in equation 10

R e R = o+ (2) () i 10
Depending on how the coordinates for this problem are evaluated, a length scaled
Reynolds number could be used instead of the diametric Reynolds number. Looking at
the diametric Reynolds number and the relationship between the upper plenum length and
the channel diameter allows to analyze the effect of both characteristic lengths and the
use of the length scaled Reynolds number is not needed. In this equation, the three key

dimensionless numbers are the ratio of the inlet (upper) plenum length to flow channel

R L
diameter, —&

, the densinometric Froude number, Fr, and the length of the upper

channel

plenum divided by the diameter of the individual flow channels as well as the diametric
Reynolds numbers, Rey. Based on the way the equation is written, the Reynolds number
and the ratio of inlet plenum length and flow channel diameter can be analyzed as a

combined dimensionless number which will be identified in this work as a modified

Lip

Reynolds number, . In order to ideally scale the PCC phenomena between the

€dAchannel

two facilities, all three non-dimensional parameters would be matched between the two
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facilities. The relationship between length and channel diameter is fixed between the
systems at a one-to-four ratio, the diameter of the flow channels is roughly the same in
both facilities, but the upper plenum of the MHTGR has a diameter that is four times
larger.

The modified Reynolds number is shown, in equation 11,

Rey = —=2b (11)

pwc dchannel

The velocity in the Froude and Reynolds equations is the main variable parameter and is
solved for in the following way, starting with the loop momentum balance equation

shown in equation 12 below.

I dmil-oop _
G,PCC dart

+ (m1+ )2 1(fl a 2N*

oop N core
HRi,PCC(pavg,C - pavg,h) —Hppccv—— { i=1 [5 (d_ + K) (_ ) ] } (12)
Pavgloop h a;
drng;
. . . . loop :
In equation 4, I1g pcc is the non-dimensional loop reference geometry number, preamll S

the change in flow rate through the loop, Ig; pcc is the Richardson number, payg c is the
average density from the colder area and p,yg 1, is the average density in the hot area,
Mg pcc is the non-dimensional loop resistance number, r'nf:)op is the mass flow rate, fis

the frictional Darcy friction factor, | in the length of flow travel, d; is the hydraulic
diameter, K is the form loss, acor IS the overall core flow area and a; is the area of the
individual loop. This problem was evaluated at steady state, so the change in the flow
rate goes to zero and the remaining all of the + terms go to unity leaving the three non-
dimensional parameters. The loop reference geometry number goes away because there
is only one loop for the system leaving the Richardson number and the non-dimensional

loop resistance number equal to each other. They are shown in equations 13 and 14,

g(Pavg,c—Pavgh )L
Ripcc = M (13)

PcWc
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Mppec = 23N, [% (5_; + K) (aca_olre)z] (14)

Pavgloop

where p,yg100p 1S the loop average velocity. Continuing the derivation and replacing the
change in density through the relationship of the thermal expansion coefficient, 3, and

then applying equation 15,
q = mCyAT (15)

where g is the core thermal power, m is the core flow rate, C, is the specific heat, and AT
is the change in temperature across the core, and m isthe definition of mass flow rate

shown in equation 16,
M = PAcoreWe (16)

where acore IS the area of the core. Putting all of this together, the natural circulation
velocity is derived as shown in equation 17.

1

jL
Wavg,core = ( Fgod )3 (17)

Pavg,coreQcoreCp,avgllF

Based upon information gained from previous studies (15) (16), and assuming that
natural circulation has already begun resulting in a core temperature profile reversal, a
lower core temperature of 300 K and an upper core temperature of 1000 K were utilized
in this analysis. For the MHTGR, the power in this equation was set to 6% decay heat,
which corresponds to 23MWth. An initial value of the velocity was used to calculate the
friction factor. Once a velocity was calculated, the friction factor was recalculated and
then the velocity again. This process was iterated upon until a velocity of 1.26 m/s was
determined to be the natural circulation velocity. In the case of the HTTF, the velocity
and power were calculated by determining the power and velocity ratio between the
MHTGR and HTTF when temperature similarity is maintained. These ratios were
determined using equations 15, 16 and 17. The simplified version of each of these

equations can be seen in equations 18, 19 and 20,
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(@r = (1C,) (18)

(m)R = (,0 Qcore WC)R (19)

1
gL 3
w, = 20
( avg,core)R ((Pavg,coreacorecp,avg>> ( )
R

where the subscript R designates the non-dimensional relationship between the two

facilities. In equation 18, the temperature change between the two facilities cancels out
as temperature similarity is preserved. In equation 19, the parameters are different
between each facility and nothing cancels out when setting up the non-dimensional ratio.
In equation 20, the thermal expansion coefficient, and non-dimensional pressure loss are
constant between the two facilities, which is the HTTF is designed to preserve. By then
substituting equations 18 and 19 into equation 20, and cancelling out the specific heat,
core area, and density, equation 21 is derived for the ratio of natural circulation velocity

between the two facilities,

(Wavg,core)R = <L§p> (21)

R

Inserting the ratio for natural circulation velocity between the two facilities back into
equation 10 and along with equation 21 results in a non-dimensional ratio between the

two facilities for power as seen in equation 22,
1
(Dr = (paLip Cp> (22)
R

In the case of helium this would reduce further because temperature similarity would
result in the specific heat for the two facilities being the same. From this analysis, the
relative power and velocity for the HTTF when temperature similarity is maintained
results in the velocities and powers for the two different gases in the HTTF as seen in
Table 4-1.



35

Table 4-1: Power and Velocity for HTTF Under the PCC Event

Gas Velocity (m/s) | Power (kW)
Helium | 0.63 91
Nitrogen | 0.63 149

Table 4-2: Reynolds, Froude and L/d for Natural Circulation Calculated Velocities

Facility Lip 1 L/d
dchannelRed Fr?

MHGTR 0.170 5.814 224

HTTF (Helium) 0.603 6.030 53

HTTF (Nitrogen) 0.777 5.926 53

For the Froude number calculation, an assumed 100 K temperature change between the
core and the upper plenum was defined based on information from previous studies (15).
Just looking at the disparity in the numbers, it’s clear that the Reynolds and Froude

numbers do not match. The distortion can be calculated using equation 23.

Distortion = |TMHIGRZITHTTE| o 10 (23)
IIMHTGR

where ITyyrer 1S any non-dimensional number calculated for the MHTGR and ITyprp iS

the same non-dimensional number that has been calculated for the HTTF.
The distortions calculated for these two cases can be seen below in Table 4-3.

Table 4-3: Natural Circulation Distortion

Gas LIP 1 L/d
dchannelRed Fr?

Helium 253 3.72 | 76.3

Nitrogen 354 193 | 76.3

4.2 Forced Circulation Velocity

As mentioned in section 4.1 it is possible to run the blowers of the HTTF to result in

forced circulation of the Helium. The downside to this is that the effect of the blowers
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will leave all of the HTTF channels in upward circulation, which would allow only for
the analysis of the inlet/outlet duct crossover break scenario. To determine the velocity
required for forced circulation, the modified Reynolds number for the HTTF was set
equal to the MHTGR and the velocity required to match the two non-dimensional
numbers was calculated by solving for the velocity on the HTTF side. Because the
Froude number matches with the natural circulation velocity, this analysis was only
performed for the modified Reynolds number. The results of these two cases can be

seen below in Table 4-4.

Table 4-4: Forced Convection Distortion

Gas Velocity Lip 1 S B~ —_ distortion
dC anne R F
(m/s) denannerRea Fr® digtortilorfd '
Helium 2.24 0.170 0.037313 | 0 15400

As can be seen, when the modified Reynolds number is matched a large distortion occurs
in the Froude number term, as it did in the Reynolds term when the Froude number term

was well matched.

4.3 Summary

This section was responsible for determining the operating velocities for the PCC event
for the MHTGR as well as the PCC event under natural circulation and forced convection
with both helium and nitrogen.

A summary of these velocities can be seen below in Table 4-5.

Table 4-5: Velocities for Natural Circulation and Convection during PCC Event
Facility Gas Mode of Flow Velocity (m/s)
MHTGR | Helium Natural Circulation 1.26
HTTF Nitrogen | Natural Circulation | 0.63
HTTF Helium Natural Circulation | 0.63
HTTF Helium Forced Convection 2.24
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These velocities set up the inlet conditions for the next step in this analyses, computation

fluid dynamics modeling (CFD) of the problem using Star-CCM+.
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5 Star-CCM+ Computational Fluid Dynamics Modeling

This section details the models developed for use in Star-CCM+ to analyze the PCC fluid
flow phenomena in the upper plenum of both the HTTF and the MHTGR. These models
have been designed to visually assess the fluid behavior during the PCC event in the

upper plenum as well as examine the effects of the reduced scale on the fluid behavior.

5.1 Continuity and Momentum Equations

Star-CCM+ operates by using the three continuity equations: mass, momentum and
energy. Star-CCM+ evaluates them through finite volume discretization. All three are
solved simultaneously by implementing the coupled flow and coupled energy models.
The coupled flow then gives the choice of integration and discretization methods, for
which implicit and second order upwind were chosen. The 2" order upwind method was
used due to the numerical diffusion that would be introduced by the use of a 1* order
method. The implicit method was chosen because it provides a wider stability margin;
however, this does require more system storage than the explicit scheme. In order for
these models to be solved, a series of other models are used to describe the physics that
affect the three equations and must be implemented in Star-CCM+ which include a gas
model, gravity and three dimensional models. All models were determined to be in

laminar flow and thus laminar flow models were used.

5.2 Geometric Models
The geometry used for the MHTGR can be seen in Figure 5-1.
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Figure 5-1: Star-CCM+ MHTGR Geometry

The left part of the figure shows the overall view of the MHTGR’s upper plenum. At the
back on the left can be seen the normal operations inlet to the upper plenum from the
upcomers. The right part shows a bottom up view of the upper plenum. A 1/12" slice
was used for this model due to computational constraints. This 1/12™ slice was able to be
utilized through the symmetry plane that is seen the figure. The symmetry plane also
exists on the other side of the slice. Each one of the flow channels, as well as the
instrumentation channel picture can be operated in up or down flow. For the purposes of
modeling, they are lumped into radial categories, where the first 25% of the channels are
the first region, the second 25% of the channels are the second region and the last 50% of

the channels one region.

The Star-CCM+ models for the HTTF can be seen in Figure 5-2.
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Figure 5-2: HTTF Star-CCM+ Models

The view on the left shows a translucent view of the upper plenum for the HTTF. The
bottom two openings on the back are the upper plenum connection to the upcomers. The
five channels that travel through the upper plenum are instrumentation channels and
extend into the core as flow channels and bypass channels. On the right is shown a
bottom up view from the core of the flow channels into the HTTF. The radial rings of the

HTTF are designated in the same way as in the MHTGR model.

5.3 Initial and Boundary Conditions

During the complete loss of flow scenario, it is expected that the hotter inner regions of
the core will operate in upflow and the cooler outer regions will operate in down flow. A
sensitivity study was run for three different types of upflow to look at various
possibilities for what might affect the flow patterns in the upper plenum depending on

how many of the flow channels are in upflow and how many are in downflow. These
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cases are with the first 25%of the channels radially in upflow with the rest of the channels
in downflow and the outlet closed, the first 50% of the channels in upflow with the rest of
the channels in downflow, and all of the channels in upflow with the outlet open. Due to
the location of the sink with respect to the heat source, it is not postulated that all of the
flow channels will operate in upflow with downflow down the upcomer, but using this
model with the capabilities of the HTTF to run the blower in reverse allows for

evaluating the effects of matching the modified Reynolds number.
A sum of all of the test cases can be seen in Table 5-1.

Table 5-1: MHTGR and HTTF Testing Matrix

Entrance Percent Channels

Trial Number | Facility Gas Velocity (m/s) | Upflow
1 MHTGR Helium 1.26 25

2 MHTGR Helium 1.26 50

3 MHTGR Helium 1.26 100

4 HTTF Helium 0.63 25

5 HTTF Helium 0.63 50

6 HTTF Helium 0.63 100

7 HTTF Nitrogen | 0.63 25

8 HTTF Nitrogen | 0.63 50

9 HTTF Helium 2.24 100

The pressure in the system is initially set to operating pressure of each facility, 6.375
MPa for MHTGR and 0.8 MPa for the HTTF. The outlets are set to what Star-CCM+
calls pressure outlets, which prevent flow below the pressure outlet setting from crossing
the boundary. The value for the pressure outlets is the same as that of the system
pressure to prevent the flow from building up inside the vessel and to prevent the vessel
from becoming a vacuum. The temperature for the inlets is set to that as defined in the
previous chapter with the 100 degree lower temperature being set for the top of the upper
plenum head to a constant value to a constant value to allow for the natural circulation
flow. The sides of the slices of both models operate as symmetry planes, which mean
that the problem acts as a mirror image of itself over these planes which allows the use of

slices of the domain to minimize computer requirements. They do not act as physical
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boundaries that confine the fluid itself, that is to say that they do not act as walls to keep
the fluid in but they do not add any frictional resistance to the flow. The remaining walls

are treated as isothermal so that no heat transfer occurs across them.

5.4 Mesh Conditions
The MHTGR and HTTF were meshed differently because of their size; however, the

same models were used. The first model is a polyhedral mesh model which is designed
to be easy and efficient and contain five times less cells than a tetrahedral mesh with the
same surface size. The polyhedral mesh model is used in the creation of the volume
mesh. The second model used, the surface remesher is used to re-triangulate surfaces to
improve overall efficiency for volume meshing. The final mesh model used is the prism
layer mesh. It adds orthogonal prismatic cell along wall boundaries which allow for

better simulation along those boundaries.

For the MHTGR model, a base size of 0.035 m was used. This resulted in 1022798 cells.
A picture of the MHTGR mesh can be seen in Figure 5-3.



Figure 5-3: MHTGR Mesh
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The HTTF model was built with a base size of 0.0225m, which resulted in 297290 mesh
volumes. It can be seen in Figure 5-4.

Figure 5-4: HTTF Mesh

5.5 Physics Models
A series of physics models were used. First, the three dimensional physics model was
enabled. Since the body was modeled as a fluid model with helium or nitrogen

depending on the test, the gas model was chosen under the material option. The gravity
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model was implemented as this is a natural circulation model and the effects of
gravitation acceleration are needed to accurately model the forces present in natural
circulation flow. Because the intention is to model this as a steady state problem the
steady model was chosen under the time options. The coupled flow model was chosen
which solves the conservation of mass and momentum equations simultaneously with a
2"%-order implicit scheme. The coupled energy model was added to this so that the

conservation of energy will be solved with the other two continuity equations.
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6 Star-CCM+ Results and Analysis

This chapter will present the results of the Star-CCM+ models developed in chapter 5 as
well as the analysis of these models. Each section will detail the four results that stem
from the same inlet conditions with the three upflow to downflow ratios. The first thing
in each section that will be presented is the MHTGR simulations. Following that the
results from the various HTTF simulations will be presented as well as their individual
comparisons to the MHTGR simulations. Two metrics have been identified to determine
the scaling comparison between the MHTGR and HTTF simulations: 1) distance into
upper plenum gas jets travel before diffusion and 2) comparison of temperature profile.
In order to compare the temperature profile, various properties were analyzed. First, a
visual inspection of the temperature profile was performed. Second, measurements were
taken of the average temperatures on three horizontal slices in the upper plenum at
distances 30%, 45% and 72% of the distance into the upper plenum, as well as the
maximum temperature on these planes as well as the minimum temperature. The average
temperature plane temperatures give an idea of how much energy is transferred from the
core to the upper plenum, the higher the temperature, the more heat is being transferred
into the upper plenum. The maximum and minimum temperature allow for an idea of
how well mixed the upper plenum is, the closer these two temperature are, the more
mixing has occurred. These two temperatures were found by placing a line probe in the
upper plenum on the three temperature planes.

6.1 Grid Refinement

In order to determine if grid independence was achieved the first MHTGR and first
HTTF cases were evaluated. In order to determine grid independence, a superfine grid
size was compared to the grid size that was initially evaluated. In order to evaluate this

difference equation 24 was used,



47

% dif ference = @xloo (24)
1

where p; is the value of any property measured a given point in the mesh volume of the
coarser mesh and p, is any the same property measured at the same point in the finer

mesh volume.

In the case of the HTTF, trial 5 was evaluated, with a course mesh of 297,290 nodes and
a fine mesh of 422,152 nodes. Comparisons were made with the average temperature on
temperature planes and a maximum percent difference of 0.000697% was seen. From

this, it was determined that the HTTF solutions were grid independent.

Due to computational constraints a finer mesh was not evaluated in the same way for the
MHTGR.

6.2 25% Upflow Simulations

This section deals with the 25% upflow simulations for the MHTGR and HTTF which
consists of runs 1, 4 and 7. Two figures will be presented for each simulation run:
temperature profile and velocity vector. First the MHTGR simulation results will be
presented and then analyzed, followed by the HTTF and then the comparisons between
them.

The first simulation presented is for Trail 1, the 25% upflow case for the MHTGR, with
the temperature profile presented in Figure 6-1.
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Temperature (K)
901.96 021.57 041,18 960.79 080.39 1000.0

Figure 6-1: Trial 1 Temperature Profile

The gas jets enter into the upper plenum through the channel closest to the center of the
upper plenum at 1000 K. They lose heat as they diffuse and travel towards the center of
the upper plenum and begin to mix with the overall upper plenum, finally reaching the
upper plenum wall at around 990 K. When they enter the upper plenum, the gas jets
preferentially travel towards the inner most part of the upper plenum. The temperature in
gas jets decreases the further they are away from the center of the upper plenum until

they reach the bulk region.

The maximum temperature on the three temperature planes ranges from 990.56 K at the

highest temperature plane to 991.53 K on the lowest temperature plane. The lowest
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temperature on those planes ranges from 962.42 K on the lowest plane to 965.72 K on the
highest plane.

The average temperature on the three temperature planes from bottom to top are 964.40,
965.70 and 967.28 K.

The next figure presented, Figure 6-2 shows the velocity vectors for Trial 1.

Velocity (m/s)
0.00047019 0. 15038 0.30028 0.45019 0.60009 0. 75000

Figure 6-2: Trial 1 Velocity Vector

Upon entering the upper plenum, the gas drops to below its initial velocity as it diffuses
into the upper plenum and the gas jets initially concentrate and the gas jets closest to the
center accelerate as they move towards the center of the upper plenum until the come into
contact with the top of the upper plenum and redirect along the outer wall until they leave
the upper plenum through the outlet channels. As the gas travel around the upper plenum

head some of them leave the upper plenum through the outlet channels, while others
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come into contact with the incoming jets and recirculate in the upper plenum. This
recirculation results in the incoming gas jets being pushed towards the center of the upper
plenum. This pushes the gas jets in between the center of the upper plenum and the
center instrumentation channel. This creates an effective flow channel at the center of the
upper plenum where the gas jets accelerate as if they were traveling through a pipe,
where the instrumentation channel acts as a wall. Those jets closets to the
instrumentation channels are at the lowest velocity with the jets furthest away at the
center of the upper plenum at the higher velocity. Additionally, the gas jets on the outer
part of the instrumentation channel away from the center also see this effect except to a
smaller degree as they are open to a larger bulk region. The gas jets continue to form this
channel like flow until they reach the upper plenum where after coming into contact with
the upper plenum are redirected along the upper plenum head. As they travel along the
upper plenum head they then travel between the instrumentation channels resulting in
them accelerating again as they have to converge to travel through them resulting in their
acceleration. This is seen again further down the upper plenum but at a slower rate
because the space between the instrumentation channels in the outer part of the upper
plenum is larger. The gas then travels to the lower part of the upper plenum where some
of it leaves through the outlet channels while the rest either diffuses into the non-flowing
bulk of the upper plenum or comes into contact with the incoming gas jets and

recirculates into the upper plenum.

The next figure, Figure 6-3, is the temperature profile for the first 25% upflow HTTF

case, trial 4.
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Temperature (K)
Q00.02 920.04 Q40.05 Q60.06 980.07 1000.1

Figure 6-3: Trial 4 Temperature Profile

The gas jets enter through the upper plenum through the channel closest to the center of
the upper plenum at 1000 K. They lose heat as they diffuse and travel towards the center
of the upper plenum and begin to mix with the overall upper plenum, finally reaching the

upper plenum below 960 K.

The maximum temperature on the three temperature planes ranges from 962.00 K at the
highest temperature plane to 964.23 K on the lowest temperature plane. The lowest
temperature on those planes ranges from 915.19 on the lowest plane to 918.44 K on the
highest plane.
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The average temperature on the three temperature planes from bottom to top are 916.72
K, 919. 65 K, and 925.87 K.

The next figure presented, Figure 6-4, is the velocity vector for the trial 4 case.

Velocity (m/s)
0.00015892 0.19837 0.39659 0.59481 0.79302 0.99124

Figure 6-4: Trial 4 Velocity Vector

A very similar overall flow is seen in both trial 1 and in trial 4. As the gas jets enter the
upper plenum in trial 4 they direct towards the very center of the upper plenum and
exhibit the same overall characteristics as seen in trial 1. As they travel up the center
region of the upper plenum, the geometry is the same resulting in the same acceleration
of the flow due to the channeling in the same three areas. In both the trial 1 and trial 4
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cases, the gas jets reach the upper plenum at the highest point in the center of the upper
plenum before redirecting along the upper plenum wall and out of the upper plenum.
There is not nearly as much recirculation in the case of trial 4 and the overall velocities in
those channels are higher than in trial 1. The main reason for the higher velocities is that
there is less mixing in trial 4 than in trial 1, which results in the lateral forces of the fluid

imparting less force on the fluid than in the trial 1 case.

They have significantly different temperature profiles. The trial 1 average temperatures
are as much as 47 K higher than in trial 4, while the range of temperatures for trial 1is
between 24.84 and 29.11 K as compared to trial 4 which is between 39.00 K and 49.07 K.
From these range of temperatures in the two cases it can be seen that although the gas jets
reach the same point in the upper plenum in both cases, there is more mixing in the trial 1
case. It should be noted that while there is more mixing in trial 1, the overall
temperatures in the HTTF are lower. Because both the axial and radial dimensions are
scaled Y4, it results in the HTTF having a four times larger surface area to volume ratio
which allows better heat transfer between the upper plenum head and the gas in the upper
plenum. It should be noted, that although the flow path remain the same, the velocities
seen in the HTTF case are faster than those in the MHTGR which does not stay
consistent with the velocity scaling.

The next figure presented, Figure 6-5, is the temperature profile for the trial 7 case.
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Temperature (K)

900.42 920.40 940.39

960.37 980.35 1000.3
=

Figure 6-5: Trial 7 Temperature Profile

Similar behavior is seen in the trial 7 as in the trial 4, except with higher temperatures. In

trial 7 the gas jets come into contact with the upper plenum at around 970 K.

The maximum temperature on the three temperature planes ranges from 974.83 K at the
highest temperature plane to 964.23 K on the lowest temperature plane. The lowest
temperature on those planes ranges from 942.08 K on the lowest plane to 943.76 K on the

highest plane.

The average temperature on the three temperature planes from bottom to top are 942.97
K, 944.94 K and 949.54 K.
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The next figure presented, Figure 6-6, is the velocity vector for trial 7.

Velocity (m/s)
0.00079511 0.17632 0.35184 0.62737 0.70289 087842

Figure 6-6: Trial 7 Velocity Vector

The same general behavior is seen in the trial 7 velocity vectors as in the trial 4. Again,
the gas jets redirect towards the center region of the upper plenum and acceleration of the

flow is seen in the same locations.

The same comparisons can be drawn from the trial 4 case to the trial 1 case as can be
from the trial 7 case to the trial 1 case, except that in the trial 7 case the temperatures are
higher and the velocities lower than in trial 4. There is more mixing in trial 7 in trial 4

which results in the lower velocity. The trial 1 average temperatures are as much as
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21.43 K higher than in trial 7, while the range of temperatures for trial 1 is between 24.84

55and 29.11 K as compared to trial 7 which is between 27.94 K and 34.26 K. As in trial
4, the overall temperatures in the upper plenum are lower in trial 7 than trial 1 from the

increased heat transfer rate.

As compared to trial 1, the mixing in trial 7 is closer to what is seen in trial 1 than was
seen in trial 4; however, the overall temperatures are still much lower than those of trial
1.

6.3 50% Upflow Simulations

This section details the results for the 50% upflow cases.

The first figure in this section is Figure 6-7, which is the temperature profile for trial 2.

Temperature (K)
901.28 921.02 940.77 960.52 980.26 1000.0

Figure 6-7: Trial 2 Temperature Profile
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The gas jets enter through the upper plenum through the channel closest to the center of
the upper plenum at 1000 K. They lose heat as they diffuse and travel towards the center
of the upper plenum and begin to mix with the overall upper plenum, finally reaching the

upper plenum at around 1000 K.

The maximum temperature on the three temperature planes ranges are all 1000 K on the
lowest temperature plane. The lowest temperature on those planes ranges from 983.76 K
on the lowest plane to 988.90 K on the highest plane.

The average temperature on the three temperature planes from bottom to top are 986.26
K, 986.80 K, and 988.61 K.

The next figure, Figure 6-8, is the velocity vector for trial 2.

Velocity (m/s)
0.00088968 0.20071 0.40053 0.60036 0.80018 1.0000

Figure 6-8: Trial 2 Velocity Vector
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Upon entering the upper plenum, the gas drops to below its initial velocity as it diffuses
into the upper plenum and the gas jets initially concentrate as they move towards the
center of the upper plenum until the come into contact with the top of the upper plenum
and redirect along the outer wall until they leave the upper plenum through the outlet
channels. The same overall behavior is seen in in trial 2 as was seen in trial 1, with the
main difference coming from the larger amount of gas flowing into the upper plenum.
With 50% more gas jets flowing into the upper plenum, the overall temperature is higher

and the amount of recirculation is higher.

The next figure presented, Figure 6-9, is the temperature profile for trial 5.

Temperature (K)
900.00 920.00 940.01 960.01 980.02 1000.0

=

Figure 6-9: Trial 5 Temperature Profile
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The same behavior is seen in the trial 5 temperature profile as was seen in the trial 4
temperature profile, except that due to the extra upflow channels in trial 5, the
temperatures in the upper plenum are higher. The gas jets reach the upper plenum at a

temperature just above 980 K.

The maximum temperature on the three temperature planes ranges from 991.90 K at the
highest temperature plane to 994.08 on the lowest temperature plane. The lowest
temperature on those planes ranges from 933.86 on the lowest plane to 942.81 K on the
highest plane. The average temperature on the three temperature planes from bottom to
top are 936.99 K, 939.82 K, and 947.16 K.

The next figure presented, Figure 6-10, is the velocity vector for trial 5.

RS !
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|

1Y |

Velocity (m/s)
0.00011915 0.20733 0.41454 0.62175 0.82895 1.0362

Figure 6-10: Trial 5 Velocity Vector

The gas jets in the trial 5 case exhibit the same behavior as in the trial 4 case.



60

The same comparisons can be drawn from the relationship between trial 2 and trial 5 as
were drawn between trial 1 and trial 4. The trial 2 average temperatures are as much as
49.27 K higher than in trial 5, while the range of temperatures for trial 2 is between 11.09
and 16.64 K as compared to trial 5 which is between 49.09 K and 60.22 K. The
maximum temperatures are much closer in this scenario, as they are both close to the
maximum temperature in the upper plenum of 1000 K. As in previous cases, the overall
temperatures in the upper plenum are lower in trial 5 than trial 2 from the increased heat

transfer rate.

The next figure Figure 6-11 is the temperature profile for trial 8.

Temperature (K)
900.69 ©20.57 940.44 960.32 ©80.20 1000.1

Figure 6-11: Trial 8 Temperature Profile
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The same relationship exists between the trial 8 and trial 7 temperature profiles as does
the trial 5 and trial 4 temperature profiles. In trial 8, the gas jets reach the upper plenum

at a temperature just below 1000 K.

The maximum temperature on the three temperature planes ranges from 995.96 K at the
highest temperature plane to 997.37 on the lowest temperature plane. The lowest
temperature on those planes ranges from 970.53 on the lowest plane to 971.79 K on the
highest plane. The average temperature on the three temperature planes from bottom to
top are 942.97 K, 971.39 K, and 972.82 K.

The next figure, Figure 6-12, is the velocity vector for trial 8.

Velocity (m/s)
0.00096685 0.17835 0.35573 0.53312 0.71050 0.88789

Figure 6-12: Trial 8 Velocity Vector
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The gas jets in the trial 8 case exhibit the same behavior as in the trial 5 case. The two
regions of differing velocities can be seen in Figure 6-11 as the 990 K region along the

center of the upper plenum and the 960 K region that is directly adjacent.

The same comparisons can be drawn from the relationship between trial 2 and trial 8 as
were drawn between trial 1 and trial 7. The trial 2 average temperatures are as much as
49.27 K higher than in trial 8, while the range of temperatures for trial 2 is between 11.09
and 16.64 K as compared to trial 8 which is between 49.09 K and 60.22 K. From these
two it can be seen that although the gas jets reach the same point in the upper plenum in
both cases, there is more mixing in the trial 2. As in previous cases, the overall
temperatures in the upper plenum are lower in trial 8 than trial 2 from the increased heat

transfer rate.

6.4 100% Upflow and Forced Circulation Case

Figure 6-13 shows the temperature profile for the 100% upflow case of the MHTGR.
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Temperdrure K)
900.11 920.09 940.07 960.05 980.03 1000.0

Figure 6-13: Trial 4 Temperature Profile

The gas enters through the channels closest to the center of the core at 1000K which is
the inlet temperature. The core of the gas jet remains at 1000 K and come into contact
with the upper plenum at along the entire lower 50% of the outer part of the upper

plenum head.

The maximum temperature on the three temperature planes ranges from 984.9 K at the
highest temperature plane to 999.99 K on the lowest temperature plane. The lowest
temperature on those planes ranges from 981.49 K on the lowest plane to 975.30 K on the
highest plane. The average temperature on the three temperature planes from bottom to
top are 991.98 K, 989.00 K, and 978.76 K.

The next figure, Figure 6-14, shows the velocity vectors for trial 4.
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LR
Velocity (m/s)
0.0000 0.45134 0.90268 1.3540 1.8054 2.2667

Figure 6-14: Trial 4 Velocity Vector

As seen in the thermal profile shown in Figure 6-13, the gas jets travel into the upper
plenum and come into contact with the upper plenum wall at a location with the entire
lower 50% of the lower plenum where some leave the upper plenum through the outlet
while others are redirected along the wall and diffuse into the bulk medium of the upper
plenum. Because of the change in the location of the location and orientation of outlet,
there is a larger amount of communication between the outlet and the gas jet inlets

resulting in a streamline between the two locations.

The next figure, Figure 6-15, shows the temperature profile for trial 6.
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Temperature (K)
900.27 020.22 940,17 960.11 980.06 1000.0

Figure 6-15: Trial 6 Temperature Profile

The gas jets enter through the upper plenum through the channels and into upper plenum
at 1000 K. They lose heat as they diffuse and travel towards the center of the upper
plenum and begin to mix with the overall upper plenum, until coming into contact with

the top of the upper plenum at 980 K.

The maximum temperature on the three temperature planes ranges from 998.22 at the
highest temperature plane to 999.99 K on the lowest temperature plane. The lowest
temperature on those planes ranges from 971.12 on the lowest plane to 976.31 K on the

highest plane.

The average temperature on the three temperature planes from bottom to top are 973.73
K, 974.77 K and 979.04 K.
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The next figure presented, Figure 6-16, is the velocity vector for trial 6.

non

fauhl

Velocity (m/s)
1.3782e-05 0.20729 0.41456 0.62183 0.82911 1.0364

Figure 6-16: Trial 6 Velocity Vector

Upon entering the upper plenum, the gas drops to below its initial velocity as it diffuses
into the upper plenum and the gas jets initially concentrate as they move towards the
center of the upper plenum until the come into contact with the top of the upper plenum
and redirect along the outer wall until they leave the upper plenum through the outlet
channels. The same overall behavior is seen in this case as was seen in trials 4 and 5,
with the major differences coming from the larger amount of flow channels. Although
the gas jets do more preferentially towards the center part of the upper plenum, they do
not concentrate only along the region on the between the center and the instrumentation

channels but also on the outer part of the instrumentation channels as well.

The gas jets in trial 6 reach the top of the upper plenum while in trial 3 they do not.
Additionally, there is more thermal mixing in the MHTGR case than in the HTTF case,

and the temperature range in trial 3 is between 9.60 K and 18.50 K as compared to the
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21.91 K and 28.87 K in trial 6. Additionally, the regions of higher temperature in the
upper plenum are the lower regions for trial 3 while they are the higher regions for trial 6.
Because the gas jets do not travel as far into the upper plenum in trial 3, they do not carry

the hot gas to those upper regions like they do in trial 6.

The next figure, Figure 6-17, is the temperature profile for trial 10.

Temperature (K)
000.47 920,40 940.33 960.26 080.18

Figure 6-17: Trial 10 Temperature Profile

The gas jets enter through the upper plenum through the channels and into upper plenum
at 1000 K. They move towards the outer region of the upper plenum before coming into
contact with the outer part of the upper plenum wall at about 25% of the distance into the

upper plenum.

The maximum temperature on the three temperature planes ranges from 998.58 at the
highest temperature plane to 992.97 K on the lowest temperature plane. The lowest
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temperature on those planes ranges from 951.40 on the highest plane to 972.17 K on the

lowest plane.

The average temperature on the three temperature planes from bottom to top are 988.16
K, 983.09 K, and 975.63 K.

The next figure, Figure 6-18, is the velocity vectors for trial 10.

Velocity (m/s)
0.00070658 0.67665 1.3526 2.0285 2.7045 3.3804

Figure 6-18: Trial 9 Velocity Vector

The gas jets enter the upper plenum and travel towards the outer region of the upper
plenum before coming into contact with the upper plenum wall and leaving the upper
plenum through the upper plenum inlet. Similar to the trial 3 case, the gas jets form a
streamline between the flow channels and the outlet and do not travel far into the upper

plenum before leaving through the outlet.
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When compared to trial 3, the gas jets of trial 10 exhibit similar behavior to those of trial
3 but do not reach the same distance into the upper plenum as in trial 3. Additionally,
there is more mixing in trial 3 as the temperature range is between 7.91 K and 31.97 K
lower for trial 3 than for trial 10. Like in all other HTTF cases, the overall temperatures
in trial 10 are lower than those in trial 3.

6.5 Results Summary and Total Comparative Analysis

A summary of the results can be seen below in Table 6-1, Table 6-2, and Table 6-3,

which are the summation of results for each of the percentage upflow cases.

Table 6-1: 25% Upflow Result

Trial No. 1 4 7
Gas Jet Distance 100 100 100
Traveled (%(
Temperature Ave, 964.4 | 916.72 | 942.97

Plane 1 (K) Max. 991.53 | 964.23 | 976.34
Min. 962.42 | 915.19 | 942.08
Temperature Ave. 964.4 | 919.65 | 944.94
Plane 2 (K) Max. 990.71 | 963.56 | 975.71
Min. 964.73 | 918.44 | 943.76
Temperature Ave, 967.28 | 925.87 | 949.54
Plane 3 (K) Max. 990.56 962 974.83
Min. 965.72 923 946.89

When looking at these trials together, it can be seen while the distance the gas jets travel
into the upper plenum is the same for all three cases; the temperature profiles are
different. Both the HTTF simulations resulted in lower temperatures for all three regions
of the upper plenum as well as higher rangers of temperatures across various planes. This
shows that there is more mixing in the upper plenum for the MHTGR and that the heat
transfer from the gas jets to the upper plenum head in the HTTF cases is higher. The
nitrogen case, trial 7, has temperatures that are closer to the ones seen in trial 1 than trial
4 does.
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Table 6-2: 50% Upflow Result
Trial No. 2 5 8

Gas Jet Distance 100 100 100
Traveled (%)
Temperature Ave, 986.26 | 936.99 | 971.57
Plane 1 (K) Max. 999.99 | 994.08 | 997.37
Min. 962.42 | 933.86 | 970.53
Temperature Ave, 965.7 | 939.82 | 971.39
Plane 2 (K) Max. 999.99 | 993.7 | 996.97
Min. 964.73 | 937.03 | 970.65
Temperature Ave. 967.28 | 947.16 | 972.83
Plane 3 (K) Max. 999.99 | 9919 | 995.96
Min. 965.72 | 942.81 | 971.79

When looking at these trials together, the same relationships can be seen as in the 25%
upflow case. Like before, the nitrogen case has temperatures that are closer to MHTGR

case than the helium case does.

Table 6-3: 100% Upflow Result
Trial No. 3 6 9
Gas Jet Distance 50 100 25
Traveled (%)
Temperature Ave, 991.98 | 973.73 | 988.16
Plane 1 (K) Max. 999.99 | 999.99 | 998.58
Min. 981.49 | 971.12 | 972.17
Temperature Ave. 989 974.77 | 983.09
Plane 2 (K) Max. 998.99 | 999.99 | 997.38
Min. 981.13 | 972.98 | 967.26
Temperature Ave, 978.76 | 979.04 | 975.63
Plane 3 (K) Max. 984.9 | 998.22 | 992.97
Min. 975.3 | 976.31 | 9514

When looking at these trials together, it can be seen that he natural circulation case, trial
6, and the MHTGR case, trial 3, are vastly different in both temperature profile and in the
distance they travel into the upper plenum.
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Trial 9 exhibits similar flow behavior as trial 3 as their gas jets turn towards the outlet
channel upon entering the upper plenum but they do not go as far into the upper plenum
and concentrate more towards the bottom of the outer part of the upper plenum instead of
spreading across and coming into contact with the whole lower outer half of the upper
plenum. Additionally both trial 9 exhibits less mixing as seen from the smaller ranges
and as in all previous HTTF trials have lower overall temperatures than the MHTGR

case.

The major complication to scaling this event was matching the two scaling parameters,
the Reynolds number and the Froude number. In order to scale the flow area of the
HTTF, the individual channel size was maintained, while the number of channels was
reduced. This relationship results in a roughly four times higher L/d ratio between the
two facilities which affected the ability to match both scaling parameters. As shown in
chapter 4, the scaled velocity between the two facilities is a function of the length scale
between the two facilities and is independent of the channel diameter which results in the
Froude number being scaled well while distorting the Reynolds number. For this
scenario to scale with minimal distortion in each, a gas with properties that would allow
for the velocity required to match the Reynolds number parameter to be equal to the ratio

calculated in chapter four of the square root of the length scale.
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7 Conclusion and Future Work

7.1 Conclusion

It was the goal of this study to determine if it was possible to scale the PCC event in
upper plenum of the MHTGR with respect to the HTTF through the use of CFD.

Scaling of the PCC in the upper plenum of the Modular High Temperature Gas Reactor
with respect to the High Temperature Test Facility was evaluated through analytical
scaling and CFD simulations. A loop momentum balance equation was used to set the
velocities for the CFD simulations. Nine simulations were run as part of this work, three
for the MHTGR and 6 for the HTTF: three simulations were run with 25% of the flow
channels in upflow, three were run with 50% of the upflow and three simulations were
run with 100% upflow. The HTTF simulations utilized two different types of gases,
helium and nitrogen. Two types of HTTF simulations were run: helium or nitrogen with
temperature scaling, and helium forced convection with 100% upflow when the modified

Reynolds number is matched.

Of the three MHTGR simulations, two types of flow patterns exist, the gas jets reaching
the center of the upper plenum, as in the 25% and 50% upflow case and the first 100%
upflow case, and gas jets directing towards the outer region of the upper plenum towards
the outlet like in the other 100% upflow cases. In the case of the 100% upflow case,
although the gas jets in trial 9 and trial 3 both redirected towards the outlet they exhibited
different behavior as the gas jet for trial 3 came into contact with the entire lower half of
the outer region of the upper plenum and the trial 9 only came into contact with the
lowest part. Additionally, the temperature scaled case of the HTTF using helium
exhibited no characteristics of flow or thermal similarity to the MHTGR case for 100%

upflow.

It has been determined that flow path similarity was preserved in the 25% and 50%

upflow cases which resulted in the gas jets for both the MHTGR and the HTTF coming
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into contact with the top of the upper plenum shroud; however, thermal similarity was not
preserved. Due to the higher Reynolds number in the MHTGR as compared to the
HTTF, more mixing occurred in the MHTGR simulations than in the HTTF simulations.
Additionally, the overall average temperatures at various points in the HTTF were as
much as 50 K cooler than those of the MHTGR.

The importance of this work is not to determine if or how the PCC even in the upper
plenum can be perfectly matched between the HTTF and the MHTGR, but to instead
determine the similarity between the two facilities and to be able to determine the
difference between the two caused by the distortions. As was discussed by Ishii (25)
scale distortions are inevitable in the development of an integral test facility and it is not
possible to match all scaling parameters. If the distortions can be characterized, codes
developed from data provided by the scaled facility can be used to model the prototype
facility. In the case of this study, distortion is seen in the temperature profile in the upper
plenum, which comes from the higher thermal mixing in the MHTGR and the higher
surface-to-volume ratio in the HTTF. The difference in the temperature profiles that
were determined in this study can be used in the further development of the HTTF. This
characterization is important in the validation of the codes developed from the data
provided by the HTTF. If the codes can be validated using this distortion and the data
from the HTTF on the event, then it can be expected that they can be used to model the
MHTGR in the upper plenum under the PCC event.

7.2 Future Work

This problem looks at the effects of the gas flowing into the upper plenum based upon
thermal boundary conditions from previous studies done on gas reactors, and utilized a
constant velocity based upon the average core velocity calculated. In actuality, the
velocities will be highest in the hottest center regions and the velocities will decrease as
they get further away from the center of the core to the cooler regions until the buoyancy
of the gas is unable to overcome the gravitational forces, which is where the flow
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channels will be in down flow. Additionally it is not expected that the channels are as
evenly split into upflow as presented in this study and additional conditions could be
looked at for more varying upflow and downflow ratios. Analyzing the overall PCC
event flow patterns within the core would allow for the implementation of boundary

conditions that take into account this variable radial velocity.

In addition to this, as mentioned before the HTTF has a four times larger surface area to
volume ratio which results in a higher rate of heat transfer to the upper plenum head. In
order to reduce the distortions caused by the difference in surface-to-volume ratio,
insulation could be used on the HTTF to reduce its heat transfer rate. This could be
analyzed in Star-CCM+ with the modification of the boundary condition of the upper
plenum which could help to inform the use of insulation on the HTTF. As was
mentioned previously, it is not possible to achieve similarity in all aspects of the PCC
event in the upper plenum between the two facilities. It will be important to take into

account these distortions once the tests related to this event are run on the HTTF.
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