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ABSTRACT

The Reactor Cavity Cooling System (RCCS) is a passive safety system that will
be incorporated in the VTHR design. The system was designed to remove the heat from
the reactor cavity and maintain the temperature of structures and concrete walls under
desired limits during normal operation (steady-state) and accident scenarios. A small
scale (1:23) water-cooled experimental facility was scaled, designed, and constructed in
order to study the complex thermohydraulic phenomena taking place in the RCCS
during steady-state and transient conditions. The facility represents a portion of the
reactor vessel with nine stainless steel coolant risers and utilizes water as coolant. The
facility was equipped with instrumentation to measure temperatures and flow rates and a
general verification was completed during the shakedown. A model of the experimental
facility was prepared using RELAP5-3D and simulations were performed to validate the
scaling procedure. The experimental data produced during the steady-state run were
compared with the simulation results obtained using RELAP5-3D. The overall behavior
of the facility met the expectations. The facility capabilities were confirmed to be very
promising in performing additional experimental tests, including flow visualization, and

produce data for code validation.
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MHTGR Modular High Temperature Gas-Cooled Reactor
MSR Molten Salt Reactor

NEUP Nuclear Energy University Program

NSTF Natural Convection Shutdown Heat Removal Test Facility
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SCS

SCWR
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SS

TC

USB

VHTR

Outer Diameter

Power Conversion System
Pressurized Reactor Vessel
Pressurized Water Reactor
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Shutdown Cooling System
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Steady-State
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University Science Building
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CHAPTER |

INTRODUCTION

The global greenhouse gas emissions, constantly grown since the pre-industrial
times, have increased approximately 70% between 1970 and 2004. With the current
climate change mitigation policies and practices, the global greenhouse gas emissions
will continue to grow, contributing to the earth’s long lasting climate changes which
may impact temperatures, precipitation rates, sea level, ice and snow cover surface,
storm frequency and intensity, and desertification [1].

Figure 1 presents the carbon emissions trend within a 100-year period (from

1955 to 2055) [2]
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Figure 1. Carbon Emissions History and Projections.

As the figure shows, carbon emissions from fossil fuel burning are projected to
double in the next 50 years, keeping the world on course to more than triple the
atmosphere’s carbon dioxide concentration from its pre-industrial level. This path (black
dashed line) is predicted to lead to significant global warming by the end of this century.

The flat path, followed by emissions reductions later in the century, is predicted
to limit CO,, rise to less than a doubling and skirt the worst predicted consequences of

climate change.



Keeping emissions flat for 50 years will require trimming projected carbon
output by roughly 8 billion tons per year by 2060, keeping a total of 200 billion tons of
carbon from entering the atmosphere (yellow triangle). This carbon saving is sometimes

referred as the stabilization triangle [2,3].

| Billions of Tons /
16 | carbon Emitted 7 ;
per Year QQ&“/ 4 8 wedges
»° 7 are needed to
A build the
. é,\°° 7 stabilization
@(“\9 7’7 triangle
7’
7 il
/7 Stabilization
7’7 Triangle
/7 7 1 wedge
/ “ » avoids
8 P S 1 billion tons of
Flat path carbon emissions
£ per year by 2055
2000 Year 2050

Figure 2. 50-year Ahead Carbon Emission Projections.



The stabilization triangle can be subdivided in eight wedges, each one equivalent
to a reduction of approximately 1 billion tons of carbon emissions per year. As Figure 2
shows, eight wedges are required to stabilize the carbon emissions to the current rate
(orange path).

The nuclear energy can be part of the future, sustainable sources of energy but
the contribution for a “nuclear wedge” would require adding approximately 700 GW to
the current nuclear power installation, which corresponds to tripling the number of the
nuclear power plants currently in operation [3]. ““...The global pace of nuclear power
plant construction from 1975 to 1990 would yield a wedge, if it continued for 50 years.

Substantial expansion in nuclear power requires restoration of public confidence in

safety and waste disposal, and international security agreements governing uranium
enrichment and plutonium recycling...”.

Most of the commercial nuclear power plants in operation around the world are
Light Water Reactors (LWRs) which belong to the Generation 11 and 111 nuclear power
plants (Figure 3). There are currently 359 LWRSs in operation, in over 27 countries,
producing a total energy of 328.4 GWe. The global nuclear capacity shares

approximately 16% of the global electricity [4].
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Figure 3. Evolution of Nuclear Energy Systems.

To explore new opportunities, the U.S. Department of Energy's Office of Nuclear
Energy has engaged governments, industry, and the research community worldwide in a
wide ranging discussion on the development of next generation nuclear energy systems
known as "Generation I1V."

Different technology goals have been defined for the Generation IV systems,
which can be grouped in four broad areas: sustainability, economics, safety and
reliability, and proliferation resistance and physical protection. [5].

Sustainability. Generation IV nuclear energy systems will provide sustainable
energy generation that meets clean air objectives and provides long-term availability of
systems and effective fuel utilization for worldwide energy production. These types of
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nuclear energy systems will minimize and manage their nuclear waste and notably
reduce the long-term stewardship burden, thereby improving protection for the public
health and the environment.

Economics. Generation 1V nuclear energy systems will have a clear life-cycle
cost advantage over other energy sources, and a level of financial risk comparable to
other energy projects.

Safety and Reliability. Generation IV nuclear energy systems operations will
excel in safety and reliability (very low likelihood and degree of reactor core damage),
eliminating the need for offsite emergency response.

Proliferation Resistance and Physical Protection. Generation IV nuclear
energy systems will increase the assurance that they are very unattractive and the least
desirable route for diversion or theft of weapons-usable materials, and provide increased
physical protection against acts of terrorism.

Six systems with different technologies and features (Figure 4) were selected and
introduced to the Generation IV technology roadmap [6]:

= Gas-cooled fast reactor (GFR), featuring a fast-neutron-spectrum, helium-

cooled reactor and closed fuel cycle;

= Very-high-temperature reactor (VHTR), a graphite-moderated, helium-

cooled reactor with a once-through uranium fuel cycle;

= Supercritical-water-cooled reactor (SCWR), a high-temperature, high-

pressure, water-cooled reactor that operates above the thermodynamic critical

point of water;



Sodium-cooled fast reactor (SFR), featuring a fast-spectrum, sodium-cooled
reactor and closed fuel cycle for efficient management of actinides and
conversion of fertile uranium;

Lead-cooled fast reactor (LFR), a fast-spectrum, lead/bismuth eutectic liquid-
metal-cooled reactor and a closed fuel cycle for efficient conversion of fertile
uranium and management of actinides;

Molten salt reactor (MSR), producing fission power in a circulating molten
salt fuel mixture with an epithermal-spectrum reactor and a full actinide

recycling fuel cycle.



Figure 4. Generation 1V Nuclear Systems [7]
(1: GFR; 2: VHTR; 3: SCWR; 4: SFR; 5: LFR; 6: MSR).



The Very-High-Temperature Reactor (VHTR), one of the six nuclear systems
mentioned above (red box in Figure 4), is a graphite-moderated, helium-cooled reactor
with a thermal neutron spectrum. The VHTR is designed to be a high efficiency system,
which can supply electricity and process heat to a broad spectrum of high-temperature
and energy-intensive processes. The VHTR offers the potential for the cogeneration of
electricity and hydrogen, alongside process heat applications. As the basic technology
for VHTR systems has already been established in high temperature gas reactor plants,
the design is an evolutionary development. Thus, the VHTR offers a high-efficiency
electricity production and a broad range of process heat applications, while retaining the
desirable safety characteristics in normal as well as off-normal events. Solutions to
adequate waste management will be developed. The basic technology for the VHTR has
been well established in former High Temperature Gas Reactors plants, such as the US
Fort Saint Vrain and Peach Bottom prototypes, and the German AVR and THTR
prototypes. The technology is being advanced through near- or medium-term projects
lead by several plant vendors and national laboratories, including the Next Generation
Nuclear Power (NGNP) project in the United States.

The reference reactor is a 600 MWth core connected to an intermediate heat
exchanger to deliver process heat. The reactor core can be a prismatic block core or a
pebble-bed core according to the fuel particles assembly. Fuel particles are coated with
successive material layers, high temperature resistant, then formed either into fuel
compacts embedded in graphite block for the prismatic block-type core reactor, or

formed into graphite coated pebbles. The reactor supplies heat with core outlet
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temperatures up to 1,000 degrees Celsius, which enables such applications as hydrogen
production or process heat for the petrochemical industry.

Due to the high temperatures reached in the system, some components designed
for standard steam-cycle plants must be modified or revised to operate under such
temperature conditions [8].

Passive heat removal systems are one of the primary technological goals of the
Generation IV program [9], since they can guarantee their functionality also in the event
of an accident, when power is lost, requiring no human intervention. Natural circulation
is in fact one of the most promising passive heat removal mechanisms, already
implemented in new reactor systems of the latest generations (I11 and 111+).

The Reactor Cavity Cooling System (RCCS) is a new safety system designed for
the next generation of nuclear power plants and it will be incorporated into proposed
reactor designs for VHTR. This system was conceived to guarantee the integrity of the
fuel, the reactor vessel and the structures inside the reactor cavity by removing heat from
the Pressurized Reactor Vessel (PRV) during both normal operation and accident
scenarios. Two different reactor cavity cooling system designs are currently under
discussion. The design proposed by General Atomic [10, 11] is a natural convection, air-
based cooling system with no pumps, circulators, valves, or other active components,

and is designed to operate continuously in all modes of plant operation.
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The second configuration, proposed by AREVA [12], is a constant flow, water-
based cooling system that operates at low-temperature and low pressure. Water
temperatures are below 30°C during normal active operation, reaching the boiling point

only during emergency passive operation.
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In this case the RCCS can operate both in active mode, by removing the heat
from the water in the tanks via active systems, or passive mode by boiling the water for
approximately 72 hours. The heat removed from the reactor cavity through water
circulation is released into the atmosphere by an active secondary heat removal system.

In both configurations, since the reactor vessel is not thermally insulated, a small
portion of the heat produced in the core is released into the reactor cavity. The heat is
transferred by conduction through the vessel wall and released to the RCCS coolant,
flowing upward through vertical risers, by convection within the air of the reactor cavity
and radiation between the outer vessel surface and the riser’s walls. The coolant coming
from different risers is collected in horizontal headers or upper plena. In the air-cooled
configuration, the air is then discharged into the atmosphere through the outlet
chimneys. In the water-cooled configuration, water reaches the water tanks, mixes with
cold water and comes back into the loop. As mentioned above, the RCCS is used during
normal operation and during accident scenarios, when the Power Conversion System
(PCS) and the Shutdown Cooling System (SCS) may not be available, to maintain the
temperature of concrete, vessel, and core within the design limits. The RCCS is designed
to guarantee the removal of about 0.7MW (1% of the thermal power generation) during
normal operation and up to 1.5MW in case of accident [14]. The system’s heat removal
effectiveness is strongly affected by different factors including geometry (riser length
and dimensions, number of risers, wall thickness, total elevation change), physical
properties of the materials (emissivity, thermal conductivity, heat capacitance) and

thermal conditions (temperatures throughout the system).
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A typical layout of the components inside the cavity of a VHTR is shown in

Figure 7.

_ Top Cavity

* To Top Tanks

1

RPV
RCCS

L —

-~
Concrete

%

|~ Vessel
Supports

~—— Thermal Shield

L FromTop Tanks

Side View Bottom View

Figure 7. Typical RCCS Configuration.

The reactor cavity walls are lined by stainless steel vertical pipes (risers) which
surround the Reactor Pressurized Vessel (RPV). The risers are organized in panels (red
lines in Figure 7, right). The cooling system consists of twenty-five cooling panels each

one containing nine risers. Since the majority of the heat in the cavity is transferred by
14



radiation [15] the riser panels may include additional features to enhance the radiation
heat transfer. These include stainless steel fins, welded along the side of two adjacent
risers, and shield, and additional thin panel welded on the back of the risers wall.

A water-cooled RCCS experimental facility was scaled down, designed and built
in order to conduct analyses of the thermal-hydraulic behavior of the coolant in the
system under normal operation (steady-state) and during accident scenarios.

The experimental data produced will be used to study the thermal-hydraulic
behavior of the coolant under different operating conditions and to validate computer

codes such as system codes or Computational Fluid Dynamics (CFD) codes.
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CHAPTER II

PURPOSE

The U.S. Department of Energy's (DOE) Office of Nuclear Energy has engaged
governments, industry, and the research community worldwide in a wide ranging
discussion on the development of next generation nuclear energy systems. In particular
the DOE and the Nuclear Energy University Program (NEUP) has sponsored a specific
research activity to study the thermal-hydraulic phenomena of the RCCS and to prove its
potential capability to remove the heat from the reactor cavity during the normal
operation and in case of accidents. In the framework of such research activity, the
Department of Nuclear Engineering of Texas A&M University is actively cooperating
with other universities and institutions in the United States to conduct a dedicated
computational and experimental research activity to support the study of the RCCS
behavior under different conditions.

The objectives of this research activity are summarized in the following bullets:

1. Scale down, design, build, and shakedown a small scale water-cooled
RCCS experimental facility to support the analysis of the thermal-
hydraulic behavior of the coolant in the system and its cooling
capabilities;

2. Conduct scaled test to study the thermal-hydraulic behavior of a water-

cooled RCCS under steady-state conditions;

16



3. Identify and analyze specific phenomena occurring during the single-
phase stage of the experiments;

4. Develop and refine computational models (systems codes and
Computational Fluid Dynamics codes) to analyze these phenomena;

5. Produce experimental data to be used for computational codes validation.

6. Identify possible technical issues and technique to fix them, also in
preparation for the two-phase (accident) stage.

The contribution of the present project to this research activity specifically
focuses on two main topics:

Experimental: Scaling, designing, building and operating a small-scale water-
cooled RCCS to be used to conduct single-phase (steady-state) and two-phase (transient)
experiments;

Computational: Selecting a system code, developing and refining a dedicated
model to conduct the simulations of the full-scale power plant and the experimental

facility.
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CHAPTER Il

RESEARCH APPROACH

As mentioned in Chapter XXX, the main purpose of the present project is to
design, build, and shakedown the RCCS experimental facility which will be used to
conduct the single-phase (steady-state) and two-phase (transient) experiments. To
successfully achieve this scope, the entire project will be fractioned in eight phases,

listed below.

111.1 PHASE 1: Data Collection and Literature Review.

This preliminary phase will play an important role in defining the reference
features of the experimental facility. Most of the full-scale power plant features,
information, and drawings will be provided by Argonne National Laboratory (ANL),
which has developed the conceptual RCCS design. The provided information will be
also integrated with openly available literature. Even though the experimental facility
will use water as coolant, due to lack of information of the AREVA design, the General
Atomic Modular HTGR (MHTGR) cavity design will be assumed as the main reference,
where the air-cooled duct array will be replaced with the water-cooled vertical pipes

(risers).
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111.2 PHASE 2: Scaling Approach.

The scaling procedures will follow the one developed and adopted by similar
experimental facilities. One of the most important parameters, the length scale factor, I,
defined as the ratio of the characteristic length of the experimental facility and the
characteristic length of the full-scale power plant, will be customized based on:

= The characteristic length chosen for the other experimental facilities built
by other universities and institutions participating to the project;
= The laboratory space available at Texas A&M University;
= Other technical limiting factors.
The selection of the scaling factor for this experimental facility will subsequently

affect all the other scaling parameters (in particular the power scaling factor).

111.3 PHASE 3: Facility Design and Material Selection

The design of the experimental facility will be driven by the defined scaling laws
but modifications may be required due to engineering limitations, assuming that these
modifications will not induce distortion. Particular attention will be dedicated to the
material selection to preserve some of the features of the full-scale plant and to

accommodate specific features of the experimental facility. These materials may include:
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= Stainless steel. Used for some of the components in the reactor cavity
such as vessel and risers, it will preserve some of the features of the full-
scale plant such as surfaces emissivity and thermal conductivity.

= Glass and polycarbonate and/or acrylic. These materials may be selected
for selected regions of the facility to allow flow visualization which will
be one of the most important features of this experimental facility,
standing very high, high, and medium/low temperatures respectively.

= Steel, aluminum and other metals. These materials will be adopted mainly
for structural purposes.

Due to the expected overall dimensions, the relatively high temperatures, and the
different materials adopted (that may be interconnected), particular attention will be
dedicated on selecting joints, connectors and other components to allow for differential
thermal expansion, and reduce mechanical and thermal stresses that may damage the

components of the facility.

111.4 PHASE 4: RELAP5-3D Model Preparation.

RELAPS5-3D is one of the system codes that have been designated for the
analysis of the VHTRs. While MELCOR has been selected by other participating
Universities, the selection of the RELAP5-3D system code has been driven by different

factors:
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= The system code has been largely used for analysis of water systems.
Including natural circulation phenomena.

= Strong partnership with ldaho National Laboratory (INL) where RELAP5S
was designed and still maintained. This will help facilitating the
resolution of possible technical issues.

= The computer code is currently available at the Nuclear Engineering
Department.

During this phase, the simulation results will help:

= |dentify thermal-hydraulic phenomena that may require a special
experiment configurations to be observed and/or analyzed,;

= Obtain preliminary estimations of the main thermal-hydraulic parameters
of the full-plant and the experimental facility;

= Validate the scaling laws;

= Select proper instrumentation and define/optimize its layout

= Prepare the base for the final model to be used for the final simulations

that will be compared with the experimental results.

111.5 PHASE 5: Facility Design Completion, Vendor Selection, and Construction

The design of each component of the experimental facility, the selection of the
materials to be adopted, the instrumentation to be installed and its layout will be

finalized during this phase based on the founding and results of the previous phases (3
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and 4). Based on specific features and characteristics, some of the components of the
facility will be custom manufactured. For these components, a dedicated manufacturer
selection process may be required. Once materials and single are purchased and

available, the construction will begin.

111.6 PHASE 6: Instrumentation Selection and Installation

This phase will include the selection of the instrumentation that will be necessary
to acquire the data during the experimental activity. The instrumentation will include:
= K-type thermocouples to measure the temperatures of the risers walls at
different locations
= K-type thermocouple probes to measure the temperature of the water at
different locations of the facility, including risers and water tank
= Flow meters to measure the flow of the coolant in selected locations.
The installation of the selected instrumentation will be performed during and
after the facility assembly and will consider required calibration based on the vendor

specifications.
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111.7 PHASE 7: Facility Shakedown

After the instrumentation and the other components are verified after their
installation, the facility will be turned on and selected parameters will be immediately
monitored and recorded order to:

= Confirm that all the electric components and instrumentation are working
properly and safely;

= The natural circulation is established;

= The experimental data are properly recorded,

= The overall behavior of the facility meets the expectations and the results
give the confidence that the experimental activity may be started without
any additional modification.

The results collected during this phase may help refining the RELAP5-3D model
in preparation for the simulations of the experimental cases defined in the following

phase.

111.8 PHASE 8: Analysis of the Experimental Data and Comparison with

Simulations

A test activity will be defined including the experimental runs to be performed.
The tests to be performed will be intended to produce experimental results that may be

possible to achieve only with the specific features of this experimental facility (such as
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risers flow and temperature analysis and flow visualization), and comparable with the
simulation results.

The data collected during the experimental activity will be analyzed and
compared with simulations performed with system codes (RELAP5-3D) and with CFD
codes.

Each of the phases will be described in details in the next chapters.
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CHAPTER IV

PHASE 1: DATA COLLECTION AND LITERATURE REVIEW

Preliminary research on the available literature and other documentation was

performed in order to collect general information about plant design, including plant and

reactor layouts, connections between the reactor vessel and the steam generator or

turbine, and other reactor cavity penetrations that should be accounted for the RCCS

design. It will be shown that most of the available publications and documentation refer

to the air-cooled RCCS and to power plant designs which will use this version of the

cooling system. The type of information and the approach adopted when searching and

collecting the required documentation, can be summarized as follow:

Introductory publications to the Generation 1V nuclear reactors and Gas-
Cooled Reactors.

Overview of the plant and its main features (power, layout, temperatures,
dimensions).

Drawings of the reactor cavity interiors including reactor vessel

Detailed description of dimensions, materials, and working conditions of the
RCCS (air or water-cooled).

Existing Experimental Facilities and Similar Scaling Approaches.

A paper presented by General Atomic, Inc. in October 1992 during the IAEA

Workshop on High Temperature Applications of Nuclear Energy in Japan [16], provides

an overview of the High Temperature Gas-Cooled Reactor project scope and describes
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some of the main features of the power plants. The paper put in evidence the potentiality
of the reactor to be used not only for electricity production but to support industrial
processes such as coal conversion, thanks to the high temperatures of the coolant
reached during normal operation. Preliminary data regarding the reactor thermal power
and the operating coolant temperatures are also available in the paper. The first
comprehensive description of the Gas Turbine-Modular Helium Reactor (GT-MHR, a
design of the gas-cooled reactor where the reactor coolant directly goes to the turbine) is
provided in the conceptual design report prepared by General Atomic in 1996 [10].
Idaho National Laboratory (INL), actively working on the HTGR project, has recently
published detailed reports where important information of the power plant can be found.
A survey of materials research and development conducted by INL on VHTR [17] was
found to be a good source of information for the reactor building and cavity layout.
Figure 8 shows the GT-MHR reactor building, providing an insight of the reactor cavity

and pipeline arrangement.
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The entire reactor confinement structure is under ground level. The reactor vessel
(yellow vessel in Figure 8), is located inside the reactor cavity and connected to the
power conversion vessel (red vessel in the same figure) through an annular duct. The
RCCS (air-cooled design) is also visible in Figure 8. Cooling panels line up the cavity
walls surrounding the reactor vessel. The panels are connected to external chimneys
though which the air is discharged in the atmosphere. Dimensions of the reactor vessel
are shown in Figure 9. As one can see, the reactor vessel is slender with a vertical length
approximately four times larger than the vessel diameter and a corresponding aspect
ratio much larger than the existing Light Water Reactor Vessels. A comparison of the
dimensions of the GT-MHR Reactor Pressure Vessel (RPV), Power Conversion Vessel
(PCV), Pressurized Water Reactor (PWR), and Advances Boiling Water Reactor

(ABWR) vessels is presented in Figure 10.
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More accurate details of the reactor cavity and vessel dimensions were found in
recent publications on VHTGR [18, 19]. Figure 11 shows a schematic representation of
the GT-MHR and provides the main dimensions of the reactor cavity and pressure
vessel. These dimensions were selected for the scaling of the experimental facility that

will be described in Chapter V.
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Although a specific design for the water-cooled RCCS has not yet been selected,

the information collected for the air-cooled design allowed defining the main features of

the RCCS design under consideration. One of the most important characteristics of the

RCCS, in evidence in the reactor cavity cooling system design description [20], is the
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definition of the riser’s layout to account for the penetrations in the cavity walls (reactor
supports, coolant inlet/outlet line, others) as shown in Figure 12. As it shown in the
figure, the reactor cavity is broken up into distinct regions due to the presence of the
vessel supports (white radial shapes in the bottom view), and cross duct penetration.
Approximately ten to fifteen regions of the walls were identified which require
physically distinct riser’s panels. This configuration may allow a more uniform heat

removal from the reactor cavity, minimizing the ‘hot spots” in the cavity walls.
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Figure 12. Typical Reactor Cavity Internals and RCCS Layout
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This configuration may be assumed valid for the water-cooled RCCS, where
risers’ ducts (red blocks in Figure 12, right) are replaced by vertical pipes. The approach
adopted for the design of the cooling system of the High Temperature Engineering Test
Reactor (HTTR) built in Japan [21], has confirmed the necessity of organizing the riser’s
tubes into panels to optimize the heat removal from the cavity. In this particular case,
eighteen vertical pipes were organized into two riser’s panels. Only one of the two
panels was considered in operation, keeping the second circuit for redundancy and
backup heat removal.

A comprehensive feasibility study conducted by Argonne National Laboratory
(ANL) on a heat removal system for the Natural Convection Shutdown Heat Removal
Test Facility (NSTF) [22] provided the guidelines for the scaling procedures to be
adopted for the experimental facility under consideration during the phases of the
experiment (steady-state, transient).

Previous studies [15] and experimental activities conducted on similar facilities
[23], supplied important information on the heat transfer mechanisms in the reactor

cavity that were accounted during the scaling of the experimental facility.
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CHAPTER V

PHASE 2: SCALING APPROACH

The scaling approach was based on the procedure and calculations performed for
other similar experimental facilities [22, 24], and developed and elaborated to
accomplish the desired scope and features of the proposed experimental activity. The
non-dimensional similarity approach was adopted to calculate the main dimensions and
other features of the experimental facility. The following similarity condition will be
used throughout the chapter.

_ ¥(model) ¥
Y(prototype) W

- 1)

p

R

The first similarity condition decided for the experimental facility was the axial
length scaling factor Ig, defined as the ratio between the experimental facility and power
plant characteristic length. As it will be shown in this chapter, this similarity condition
defines the other scaling parameters such as power, heat flux, and coolant velocity. For
this study, the height of the reactor vessel was used as characteristic length. Several
factors were considered when deciding the height of the reactor vessel to be used for the
experimental facility. This includes:

= The space available in the university laboratory. The University Science
Building (USB), where the Thermal-Hydraulic Laboratory of the
Department of Nuclear Engineering is located, was designated as the area

where the experimental facility will be built and operate. The roof
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elevation of the building (approximately 8 m) was taken into account
when defining the total height of the experimental facility.

= Power Installed. As it will be shown in this chapter, the thermal power to
be applied during the phases of the experimental activity is a function of
the length scaling factor Ig. Limitation on the maximum power available
in the designated area was accounted when defining the maximum power
to be installed and, subsequently, the length scaling factor.

= Other Laboratory Capabilities. Since the length scaling factor defines the
main dimensions of the experimental facility, parameters like the total
height and dimensions of the facility and supporting structures, additional
scaffolds, total weight etc. had to be considered when defining the scaling
factor.

The optimal experimental vessel height was calculated to include all the
considerations and limitations previously listed. This dimension was defined to be equal
tolm.

Mocer =1m )

Given the total height of the reactor vessel in the power plant of 23.7 m (as
defined in Chapter V, Figure 11), the axial length similarity condition was determined.

Im

—_— h —_
23.7m

|, =
R h

model

=0.042 (3)
prototype

Another similarity condition was defined by simply writing the energy balance in

the reactor cavity. The total heat transfer through the cavity Qcavity, IS the sum of the heat
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transferred by radiation Q,q, and the heat transferred by convection Qag. Assuming
negligible the heat losses through the cavity walls, the total heat transferred through the
cavity is responsible for the increase in the temperature of the water flowing inside the
RCCS risers Tout - Tin, as stated in the equation below:

Qeavity = Qrad + Quonv = Qrisers = Qo = AU,0,C, (Toe = Tin) 4)

Equation 4 can be re-arranged to define the water temperature rise similarity
condition AT,g, assuming the same properties of the water for the model and prototype.
In addition, assuming the same riser’s flow area for the model and prototype (as it will
be explained and justified below), the temperature rise similarity condition can be

simplified and expressed as follow:

AT, =S _ Qe 5)
U oR A)R U oR

One of the main parameters that will be preserved from the prototype plant is the
temperature rise of the cooling water through the reactor cavity. In other words, a unity
similarity for the condition defined in Equation 5 can be imposed.

The non-dimensional Froude Number, defining the ratio between the kinetic and
potential energy of the fluid [25], also desires a unity similarity relationship, preserving

the ratio of the fluids inertia to the gravitational head.

_Ug A1
gl; Ap

Fr,

R

-1 (6)

The velocity scaling factor can be calculated from Equation 6, and expressed as a

function of the length scaling factor.
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Ug =+/lx 7

Under the conditions defined by Equations 5 and 7, the scaling factor for the

reactor power Qg, can be defined as a function of the velocity scaling factor.
Q=+l ®)

The unity similarity for non-dimensional Richardson Number [26], which in the
thermal convection problems defines the relative importance between of the natural

circulation versus the forced convection, is automatically satisfied.

glR :1

Ri, = 9
tUL

(9)

Table 1 summarizes the scaling factors calculated for the experimental facility.

Table 1. Scaling Factors

Scaling Ratio Description Value
U.r Scaled Reference Velocity gRE-i
tr Scaled Time ERE'E
AT r Scaled Reference Temperature Rise 1
Qr Scaled Thermal Power gRE-f‘
q"r Scaled Thermal Fhx 1207
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As it will be described in the next paragraphs, the experimental facility will
incorporate one of the twenty-five riser’s panels of the prototype plant. The power to be
applied to during the phase of the experimental activity can be calculated using the
power scaling factor (Equation 8), considering only the fraction of the total power

transferred to one panel.

1
Pexperiment = Pprototype \/E ’ 2_5 (10)

The values of the thermal power to be adopted during the phases of the

experimental activity were calculated using Equation 10 and summarized in Table 2.

Table 2. Thermal Power

Operating Condition Prototype | Experiment
Normal Operation (Steady-State) | 0.7 MW | ~6 kW
Accindent 15MW [ ~123KkW
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Important considerations were also made when defining the main features of the
experimental facility, to account for the scaling laws previously defined and preserve
some of the characteristics of the prototype plant. As described above, the temperature
rise of the coolant through the reactor cavity, which controls the buoyancy forces in the
risers, was assumed to be preserved in the scaled facility (ATor = 1). Selected parameters

of the prototype plant were also preserved in the scaled facility.

V.1 Number of Risers

The number of risers was defined based on the panel configuration of the
prototype plant and on the expected flow behavior in the risers and manifolds. As
previously mentioned, the RCCS risers will be organized in panels, each one containing
nine vertical pipes connected to a top (hot) and bottom (cold) manifold. Possible
different geometries for the inlet and outlet connections are under consideration. These
configurations are expected to strongly influence the behavior of the water flow through
the risers and manifolds, and recirculation between adjacent risers may occur. These
reasons suggested the selection of nine risers for the experimental facility which will

represent a full RCCS panel of the prototype plant.
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V.2 Pipes Dimensions

One of the important assumptions applied to the scaling procedure involved the
horizontal dimensions of the facility (radial and azimuthal directions). These
dimensions were preserved in the scaled facility. This includes:

= The riser’s inner diameter which was imposed to be 5.08 cm (2 nominal,
Schedule 40).

= The manifolds inner diameter, assumed to be 10.16 cm (4” nominal,
Schedule 40).

= The pipeline inner diameter, connecting the reactor cavity risers to and

from the water tank, imposed to be 10.16 cm (4” nominal, Schedule 40).

V.3 Materials

Since radiation was confirmed to be the main heat transfer mechanism in the
reactor cavity, one of the most important parameters to be considered in the material
selection is the surface emissivity. In order to preserve this propriety, the reactor vessel
and RCCS panel will be constructed in stainless steel (SS 304) which will be the
material likely selected for the same components in the prototype plant. The same

material was selected for the panel fins, which will be described in the next subsection.
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V.4 Panel Configuration

To enhance the radiation heat transfer to the risers, two different panel
configurations are considered for the prototype plant. The shield configuration consists

of a thin steel sheet welded on the back of the risers’ tubes as indicated in Figure 13.

Shield

Risers

Figure 13. Shield Configuration
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The fin configuration, selected for this experimental activity, consists of thin steel

sheets welded along the sides of each riser, as shown in Figure 14.

Fin

Risers

Figure 14. Fin Configuration (Selected)

In both configurations, the heat radiated from the reactor vessel is collected by
the additional steel sheet and transferred by conduction to the risers’ walls. The
thickness of the fin was assumed to be 2 mm. Another factor which was preserved in the
experimental facility panel is the ratio between the pitch (riser’s center-to-center
distance) and the risers’ inner diameter which was imposed equal to 2. Possible different
ratios may be imposed by simply blocking the risers with different blocking patterns as

shown in Figure 15.
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Figure 15. Pitch Configurations (Top: Selected; Bottom: Alternative)

V.5 Panel-to-Vessel Distance

Figure 16 shows the reactor cavity floor plan of a HTGR with an air-cooled
RCCS. The relative position of the risers’ panels to the reactor vessel is visibly irregular
due to the different shape of the reactor vessel (cylindrical) and cavity (approximately
squared), and the penetrations in the cavity walls. Subsequently, the radiant view factors

between the vessel surface and each riser’s panel may vary. The experimental facility
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will have a special design to account for the different view factors in the cavity, by

changing the distance between the vessel and the panel.

Penetrations Reactor Vessel

Contour

e Risers’ Panels

Figure 16. Reactor Cavity Floor Plan
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V.6 Water Tank Scaling

The water tank selection didn’t follow a rigorous scaling procedure like the one
adopted to define the dimensions and other features of the cavity. This was essentially
due to the availability of a steel water tank donated by the Magnetic Laboratory of Texas
A&M University, located at the University Science Building (USB). The calculations
and additional analysis performed on the existing water tank focused on resolving the
following issues:

1. Evaluating and optimizing the distance between the flow inlet pipe
(coming from the cavity hot manifold), and the tank bottom level. This
would avoid any disturbance of the water jet, in particular during the
transient phase of the experiments, where two-phase flow conditions will
be achieved.

2. Defining and test techniques to be adopted for the installation of two
transparent windows to allow flow visualization in the tank during the
experiments.

3. Select the proper material coating for the inner surfaces of the water tank
to prevent rust under the expected operating conditions.

4. Defining a way to account for the L/D ratio (ratio between the tank height
and inner diameter).

Similar experimental facilities decisions on the tank inlet pipe shape were taken

under consideration when defining the characteristic of the tank water inlet for the
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experimental facility (Item 1. in the bullet list). The pipe inlet (ID = 10.16 cm) was
assumed to penetrate the tank wall from the side and release the flow at the center of the
water tank. A 90° elbow was also considered at the end of the horizontal section to direct
the water flow to the bottom of the tank, toward the water outlet nozzle. An estimation
of the vertical distance between the elbow outlet and the tank bottom level was
performed using Kerney correlation [27] for steam jet penetration length in water.
Conservative conditions were assumed for the pool water temperature (T.,), and steam
flow rate (Go) to estimate the minimum distance of the inlet pipe location at which the
jet would not impinge on the water bottom floor.

The technique and materials adopted to install the windows and to apply the
coating on the tank inner surfaces (Items 2. and 3. in the bullet list respectively), will be
described in detail in the next chapters.

Due to the given dimensions of the water tank, different L/D ratios (ltem 4. in the
bullet list) may be selected during the experiments by changing the water level in the

tank, assuming it will always be located above the water inlet pipe.
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CHAPTER VI

PHASE 3: FACILITY DESIGN AND MATERIALS SELECTION

The main characteristics of the experimental facility that were defined during the

scaling phase are summarized in Table 3.

Table 3. Experimental Facility Design Basic Characteristics

Plant Characteristic Value Unit
Vessel Height 1 m
Cavity Height 1.1 m
Cavity Width 091 m
Vessel to Panel Distance 111 cm
Risers' ID 5.08 cm
Riser's Pitch to ID Ratio 2 -
Fin Thickness 2 mim
Manifolds and Pipeline ID 10.16 cm

The design of the experimental facility was initiated by defining dimensions,
materials, and other required and desired features of the reactor cavity which can be
considered as the main component of the facility. The design was then continued for the

other parts of the facility based on the importance and complexity of the component. The
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design phase can be subdivided into five steps listed below and described in the next
paragraphs.

STEP 1. Reactor Cavity Assembly Design

STEP 2. Water Tank Design and Elevation

STEP 3. Primary Structure and Scaffold Design

STEP 4. Pipeline Design

STEP 5. Secondary Heat Removal System Design

V1.1 Reactor Cavity Assembly Design

The dimensions outer perimeter dimensions of the reactor cavity were already
defined by the scaling laws previously described. The same laws allowed to establish the
final dimensions of the cooling panel, at least for the its heated section, within the
reactor cavity. The main components of the reactor cavity are:

= Reactor Vessel
= RCCS Cooling Panel
= Cavity Walls

=  Manifolds
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VI1.1.1 Reactor Vessel

A preliminary engineering evaluation of the vessel dimensions and shape,
suggested the construction of a flat vessel surface instead of the real cylindrical surface.
This assumption was supported by the fact that the azimuthal section of the cavity under
consideration for this experimental activity is only the one facing one RCCS panel,

which corresponds to

5= 144 (11)
25

Under these conditions, the vessel surface was assumed to be flat. This
assumption drastically simplified the cavity geometry and helped in the selection of the
electric heaters to be placed inside the vessel. The final drawing of the reactor vessel is
displayed in Figure 17 (Front View) and Figure 18 (Back View). The reactor vessel was
conceived as a steel shell, reproducing the upper and lower plena spherical shapes of the
prototype reactor. The current experimental plan does not include analysis of the natural
circulation of the air inside the reactor cavity but the realistic shape of the plena will
allow future research activities to further investigate on this phenomenon [23]. The
electric heater will be placed to fit in the back of the reactor right at the flat region,
which will be the fraction of the vessel surface where most of the heat flux will be
distributed. A support frame will be welded to the outer perimeter of the vessel shell to
facilitate the connection of the vessel to the supporting structure. The material selected

for the vessel is Stainless Steel SS304.
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Upper Plenum

Flat Section

Lower Plenum

Figure 17. Reactor Vessel (Front View)
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Figure 18. Reactor Vessel (Back View)
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VI.1.2 RCCS Cooling Panel

The cooling panel assembly, comprehensive of the nine risers and the fins, is
shown in Figure 19. The risers’ assembly consists of risers and fins which will be
welded on a bottom support plate. This plate will support the panel weight and will
define the reactor cavity floor. As shown in the side view, the risers were subdivided into
three distinct regions:

= The heated section, laying inside the reactor cavity in front of the reactor
vessel

= Two unheated extension sections at the top and bottom of the heated
section, which will be located outside the reactor cavity. These two
sections will be used to connect the risers to the manifolds’ branches.

All the parts included in the cooling panels above mentioned will be in SS304.
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Figure 19. RCCS Panel
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VI.1.3 Cavity Walls

As previously mentioned, all the dimensions of the cavity perimeter and walls
were defined during the scaling phase. The floor of the cavity was incorporated in the
cooling panel to support its weight. All the other walls will be constructed using
insulation panels. This solution helped to:

= Reduce the heat losses through the cavity walls under desired limits
= Perform maintenance inside the cavity by easily remove the panels

The selected of the thermal insulation panels was driven by different factors such
as thermal conductivity and maximum operating temperature, available commercial size
of the panels, maximum mechanical stress, and cost. Two different thermal insulation
materials were selected as described below.

Microtherm ® Boards. These panels provide stable thermal performances for

continuous exposure up to 1000 °C, excellent machineability, and very low thermal
conductivity (0.0252 W/m K at 500 °C). The standard panel size is 27000 mm x 550 mm
with thickness varying from 15 up to 50 mm. This material was selected to build the
main cavity walls, including the ceiling, the lateral walls, the back wall cooling panel
side), and the vessel side wall.

Fiberglass Mats. Different types of mats are available in the market with a wide

range of thermal conductivities, densities, and cost. Two different types were selected
for the reactor cavity insulation. The thermal conductivity for both types is

approximately 0.6 W/m K but they have different flexibilities. The mat with the highest

54



flexibility was selected to fill the gaps between the microtherm panels. The one with the
lowest flexibility was selected to build additional layers of insulation on top of the

Microtherm panels if it will become necessary.

VI1.1.4 Manifolds

Even if the manifolds are not installed inside the cavity, they are integral part of
the cavity assembly, being connected directly to the riser’s panel. Particular interest
would be dedicated on the study of the flow behavior inside the risers and the manifolds.
This suggested the use of a transparent material to allow flow visualization in the
horizontal section and in through the branches (risers’ extensions). There are different
materials that may be selected for this scope. Due to the temperature expected during the
operation of the facility (cooling water may reach saturation during the transient phase of
the experiments), and to the axial thermal conduction from the heated section to the
risers’ extensions, the selection was limited to polycarbonate and glass tubes.

The final drawing of the manifolds is shown in Figure 20. The manifolds were
conceived to allow different flow configurations. Three inlets were included in the
design:

= One centered inlet at top of the manifold, facing the fifth riser, for a
symmetrical flow configuration.
= Two lateral inlets, located at the edges of the manifold, to allow

asymmetrical flow configurations.
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These additional desired features required special mechanical properties of the

material to be selected.

Figure 20. Manifold

The polycarbonate tubes can be purchased with different inner diameters and
piping for the manifolds and branches (10.18 cm and 5.08 cm ID respectively) are
available. Two main limiting issues were identified when considering this material:

= Welding, required to connect the nine branches to the manifold.
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= Beads, necessary to connect the end caps to inlets to be closed during
operation.

These issues were considered as “show stoppers” for the selection of the
polycarbonate pipes.

High temperature glass (Pyrex) tubing was considered to be the best choice for to
build the manifold, and include all the desired features described above. The limiting
issues identified for this material are related to its thermal expansion (to be accounted
when connecting the glass manifold with the stainless steel risers), and its fragility.
These limitations were considered during the installation of the manifolds and the

connection with the cooling panel.

V1.2 Water Tank Design and Elevation

The desired features to be included in the available water tank are listed in the
following bullets.
= Two transparent windows (placed at 90°) to be used for flow visualization
(one to be used for the visualization and one as source of illumination).
= Lateral inlet for the main cooling water from the cavity (10.16 cm ID)
located at a given distance from the bottom, as specified in Chapter V.
The inlet should end with a 90 ° downward elbow at the center of the

tank, as described in Chapter V.
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= Bottom outlet (10.16 cm ID) to be connected to the downcomer (pipe
connecting the water tank to the cavity inlet.
= Venting line, located at the top of the tank.

= Additional inlet/outlet ports for the secondary system coolant flow.

The final drawing of the water tank is shown in Figure 21.
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Figure 21. Water Tank
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The main characteristics of the tank are summarized in Table 4

Table 4. Tank Characteristics

Characteristic Value | Unit
Inner Diameter 62.23 | cm
Total Height (Top to Bottom) | 182.9 | cm
Total Capacity 0.556 | m"
Empty Weight (approximate) 227 | kg
Total Weight (including water) | 783 | kg

The final elevation of the tank was defined by scaling the elevation of the tanks
of the prototype plant. The elevation of the bottom of the tank was found to be 5.63 m
from the floor. This value will define the axial dimensions of the supporting structure

and scaffolds.
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V1.3 Primary Structure and Scaffold Design.

Two main structures were identified and designed for the experimental facility:
= The main structure to support the components of the facility, including
the reactor cavity, the water tank, the pipelines, and the water.
= The scaffold, conceived to allow people to safely access the different

components of the facility, located at different elevations.

VI.3.1 Primary Structure

Due to its modularity, relatively easy installation procedure, and cost, the
Interlake ® pallet rack was selected as the primary structure of the experimental facility.
The selection of the model was performed considering the weight of the components

(primarily cavity and tank with water), their elevation from the floor. Conservative

safety factors were applied.

V1.3.2 Scaffold

An additional scaffold became necessary to provide:
= Access of the different components of the facility during shutdown and
normal operation. In particular, cavity and manifolds, pipelines, and water

tank need to be accessible for maintenance, instrumentation installation
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and verification (including cameras and other devices used for flow
visualization), and operation (air venting, monitoring, etc.).

= Stability of the experimental facility during each phase of the activity
(including two-phase and vapor generation).

Due to the dimensions and the desired location of the levels, a customized
scaffold had to be design and built using steel square tubing. The size of the tubing was
estimated by performing static stress calculations on the structure, assuming
conservative concentrated loads at different locations of the structure. Analysis for the
selection of anchors and bolts to be used to fix the scaffold to the floor were also
performed.

The final drawings and dimensions of the scaffold are shown in Figure 22. Three
elevations can be identified in the figure.

Elevation 0. This is the ground floor where most of the instrumentation control
and operation will be conducted. The bottom manifold and the cavity (including electric
heaters and risers) can be accessed from this elevation.

Elevation 1. Located at 2.89m from the floor, this elevation allows the access to
the top manifold, top cavity, vertical pipeline (connecting the cavity to the tank and vice
versa), and the bottom exit of the water tank.

Elevation 2. This elevation was defined to be located at 5.63 m from the floor,

providing access to the water tank and all highest elevation pipelines.
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Elevation 2

Elevation 1

Elevation 0

Figure 22. Scaffold and Elevations
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V1.4 Pipeline Design
The materials selected for the pipeline connecting the bottom and top manifolds
to the water tank were chosen to allow:

= Flow visualization along the pipeline (downcomer, tank inlet).

Instrumentation installation (flowmeters, thermocouple probes).

Easy connection between sections.

Safe operation at the saturation temperature and atmospheric pressure
(plus gravitational head).

Polycarbonate was selected for the transparent sections. Stainless steel was
selected for the other sections of the pipeline.
An overview of the facility with the final layout of the pipeline is depicted in Figure

23. The main components are marked with a number. The legend for Figure 23 is
reported on

Table 5, where other information is displayed.
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Figure 23. Experimental Facility Overview.

65



Table 5. Legend of Figure 7.

Component #| Component Description Material | Accessibility
1 Risers' Panel 55304 Elevation 0
2 Bottom Manifold Glass Elevation 0
3 Top Manifold Glass Elevation 0-1
4 Water Tank Steel Elevation 2
5 Downcomer Polycarbonate| Elevation 0-1
5 Reactor Vessel 55304 Elevation 0
5 Upward Pipeline Polycarbonate| Elevation 1-2
5 Flowmeter - Elevation 0

V1.5 Secondary Heat Removal System Design

The secondary heat removal system is required to remove the power supplied to
the water in the cavity and reach the steady-state conditions at the desired temperature.
Due to the unavailability of a source of cold water in the laboratory, two alternative
solutions were evaluated:

= |nstall a heat exchanger using an AC unit as ultimate heat removal sink.
= |nstall a heat exchanger using a ice bath as ultimate heat removal sink.

The second solution was considered to be convenient to avoid discharging the
thermal power removed from the system to the environment (causing excessive overheat
of the laboratory which may interfere with other experiments), and reduce the total cost.

A simplified scheme of the designed heat removal system is depicted in Figure 24.
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Figure 24. Secondary Heat Removal System Schematic.

The system consists of the following components:
= An ice container (secondary side of the heat exchanger).
= A copper coil through which the primary water to be cooled flows.
=  Avariable speed pump.
= Pipelines from and to the water tank.
Water is withdrawn from the outlet port located at the bottom of the water tank.
The water flows through the copper coil (which is submerged into a container where the
heat is released to the melting ice. The water is pumped back to the tank and injected

from the inlet port located at the top to allow uniform mixing.
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CHAPTER VII

PHASE 4: RELAP5-3D MODEL PREPARATION AND PRELIMINARY ANALYSIS

The RELAPS code has been developed for best-estimate transient simulation of
LWR coolant systems during postulated accidents. RELAP5-3D [28] is a successor to
the RELAP5/MOD3 code that was developed for the Nuclear Regulatory Commission.
The code extensions in RELAP5-3D are sponsored by the Department of Energy, Office
of Fusion Energy Sciences, Savannah River Laboratory, Bettis Atomic Power
Laboratory, the International RELAP5 Users Group (IRUG), and the Laboratory
Directed Research and Development Program at the Idaho National Laboratory (INL).
RELAPS analyzes the thermal-hydraulic behavior of light-water systems. It was
originally designed to analyze complex thermal-hydraulic interactions that occur during
postulated large or small break LOCAs in PWRs. However, as development continued,
the code was expanded to include many of the transient scenarios that might occur in
thermal hydraulic systems. Thus, the code has been successfully used to analyze not only
large and small break LOCAs but operational transients in PWRs and various transients
in experimental and production reactors and reactor simulators.

RELAP5-3D is one of the systems codes selected for the analysis of steady-state
and transients required for the Generation IV nuclear power plants design, including the
HTGR [29]. While other system codes (such as MELCOR) have been selected by other
participating Universities, the selection of the RELAP5-3D for this project has been

driven by different factors:
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= The system code has been largely used for analysis of water systems,
including systems where natural circulation phenomena occur.

= Consolidated partnership with Idaho National Laboratory (INL) where
RELAPS was designed and still maintained. This may help facilitating the
resolution of possible technical issues with the code.

= The computer code is currently available at the Nuclear Engineering
Department.

A RELAP5-3D model of the experimental facility was prepared in order to:

= Conduct preliminary analysis of the behavior of the coolant.

= Identify important thermal-hydraulic phenomena that could be observed
during the experimental phase and that may require special experimental
configurations or instrumentation.

= Select proper instrumentation and define/optimize the instrumentation
layout.

= Prepare the base for the final model to be used for the final simulations
that will be compared with the experimental results.

Another RELAP5-3D model of the full power plant RCCS design was also
prepared and used in conjunction with the previous model to validate the steady-state
scaling laws described in Chapter V.

A detailed description of the models and assumptions, and preliminary

simulation results are presented in the next paragraphs.
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VI1.1 RELAP5-3D Nodalization

Two different versions were assumed to prepare the RELAP5-3D models of the
RCCS experimental facility:

1. Symmetric version, where the inlet and outlet of the coolant in the bottom and
top manifolds were assumed to be at the center of the manifold. This version was
originally considered to be the final configuration to be applied to the
experimental facility. Other inputs received in a later phase of the analysis
suggested the asymmetric version as the final configuration for the experimental
facility.

2. Asymmetric version, where coolant inlet and outlet in the manifolds are located
on the side of the collectors (bottom left and top right respectively).

Figure 25 shows the nodalization diagram for these configurations.
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Figure 25. RELAP5-3D Nodalization Diagrams (A: Symmetric Version; B:
Asymmetric Version)

The nodalization diagrams for the two configurations are essentially very similar
and share the following features:
= The risers were simulated with nine independent vertical pipe
components (201-209). Five subvolumes were defined in each pipe, one

at the center, thermally connected to the cavity with heat structures, and
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four (two at the top and two at the bottom) to simulate the portion of the
risers outside the reactor cavity (with no heat structures).
= The front cavity (space between the reactor vessel and the risers’ panel)
and the back cavity (area between the risers’ panel and the cavity walls)
were simulated with two single volumes (100 and 400 respectively).
= The upper and lower manifolds were simulated with horizontal pipe
components with fifteen subvolumes each (225 and 255 respectively). A
sensitivity study was conducted to identify possible recirculation between
adjacent pipes using a different nodalization for the upper manifold.
= Components 201-9 were connected to the manifolds 225 and 255 using
multiple cross junctions.
= The water tank is simulated using a single volume (300). A sensitivity
analysis on the water tank nodalization (using pipe component and multi-
dimensional component was also performed and described in the
following paragraphs).
The pressure boundary was imposed by connecting the top of the single volume
300 to a time-dependent volume where atmospheric pressure and temperature were
specified. The same time-dependent volume was used to impose the boundary condition

to the environment, to account for the cavity, pipes, and tank heat losses.
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VI1.1.1 Heat Structures

Several heat structures were defined in the input deck to account for the complex
heat transfer mechanisms expected in the cavity and for the heat losses between the

experimental facility and the environment through walls and thermal insulation.

VI11.1.2 Pipelines and Tank

Heat structures were defined to account for the thermal losses of the pipelines
and tank. The left boundary of the heat structures was connected to the hydrodynamic
components modeling the pipeline between the cavity and the water tank. The right

boundary was connected to the single volume simulating the environment.

VI1.1.3 Reactor Cavity

The organization of the heat structures in the reactor cavity required assumptions
and additional calculations due to the complexity of the geometry, the combined heat
transfer mechanisms expected to occur during the experiments, and some known
constraints of the RELAP5-3D code when modeling radiation and conduction within the
same heat structures. Figure 26 (left) shows a top view of the experimental cavity.
Heating panel, front and back cavity (components 100 and 400), standing pipes and fin

can be easily recognized in the picture.
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Figure 26. Cavity Nodalization and Heat Structures Arrangement.

Since nine independent pipe components were used to simulate the risers, the
front wall of the pipes and the fin (exposed to radiation and convection heat transfer)
were modeled using nine independent heat structures, each accounting for the front half
of the pipe wall and two halves of the fin (left and right side of the pipe), as shown in
Figure 26 (right). A summary of the heat transfer mechanisms between the vessel and

the risers and the single parts of the heat structures involved is shown in Figure 27.
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Figure 27. Heat Transfer Mechanisms in the Cavity
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Heat is transferred from the reactor vessel (dark block at the bottom of the
diagram in Figure 27) to pipes and fins by radiation and by natural convection of air
through the front cavity. The heat transferred to the fins is then transferred by conduction
to the pipes wall and, eventually by convection to the water flowing inside the pipes. The
heat structures defined in RELAP5-3D can be grouped into radiation or conduction
enclosures to simulate the radiation and conduction between heat structures. Since heat
structures in RELAP5-3D cannot be specified in more than one enclosure, specific
assumptions were necessary in order to overcome the code limitation and guarantee an
accurate modeling of the cavity heat transfer mechanisms. Previous publications [15]
and experimental work conducted in similar RCCS facilities [23], have shown that
radiation is the predominant heat transfer mechanism in the reactor cavity, carrying
almost 80% of the total heat transferred to the risers panels. For this reason the radiation
enclosure was preferred and defined in the input deck to account for the radiation heat
transfer between the heat structure simulating the reactor vessel (HS 101), and the heat
structures simulating the risers front pips and fins (HS 201-9). Even if conduction
between the fins and pipes was not simulated, the total energy balance within each the
heat structure will be preserved. Since only one volume can be connected to each axial
node of one heat structure, the left side of the heat structures 201-9 was connected only
to the pipe components 201-9. Subsequently, convection heat transfer between the fins
to the back cavity was ignored. Due to the small dimension of the back cavity and to the
expected low temperature of the back side of the pipe walls and fin, this approximation

was considered acceptable. Radiation to the back cavity was also neglected. Convection
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between the pipe back wall and the back cavity was instead taken into account in the
model. The heat generation in the reactor vessel (HS 101) was simulated by imposing a
constant heat flux as boundary condition at the left boundary of the mentioned heat
structure. A convective boundary was defined on the right side of the same heat
structure. As also shown in Figure 26, a dedicated heat structure was defined to account
for the heat losses by convection to the environment through the cavity walls. Table 6
shows a list of all the cavity heat structures defined in the model with the heat transfer
mechanisms simulated. Coolant temperatures and pressure initial conditions were
assumed to be the same of the one applied in the full plant simulations during accident
scenario (Depressurized Conduction Cooldown, DCC). Subcooled liquid water at
307.725 K and atmospheric pressure was imposed as initial condition in any
hydrodynamic component of the water loop while air at 333.15 K and atmospheric
pressure was assumed to occupy the single volumes simulating front and back cavities.
Liquid water at 296.5 K was assumed to occupy 80% of the total volume of the tank. An
imposed heat flux of 1.96 104 W/m2 was imposed to the left boundary condition of the
heat structures of the vessel (HS100 series). Such as heat flux was calculated during the
scaling procedure of the RCCS facility resulting from the full plant total heat produced
during accident scenario of 1.5MW. The dimensions of each component and heat
structures reproduced the real dimensions of the experimental facility. Realistic material
properties (thermal conductivity and heat capacity) of stainless steel and thermal

insulation were specified in the input file.
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Table 6. Cavity Heat Structures Summary

HS # Component Convection| Radiation
101 Vessel
115 Cavity Walls

2010-2090| Pipe/Fin Front Walls
2011-2091| Pipes Back Walls

VI11.1.4 Radiation View Factors

The radiation view factors required as input parameters for the radiation
enclosures defined in the RELAP5-3D input deck were calculated using NEVADA™,

Nevada [30] is a computer code, based on Monte Carlo method [31] largely used
for radiation analysis. The software allows the user to create the model by drawing the
surfaces and imposing the direction of the surface normal vectors. Figure 28 presents the
geometry created with Nevada. All the dimensions and relative radial and vertical
position of vessel, pipes and fin were taken from the drawing of the facility. As required
for any Monte Carlo calculations, the number of “rays” (histories) had to be selected and
optimized in order to achieve an acceptable standard deviation with the shortest

computational time.
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Figure 28. NEVADA Input Geometry
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The following table summarizes the final calculation results as they were applied
in the RELAP5-3D input deck. The number of rays used for the simulation was 10° and
the maximum standard deviation achieved in the view factor calculations was 0.07. The

emissivity of the surfaces of vessel and pipes was imposed equal to 0.8 [32, 33].
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Table 7. Radiation View Factors

Vessel Pipe/Fin 1| Pipe/Fin2 |Pipe/Fin3| Pipe/Fin4 [Pipe/Fin5| Pipe/Fin6 |Pipe/Fin7| Pipe/Fin 8 |Pipe/Fin 9| Cavity Walls

Vessel 0 0.085056 | 0.106983 0.109572 0.109981 | 0.110126 | 0.109981 0.109572 0.106983 0.085056 0.06669
Pipe/Fin 1 | 0.362298801| 0.116379 0.066142 0 0 0 0 0 0 0 0.455153
Pipe/Fin 2 | 0.455697571| 0.066142 0.116379 0.066142 0 0 0 0 0 0 0.295739
Pipe/Fin 3 | 0.466725501 0 0.066142 0.116379 0.066142 0 0 0 0 0 0.284561
Pipe/Fin4 | 0.46846765 0 0 0.066142 0.116379 | 0.066142 0 0 0 0 0.282655
Pipe/Fin5 | 0.469085282 0 0 0 0.066142 | 0.116379 | 0.066142 0 0 0 0.282279
Pipe/Fin 6 | 0.46846765 0 0 0 0 0.066142 | 0.116379 0.066142 0 0 0.282655
Pipe/Fin 7 | 0.466725501 0 0 0 0 0 0.066142 0.116379 0.066142 0 0.284561
Pipe/Fin 8 | 0.455697571 0 0 0 0 0 0 0.066142 0.116379 | 0.066142 0.295739
Pipe/Fin 9 | 0.362298801 0 0 0 0 0 0 0 0.066142 0.116379 | 0.455153

Cavity Walls| 0.088695504 | 0.1421138 | 0.092339506 | 0.0888494 | 0.088254248 | 0.088137 | 0.088254248 | 0.0888494 | 0.092339506 | 0.1421138 0
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VI 1.5 Risers’ Heat Structures Settings

Figure 29 helps identifying the process followed to define the characteristics of

the heat structures simulating the combined risers’ front walls and fins.

VOL 201-9

, [ Heat Structure 2011-91
' ! Pipe Back Wall
i : Heat Structure 2010-90
I 1 Pipe Front Wall + Fin

|

1

Heat Structure 101
Vessel

HS 2010-2090

Real Geometry
VOL 100

Relap5s

Figure 29. Risers' Heat Structure Definition

Cylindrical geometry was specified for the heat structure representing the pipe
front walls and fins. Left and right radii are required in the geometry cards of each heat
structure. In order to use the view factors as calculated and preserve the reciprocity rules,
the right boundary radius was initially calculated in order to satisfy the following

condition:

27Z.rright L = Alvall,out (12)
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where ryignt IS the equivalent radius of the right boundary surface (in contact with the
front cavity, volume 100) and L is the axial length of the wall. The left radius was then
calculated:

t

Meit = rright -

wall (13)

In Equation 1, tyay is the thickness of the wall.

Based on the way the inner and outer radii were defined, the right boundary
surface area of the heat structure is equal to the real surface area of the riser/fin section.
This is a required condition for the radiation enclosure, where the view factors
(calculated using the real surface area of the pipes and fins) were defined. On the other
hand, the left boundary surface area will be overestimated. As described above, the walls
of each riser was modeled with two heat structures each one accounting for half of the
total pipe wall. A correction in the heat transfer coefficient was found to be necessary to
account for the difference between the area defined in the RELAPS input deck and the
real heat transfer area between pipe half wall and coolant. This was done using the

Fouling factor (F) in the additional left boundary conditions card. The factor was set up

as follows:

F — A\Nall,in
A?elap

(14)

where Ayain is the real surface area, and Arelqp is the left boundary surface area defined

in the RELAPS5 heat structure geometry cards.
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VI11.2 Steady-State Scaling Laws Confirmation

Minor modifications to the input model described in the previous paragraph were
adopted in order to reach the steady-state conditions. This includes an additional heat
structure attached to the component 300 to remove the heat from the coolant. Different
methods can be used to validate the scaling laws previously described. The approach

used during the design process is summarized in the following diagram.
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Figure 30. Scaling Validation Method - Flow Chart

A Steady-State (S-S) calculation of the full power plant was performed and the
temperature of the coolant at the inlet and outlet of the heated section of the risers was
read. Then, the S-S calculation of the scaled facility model was conducted and the values
of the temperatures at the corresponding locations were compared with full power plant
S-S calculation results. During the first run, a discrepancy between the two sets of

temperatures was found so the scaled facility calculation was repeated by adjusting the
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total mass flow rate until the set of temperatures at the defined locations matched the
once for the full plant simulation. This was done by changing the form loss coefficient K
of some of the junctions of the model (corresponding to elbows or change in flow area in
the real facility). In this approach, the coolant temperature rise in the cavity was assumed
as figure of merit. As mentioned in Chapter V, the coolant cavity temperature rise must
be preserved.

The same approach was repeated for different values of the total power in the
reactor vessel of the full scale plant while the power of the scaled model was changed
according to the defined scaling factor for the thermal power. Table 3 summarizes the
results obtained with the design steady-state RCCS thermal power (0.7MW) and the

expected value during DCC (1.5MW). An additional case at 2MW was also considered.

Table 8. Steady-State Risers Inlet/Outlet Temperatures Summary

0.7MW 1.5MW 2MW
Tin Tout Tin Tout Tin Tout
Full 295 306 2036 K 311 8K 229K 314 TK
Scaled 204 3052 2036 K 311 K 203 4 3144 K

85



The simulation results for the steady-state phase confirmed the validity of the
scaling approach described in Chapter V, and highlighted the importance of the flow
control in the experimental facility to match the coolant temperature rise through the
cavity at the scaled power. This may be performed by placing an orifice plate (to
produce a fixed pressure drop) or a valve (to produce an adjustable pressure drop by

changing the opening position of the valve) in selected locations of the pipeline.

VI11.3 Transient Simulations

The simulation of a hypothetical accident scenario was conducted to perform a
preliminary estimation of the experimental facility response during the transient phase of
the experimental activity, to observe the overall time behavior of the system, have a
preliminary estimation of the heat removal capabilities, and follows the expected flow
regimes especially in the nine risers and manifolds.

Coolant temperatures and pressure initial conditions were assumed to be the
same of the one applied in the full plant simulations during accident scenario
(Depressurized Conduction Cooldown, DCC). Subcooled liquid water at 307.725 K and
atmospheric pressure was imposed as initial condition in the hydrodynamic components
of the water loop. Air at 333.15 K and atmospheric pressure was assumed to occupy the
single volumes simulating the front and back cavities. Liquid water at 296.5 K was
assumed to occupy 80% of the total volume of the tank. An imposed heat flux of 1.96

104 W/m2 was imposed to the left boundary condition of the heat structures of the vessel
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(HS100 series). Such as heat flux was scaled down from the expected power to be
removed from the cavity in the full plant during a hypothetical accident (1.5MW).

For the purpose of these calculations, the tank was simulated using a pipe

component with ten subvolumes, as shown in Figure 31.

Tank (Pipe 300)

10 M
1.6379m
Jet
02 0.573m
01 WON

Figure 31. Tank nodalization for Transient Analysis
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The jet was connected to the side of the subvolume 4 (cross junction) to
reproduce the real geometry of the tank inlet. The tank outlet (not shown in the figure)
was simulated with a single junction connected at the bottom of the subvolume 1).
Another single junction was connected to the top of the subvolume 10 to simulate the

discharge of vapor to the environment.

VI1.3.1 Simulation Results: System Time Response

The overall time response of the system was observed to be driven by void

fraction evolution in the tank. Figure 32 shows the void fraction in the subvolumes of the

tank as a function time.
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Five main time domains can be observed in Figure 32:
From t = Os to t = ~9000s: The water in the system is subcooled but the temperature
rises. This produced a decrease of the coolant density and, subsequently, and increase of
the liquid volume in the tank (initially at the top of the subvolume 8. The void fraction in
the subvolume 9 starts decreasing until vapor is generated at the liquid surface and
discharged into the environment. The subvolume 10 (initially full of vapor, voidg = 1)
may see liquid entrainment when the evaporation rate increase (at saturation) at the end
of this time domain.
From t = ~9000s to t = ~24000s: The coolant has now reached the saturation
temperature. The void fraction of the mixture increases to 1 starting from the top
subvolumes. At the end of the period all the volumes above the jet are empty while the
void fraction of the subvolume 4 where the jet is located, starts increasing at an higher
rate.
From t = ~24000s to t = ~27500s: Void fraction of the subvolume 4 increases to 1 while
a small increase in the void fraction of the volumes below the jet (1,2 and 3) is predicted.
At the end of the period, volume 4 is totally empty (voidg = 1).
From t = ~27500s to t = ~48000s: Water in the subvolumes below the jet starts
evaporating. At the end of the period the tank is totally empty. Transient is terminated at

t=60024s when all the liquid in the facility is evaporated.
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VI1.3.2 Simulation Results: Flow Regimes

For the same time domains described in the previous paragraph, the flow regimes
in selected regions of the facility were extracted. Table 9 shows the prediction of the
flow regimes in the risers’ tubes (pipe components 201-9, subvolumes 1-5). The flow
regime in other selected regions of the facility (such as manifolds and tank) is shown in

Table 10.
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Table 9. Flow Regimes in the Risers.

o Tirne Interval
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Table 10. Flow Regimes in other Components.

Time Interval

Component
0 - 9000 | 9000 - 24000 | 24000 - 27500| 27500 - 48000 | 48000 - 60024
Top Manifold BBY BBY/HST BBY BBY/HST HST/MPR
Bottom Manifold BBY BBY BBY BBY/HST BBY/HST
30001 BBY BBY BBY BBY/VST MPR
30002 BBY BBY BBY BBY/VST MPR
30003 BBY BBY BBY BBY/VST MPR
30004 BBY BBY/SLG VST ANM/MPR MPR
= 30005 BBY |BBY/SLG/VST MPR MPR MPR
- 30006 BBY |BBY/SLG/VST MPR MPR MPR
30007 BBY VST/MPR MPR MPR MPR
30008 BBY VST/MPR MPR MPR MPR
30009 VST VST/MPR MPR MPR MPR
30010 MPR MPR MPR MPR MPR

V11.3.3 Simulation Results: Flow Rate and Two-Phase Flow Oscillations

The main coolant mass flow rate calculated at the bottom of the downcomer
(junction 24002) is plotted in Figure 33. The flow behavior was found to be the water
and flow conditions (saturation / two-phase) and the void fraction in the tank. When the
water is subcooled, the flow in the downcomer is stable, slightly increasing with the time
due to the increase in the temperature difference through the cavity. When some void is
produced in the tank, small flow oscillations were observed. These oscillations became

larger when the coolant reached the saturation temperature in the tank. A flow inversion
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[34] was predicted when void in the tank inlet (subvolume 4) started increasing. This
inversion dominated the time domain up to the time when the tank inlet was completely
emptied. Larger oscillations were predicted when the tank was empty due to the large

amount of vapor produced in the cavity.
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Figure 33. Coolant Mass Flow Rate.
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A close view of the flow rate throughout the transient revealed a periodicity of
the flow oscillations. The period of the flow oscillations was found to change during the

time domains, as shown in Figure 34.
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Figure 34. Mass Flow Oscillations.

The period of the oscillations was found to be orders of magnitude larger than the
simulation time step (102 seconds versus 10 seconds). Consequently, numerical
instability can be ruled out as the cause of the oscillations [35]. Similar oscillations were
predicted for other thermal-hydraulic parameters such as water temperature (Figure 35,

Figure 36).
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It has to be remarked that the oscillations predicted by the RELAP5-3D
simulations were not confirmed by any experimental results in this study. Experiments
conducted in the two-phase flow region in similar experimental facilities [36] have
shown an oscillatory behavior of the flow rate. Nevertheless, the period of these

oscillations and the time of occurrence was not compared.
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Figure 35. Water Temperature (Central Pipe, Heated Section, Volume 20503).
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Figure 36. Temperature Oscillations (Central Pipe, Heated Section, Volume 20503).

VI1.3.4 Simulation Results: Cavity Energy Balance

The cavity energy balance was verified by reading the heat flux prediction at the
heat structures of risers, vessel, and cavity walls. Table 11 shows the simulation results
in terms of fraction of the energy transferred through the reactor cavity by radiation and

convection as a percentage of the total energy produced in the vessel. In the same table,
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the total heat loss from the cavity due to convection and radiation is shown. The
estimation of the radiation heat transfer fraction (~85%) was found to be in agreement
with the expectations.

Table 11. Cavity Energy Balance.

Power [W] %
Total Power 12509.7 100.0
Convection to Pipes/Fin| 1352.80 10.81
Radiation to Pipes/Fin | 10593.98 84.69
Losses (rad + conv) 562.92 4.50

VI11.4 Sensitivity Analysis

Sensitivity analysis was conducted to study the behavior of the RELAP5-3D
model and optimize the conditions (nodalization) to be applied when simulating specific
thermal-hydraulic phenomena. The activity was conducted in three steps:

= Sensitivity analysis of the water tank nodalization
= Sensitivity analysis of the top manifold nodalization

= Sensitivity analysis of the tank water level
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VI1.4.1 Sensitivity Analysis of the Water Tank Nodalization

As mentioned in the previous paragraphs, for the steady-state simulations, the
tank was modeled using a single volume component. This set of simulations was
conducted in order to verify the sensitivity of the RELAP5-3D model to the nodalization
adopted for the water tank component [37]. Three different nodalizations were adopted
for the water tank using:

1. Asingle volume
2. A pipe component
3. A multi-dimensional cylindrical component

When using the multidimensional component, both three-dimensional
momentum equation (option O for the three-dimensional flag) and normal one-
dimensional momentum equation (option 1 for the three-dimensional flag) were verified.
The thermal-hydraulic parameters selected for this sensitivity study were:

= Primary coolant mass flow rate (Figure 37)
= Secondary coolant mass flow rate (Figure 38)

= Primary coolant temperature (Figure 39)
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Figure 37. Primary Coolant Mass Flow Rate.
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Figure 38. Secondary Coolant Mass Flow Rate.
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Figure 39. Primary Coolant Temperature (Cavity Outlet).

Table 12 summarizes the results obtained. As it can be observed, the parameters

are insensitive to the nodalization adopted for the water tank.
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Table 12. Water Tank Nodalization Sensitivity - Summary.

Single Volume| Pipe |3D (Option 0)|3D (Option 1)
Secondary Mass Flow Rate [kg/s] 0.18 0.18 0.19 0.19
Primary Mass Flow Rate [kg/s] 0.92 0.94 0.95 0.95
Cavity Outlet Temperature [K] 297.3 297.3 297.0 297.2

VI11.4.2 Sensitivity Analysis of the Top Manifold Nodalization

A sensitivity analysis was conducted in order to verify whether recirculation of

water between adjacent risers could be predicted by the system code. Recirculation was

not predicted with the original nodalization described in the previous paragraphs. A

different nodalization of the top manifold (originally modeled with a horizontal pipe)

was considered. The following results were obtained by modeling the top manifold with

three horizontal pipes connected by cross junctions as shown in Figure 40. The analysis

was conducted assuming the original symmetric configuration, where inlet and outlet

were located at the center of the manifolds.
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Figure 40. New Top Manifold Nodalization.

This configuration allowed a better simulation of the liquid stratification in the
top manifold. The mass flow rate through the risers 1 to 9 with this new configuration is
shown Figure 41 together with the collapsed liquid level in the top manifold. The
direction of the flow rate in the risers was found to be related to the liquid level in the
manifold. In particular, recirculation was found to occur when the liquid level dropped
below 1 (top of the manifold). In Figure 41, recirculation can be assumed to occur when
the mass flow rate of two adjacent risers has opposite sign (positive=upwards,

negative=downwards) [38].
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Figure 41. Risers' Flow Rate and Manifold Collapsed Liquid Level.

Figure 42 shows selected snapshots of the flow direction at different time intervals of the

transient.
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VI1.4.3 Water Tank Liquid Level Sensitivity Analysis

This analysis was conducted to study the system time response during the
transient phase (accident conditions) under different initial water level in the tank. The
simulations were conducted assuming the same configuration of the tank inlet
(connected at the subvolume 04 of the pipe component 300 in Figure 43), simulating the
water tank, changing the initial liquid level in the tank (at the top of subvolume 04, 05,

06, and 07).

Tank (Pipe 300)

10 M

- 1.6379m

Jet 0

02 0.573m

Figure 43. Water Tank Nodalization and Initial Liquid Levels.
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The collapsed liquid level in the water tank for the four cases is plotted in Figure
44. The liquid level was found to increase during the first period of the simulation
(single phase) due to the decrease of the water density and, subsequently, thermal
expansion. Oscillations were found to occur when the liquid level reached the jet

elevation, for all the four cases.
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Figure 44. Water Tank Collapsed Liquid Level.
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The system time response as a function of the initial water mass and water level
is depicted in Figure 45 and Figure 46. In particular, Figure 45 shows the time required
for the liquid level to drop to the jet location, and Figure 46 shows the time required to

empty the tank.
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Figure 45. Time to Liquid Level at the Jet Elevation.
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CHAPTER VIII
PHASE 5: FACILITY DESIGN COMPLETION, VENDOR SELECTION, AND

CONSTRUCTION

The design of the experimental facility and the selection process of the materials
to be used were driven by:
= The scaling results, which provided the main dimensions and materials of
the reactor cavity, water tank capacity, and piping size;
= The preliminary steady-state and transient RELAP5-3D simulations,
which helped to identify possible phenomena occurring in specific
regions of the facility, including risers and manifolds.

The main features of each section of the experimental facility, including final
dimensions, materials, and other fabrication requirements are described in the following
paragraphs. The following facility regions will be discussed:

= Reactor Cavity, including risers’ panel, vessel, and heaters.

= Manifolds

=  Water Tank

= Pipeline and Pipe Connections

= Structures, including main structure, scaffolds, and supporting structures.
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VI11.1 Reactor Cavity

The final dimensions of the reactor cavity were mainly defined by the scaling
procedure described in Chapter V. The main components fabricated for the reactor
cavity are:

= The risers’ panel, including the bottom and top cavity plates.
= The Reactor Vessel, where the electric heaters will be installed.

= The electric heaters.

VIII 1.1 Risers’ Panel

Figure 47 shows the final drawing of the risers’ panel, as submitted to the steel

shop for fabrication.
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Figure 47. Risers' Panel Drawing and Specifications.
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The active length (the portion of the risers exposed to the heat flux) of the risers
was fixed to 1.1 m. The risers were extended outside the cavity top and bottom
boundaries by 6 cm to allow the connection with the manifolds. Two plates were
included in the panel design. The bottom plate will be welded to the risers and will be
used to anchor the panel to the structure and to support the panel. The top plate was
designed to be removed from the cavity to allow access into the cavity for maintenance.
Nine equidistant holes will be machined in the plate to fit into the nine risers. Thermal
insulation panels will be placed on top of this plate to minimize the heat losses through
the cavity ceiling. Figure 48 shows a detailed of the risers’ panel right after its
fabrication process. One of the main challenges of the fabrication was the welding of the
fin plates between the riser’s tubes. As previously mentioned, the fins were conceived to
enhance the radiation heat transfer to the panel by increasing the exposed surface area.
The heat transferred by conduction through the fins to the risers’ walls, will be
ultimately removed by convection from the water. To allow a uniform conduction heat
transfer through the length of the pipes, spot welding was not considered as a suitable
technique to connect the fins to the risers’ walls. Continue and uniform welding
technique guaranteed a uniform contact between the fin and the side of the risers’. This
technique required special preparation and advanced tools to avoid plastic deformation
of the pipes and fins during the welding process. The panel was fabricated by
MADEWELL LCC (Houston, TX). The company is a certified machine shop with
documented experience on similar work performed for large companies and institutions

such as NASA. Welding certificate was provided.
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Figure 48. Risers' Panel as Fabricated.

A detailed view of the top end of the panel with the top plate insertion and risers

extensions is shown in Figure 49.
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Risers Extensions

Figure 49. Risers' Panel Top Plate

Details of the welding in the risers’ panel at the end of the welding procedure are

shown in Figure 50.
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Figure 50. Risers' Panel at the End of the Welding Process

Another view of the panel during final QA inspection is shown in Figure 51.
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Figure 51. Risers’ Panel Final Configuration.

The nine risers were constructed using SS304 piping (ID 5.08 cm, Schedule 40).
The fins were cut from a SS304 plate (2mm thickness). The same material was used to

fabricate the top and bottom plates.
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VI111.1.2 Reactor Vessel

The reactor vessel was designed to:
= Contain the electric heaters.
= Incorporate the main features of the full scale vessel such as upper and
lower plena hemispherical shape.
The vessel was fabricated using a 2 mm SS304 sheet. The final dimensions of the

reactor vessel are reported in Figure 52.
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Figure 52. Reactor Vessel Drawing.
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Three main regions can be identified in the reactor vessel (Figure 53):
= The upper and lower plena, reproducing the hemispherical plena of the
full scale vessel design.
= The flat region, simulating a portion of the cylindrical section of the full
scale vessel (the heaters will be placed in this section of the vessel).

= The vessel frame, designed to provide support to the reactor vessel.

Heaters

Location

Figure 53. Reactor Vessel
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Figure 54 shows the raw materials used to fabricate the risers’ panel, and the

reactor vessel.

Figure 54. Raw Materials.

VI11.1.3 Electric Heaters and Controller
The electric heaters were designed to supply the required thermal power to the
system. Other important features were defined for the heaters selection:
= Preferential heat transfer to the front face, minimizing the losses from the
back panel.
= Temperature and power controllable.

= Customizable size, to fit inside the reactor vessel.
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The electric heaters selected for the experimental facility were supplied by
Heaters, Controls & Sensors Ltd. (Ontario, Canada). The company provided
customizable radiant heaters by size and power. Three F-series radiant heater (220 V, 1
phase, 7980 W) were installed in the facility. The total power achievable with the three
heaters on at maximum power is approximately 29.3 kW. Each heater (90.17 cm x 22.86
cm) was equipped with a k-type thermocouple located at the center of the emitting
surface. Studs were mounted on the back of each heater to facilitate the anchoring with
the external supporting frames. The heaters selected are shown in Figure 55 (front view)

and Figure 56 (back view).

125



"‘"'—"—’-I—\-

_ - _— = B (R J—— —

%,-

Figure 55. Electric Radiant Heaters (front View).
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Figure 56. Electric Radiant Heaters (back View).

The heaters can be independently controlled by three controllers (FuzyPro 1/16
DIN). The controlled was designed to provide the following controlling features:
» Independent Temperature ramp (max temperature and time interval

customizable).
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* Independent Power ramp (max power and time interval customizable).
= Heaters Scram.
= Over-temperature Alarm

The power controller installed in the experimental facility is shown in Figure 57.

Controllers
Displays

Figure 57. Heaters Controller Panel
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VI111.2 Manifolds

The upper and lower manifolds in the facility will collect and distribute the

coolant flow from and to the cavity risers. Due to the flow asymmetries expected in

panel and the mixing of the coolant streams, flow visualization in this region of the

facility will be of paramount importance. Borosilicate was selected as the preferred

material to manufacture the manifolds due to:

Clear and transparent walls, allowing flow visualization using the standard
light sources (including laser), and cameras.

High working temperature (Maximum operating temp = 490 °C, Soften point
=821°C).

Low coefficient of expansion (32.5 10" cm/cm °C).

The design of the manifolds was accurately conceived to provide the most

flexible flow configuration and allow different flow geometries. The final drawing is

shown in Figure 58. Each manifold will be constituted of:

One horizontal section [ID: 10.56 cm (4”)] with two beaded ends.

Nine vertical branches [ID: 50.8 cm (2”)] with flat end.

One central branch [ID: 10.56 cm (4”")] with beaded end.

Two end caps to be connected to the closed ends of the manifolds (Figure 58
shows the symmetric configuration where the central branch is used as

inlet/outlet and the two ends of the horizontal section are closed).
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130




Two identical manifolds were fabricated by Specialty Glass Inc (Houston, TX).
The company was recommended by Schott Glass, one of the world’s largest glass
suppliers, as one of the specialized companies in Texas to perform custom designs using
commercial glass piping. Figure 59 shows the top manifold in its final configuration and

installation.

Figure 59. Glass Manifold (top).

131



VII11.3 Water Tank

As mentioned in Chapter V, the water tank was not designed with rigorous
scaling procedures, but it was accurately modified in order to guarantee its functionality
during the phases of the experimental activity. A steel water tank was available at the
Magnetic Laboratory of Texas A&M University and donated to the Department of
Nuclear Engineering for this project. The original tank did not have inlets and outlets for
the water but the overall dimensions (Table 13) were suitable for the experimental

facility needing.

Table 13. Original Water Tank - Dimensions

Value Unit
Inner Diameter | 62.23 cm
Height 182.88 cm
Volume 0.556 m-
Mass (empty) ~220 kg
Material steel -
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Several modifications were planned and implemented before installation. This
included:

=  Two windows on the side of the tank at 90° to allow visualization.

*  One side inlet port (ID 10.16 cm, 4”) with downward jet.

=  One bottom outlet port (ID 10.16 cm, 4”).

= Two additional ports for the secondary side heat removal system.

= One top outlet (ID 5.08 cm, 2”) for the steam outlet (to be used during the

transient analysis).

= Supporting frame.

High temperature coating to prevent rusting of the inner surfaces.

The drawing of the tank with the modifications required is shown in Figure 60.
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Figure 60. Water Tank Modifications

The windows were designed to allow flow visualization during the experiments.
The location was optimized to provide the illumination source and the camera in the

vicinity of the jet inlet. The two windows were created by welding a rectangular neck

with flanged end as shown in Figure 61.
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Figure 61. Tank Windows.

To guarantee the sealing, two polycarbonate sheets (0.5 cm thickness) were
installed and held in place by external frames with bolted connections. Two high
temperature silicon gaskets were interposed between the frame and the polycarbonate
sheet and the between the sheet and the tank flange, as shown in the detail view of
Figure 62. Cold leak tests were performed to verify and fix any leak from the windows

before the installation of the tank.
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Figure 62. Tank Windows - Final Configuration.

The main coolant inlet and outlet pipes were welded to the side and the bottom of
the tank respectively. Standard steel flanges were also welded to the external ends of the

pipes to allow the connection with the other sections of the pipeline. The inner end of the
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inlet pipe was attached to a 90° elbow facing downward in front of the tank bottom outlet
(Figure 63).

Two 2.54 cm (17°) ports were already available in the tank. These ports were
designated to be used for the secondary heat exchanger.

The 5.08 cm top outlet (centered) was also available in the water tank and
selected for the accident phase steam outlet.

A support frame was also designed and manufactured to facilitate the installation

of the tank on the main structure and allow fine tuning of the tank position (Figure 64).
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Figure 63. Tank View - Internals.
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Figure 64. Tank Supporting Frame.

Due to the operating conditions of the experimental facility, all the internal parts
of the water tank (in contact with water during the operation), were coated with a special

epoxy mastic coating (Benjamin Moore & Co. M45/M46, max temp. 150 °C).

VI111.4 Pipeline and Pipe Connections

The pipeline connecting the top manifold to the water tank inlet and the water
tank outlet to the bottom manifold were designed to fit the elevation changes between
the connecting points and to provide room for instrumentation and visualization. A basic

scheme was prepared to identify the length of the sections, select the materials base on
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the section location and instrumentation to be installed, and sketch the layout of the loop.
The following sections can be identified in the loop:
= The downcomer, connecting the water tank bottom outlet to the bottom
section.
= The bottom section, connecting the downcomer to the inlet of the bottom
manifold.
= The upward pipeline, connecting the top manifold outlet to the top section.
= The top section, connecting the upward pipeline to the water tank inlet.
All the sections have an inner diameter of 10.16 cm (4”). The outer diameter may
vary depending on the material selected and the availability. When possible, the outer

diameter was selected equal to 11.43 cm (4.57).

VII1.4.1 The Downcomer

The downcomer is a vertical section connecting the water tank outlet to the
bottom section. To allow flow visualization, this section was constructed using
polycarbonate piping (ID: 10.16 cm, OD: 11.43 cm). The upper section of the
downcomer was equipped with a polycarbonate flange to allow the connection with the
tank outlet flange (Figure 65). The flange was glued to the polycarbonate pipe using
Methylene chloride, a special solution which provides enough strength to the joints and

cures at room temperature in approximately 24 hours. Due to the length of the
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downcomer (4.87 m), the pipeline was split into two sections, and the connections built

with flanges (Error! Reference source not found.).
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Figure 65. Downcomer - Upper Section.
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Figure 66. Polycarbonate Flanged Connection.

A different technique was applied to connect the lower end of the downcomer to

the bottom section of the loop. This connection was specifically designed to:

Allow differential thermal expansion between the polycarbonate pipe

(thermal linear expansion = 70-10° m/m K) and stainless steel (thermal
linear expansion = 17-10° m/m K).

Provide flexibility to manage possible eccentricity between the pipes.
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= Guarantee the water seal up to boiling temperature (100 °C).
The connection was realized with a high-temperature hose (McMaster-Carr
5296K641, ID = 11.43 cm, Max temperature = 175 °C) and standard hose clamps, as

shown in Figure 67.
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Figure 67. Stainless Steel - Polycarbonate Connection
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VI11.4.2 The Bottom Section

This section connects the downcomer lower end with the bottom manifold inlet.

The section was entirely constructed with stainless steel piping due to:

The presence of different elbows that could not be constructed with
polycarbonate.
Mechanical stress due to the weight of other piping connected to this section.

The installation of the flowmeter.
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Figure 68. Bottom Section.
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The section consists of three stainless steel elbows and three straight portions.
The section was interrupted and equipped with stainless steel flanges to allocate the
flowmeter (Figure 68). Part of the welding was performed at the machine shop (Custom
Fabricators & Repairs Inc, Bryan TX). The different parts were finally assembled and

additional welding was performed in situ.

VI1I11.4.3 The Upward Pipeline

The upward pipeline (Figure 69) connects the exit of the upper manifold with the
top section. This part of the loop was also designed to allow flow visualization during
the phases of the experiments. Polycarbonate pipes (ID=10.16 cm, OD=11.43 cm) were
assembled and connected using similar techniques (flanges and high temperature hose
with clamps) described in the previous sections. The high-temperature hose connection

was selected to allow thermal expansion of the polycarbonate section.
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Figure 69. Upward Pipe.
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VI1I1.4.4 The Top Section

The top section of the loop connects the upper end of the upward pipe with the
tank inlet (jet). This section is constituted of two main parts:
= A Stainless steel section, connected to the upward pipe. Stainless steel was
selected due to the presence of two elbows and to allow structural support to
the entire section.
= A horizontal transparent section, connected to the tank inlet, fabricated with
polycarbonate pipe.

Both sections (ID=10.16 cm, OD=11.43 cm) are shown in Figure 70.
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Figure 70. Top Section

VI111.4.5 Other Connections

One of the most challenging connections between pipes was the one between the
stainless steel risers and the glass branches of the manifolds. These connections were
studied and engineered in order to:

= Allow the connection between the pipes of the risers’ panel and the

manifolds’ branches, ensuring the water seal and the operating temperatures.

= Allow differential thermal expansions of steel and glass (axially and radially).
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= Provide flexible connection to prevent mechanical stresses to the glass parts,
also during the assembly procedures.
The connection was realized using the same technique described in the previous

sections, with high-temperature hose (5.08 cm nominal 1D) and hose clamps.

VI111.5 Structures

Due to the size of the facility and the weight of the components to be installed,
three different structures were designed and constructed:

= The primary support structure, to support all the components of the facility,
including the water tank, and the reactor cavity.

= The scaffolding, designed to allow workers and researches to reach the
components of the facility a different elevations, also during the experiments.

= The secondary support structures, conceived to provide special support and
stability to selected components of the facility (piping, instrumentation, etc).

Each structure, described in the following sub-sections, was rigorously designed

to comply with the safety requirements imposed Texas A&M University.

VII1.5.1 Primary Support Structure

This structure was conceived to support all the main components of the

experimental facility, including:
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= The reactor cavity (vessel, heaters, risers’ panel)

= The pipeline and manifolds

= The water tank

The Interlake Megalux ® selective pallet rack was considered as the best solution
due to different reasons:

e High construction flexibility and modularity, allowing customizable working

decks at different elevations.

e Large selection of sizes to match the load and space requirements.

e Relatively low cost compared with other customized structures.

e Easy assembly procedures.

The dimensions and shape of the vertical posts and the horizontal beams were
selected from the manufacturer’s catalogue, based on:

1) Desired overall length.
2) Total maximum load (a safety factor of 10 was applied).
3) The load distribution (vertical and horizontal).

Three working decks were created using pairs of horizontal beams. Additional
pairs of beam were installed at selected elevations to reduce the distance between the
horizontal beams under the limits suggested by the manufactures, based on the model of
the vertical posts selected and the maximum load. Figures 25, 26, and 27 show details of

the pallet rack components and the support structure.
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Figure 71. Vertical Posts before Installation.
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Figure 72. Main Support Structure - Lower Working Deck.
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The vertical posts were anchored to the ground by placing two anchors with bolts
on each column of the vertical posts (four locations). The size of the anchors (Diameter
= 1.27 cm, Length = 5.08 cm) was estimated using the drop-in concrete anchor/fastener

tables, considering the maximum load and proper safety factors.

VI111.5.2 Scaffolding

Scaffolding surrounding the primary main support structure was considered to:

= Provide accessibility to the working decks and the components of the facility
located at different elevations.

= Allow researchers to work safely (people are not allowed to stand on the
main support structure even wearing safety harness) at different elevations,
during the phases of the experiments.

= Provide stability to the main support structure.

The structure was constructed with steel tubing of different sizes. Figure 74 shows the

features of the scaffolding and its dimensions (British units).
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Figure 74. Scaffolding — Dimensions (British Units).

157



The size of the steel tubing, summarized in Table 14, was determined by
performing a structural analysis assuming conservative static loads. The calculations
were performed under the guidance of Texas A&M University Facility Services. In
particular, static loads, safety factors, additional loads to railings, and load application

locations, were applied after consultations with the Facility Services.

Table 14. Parts Dimensions (British Units).

Part Name Tubing Size [Wall Thickness
Columns 4" x 4" 0.188 "
Beams 3" x 2" 0.188 "
Rainlings 2" x 2" 0.188 "
Brackets 3" x 2" 0.083 "

Flooring of the working decks were constructed using wood plates as shown in
Figure 75. This helped reducing the total weight of the floors, facilitating the installation

otherwise difficult using steel plates.
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Figure 75. Scaffold Flooring.

VI11.5.3 Secondary Support Structures

Some components of the facility required specific support structures in addition
to the structures described above. These components are:

= Water tank

= Pipeline

= Manifolds

= Reactor cavity components
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Due to its weight during the facility operation, the water tank required a special
support and connection to the upper operating deck. A steel rack was constructed to
support the tank, and allow fine adjustments of the position during the placement of the
piping (Figure 76). The rack was designed to fit into the beams of the main structure at

the upper operating deck (Figure 77).

~ | Sliding
: : Support
Support Rack - —

Figure 76. Tank Support.
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Figure 77. Tank Support Installment.

Proper pipeline supports were selected for horizontal and vertical pipes. Most of
the vertical pipes were attached to a secondary aluminum structure with hose clamps, as

shown in Figure 78.
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Figure 78. Vertical Pipes Support Structure.
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Horizontal pipes were supported by support columns and clamps, as shown in
Figure 79. Similar installment was used for the horizontal piping in the top section, and

for the bottom manifold.
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Figure 79. Horizontal Support Columns.

The top manifold was supported by two standard pipe ring supports as illustrated
in Figure 80. This solution provided a firm, adjustable and stable support to the top

manifold, preventing fixed connection which may result in mechanical stresses.
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Figure 80. Top Manifold Supports.

The reactor cavity was installed on the beams of the first working deck. Support
structures were constructed to support the reactor vessel and the heaters as shown in

Figure 81.
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Figure 81. Vessel and Heaters Supports.
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The risers’ panel was fixed to two cross beams connected to the main working
deck, by four treaded rods with bolts. The bolts were also used to adjust the vertical
location of the panel to match the bottom and top manifolds and to level the horizontal

angle from the bottom plate (Figure 82).
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Figure 82. Risers' Panel Support.

All connections, supports and techniques developed and adopted during the
construction of the facility were peer reviewed and, when possible, preliminarily verified

with dedicated separate tests. The tests were especially conducted to test the connections
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between different materials to verify the water seal and the mechanical straight. Some of
the tests (such as the leak tests conducted for the water tank), could not be conducted
under realists conditions of temperature and or pressure. These verifications were

conducted during the facility shakedown and will be described in Chapter X.
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CHAPTER IX

PHASE 6: INSTRUMENTATION SELECTION AND INSTALLATION.

The instrumentation and equipment to be included in the experimental facility
were selected based on the type of measurements to be performed during the
experiments. The instrumentation was mainly based on the measurements requirements
during the steady-state phase. Nevertheless, the majority of the instrumentation and other
equipment selected will be available and can be used during the transient phase.

The main measurements to be performed during the experiments are:

= Measurement of the walls’ temperature
= Measurement of the coolant temperature
= Measurement of the coolant flow rate

A schematic view of the instrumentation layout is shown in Figure 83.
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Figure 83. Instrumentation Layout.
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IX.1 Measurement of the Temperature

All the temperatures to be monitored during the experimental activity will be
measured using k-type thermocouples (EN60584-2, Class1). This includes the

temperature of the walls and the temperatures of the coolant in different locations.

IX.1.1 Temperature of the walls

A high-temperature glass coated thermocouple wire (Omega® HH-K-24-SLE-

25, max operating temperature = 704 °C), was selected to measure the temperature of the

risers panel walls (pipes and fins, front and back). The ends of the thermocouple wires

were places in selected locations of the risers’ wall and fins as shown in Figure 84.
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Figure 84. Risers' Panel Thermocouples Layout.

The measurement points for the front side of the risers’ panel were organized in
five equidistant rows. Each row contains:
= One measurement point on each riser (total = 9)
= One measurement point on each fin (total = 8)
The thermocouple wire was passed from the back of the panel through small

holes drilled on the fins to reach the measurement points on the front surface.
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(Water Temp. Measurements)

Wire Holes
(Wall Temp. Measurements)

— ~

Figure 85. Thermocouple Holes locations.

A similar layout was adopted for the measurements points on the back surface of
the panel, where only three rows were installed (top, middle, bottom).

To fix the thermocouple junction on the selected measurement point, and
maintain the contact with the steel wall, special technique was required. Due to the low
accessibility of the cavity to perform the welding of the thermocouples, the search was
addressed toward special glues with specific characteristics, such as:

= Resistant at high temperature (> 800 °C)
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= High thermal conductivity
= Thermal expansion comparable with steel
= Easy to prepare, install, and cure

The Cotronics Durabond™

954Stainless Based adhesive was found to satisfy all
the characteristics required. Figure 86 shows the final configuration of the

thermocouples.

4

Figure 86. Thermocouple Wires on the Risers' Panel (front).

174



IX.1.2 Temperature of the Coolant

The measurement of the coolant temperature inside the risers and in other
locations of the facility will be performed using thermocouple probes (Omega®
KMQXL-062G-6). The probes were inserted from the back side of the panel through
holes drilled through the risers” wall (see Figure 85). Stainless steel compression fittings
(Omega® SSLK-116-116) were installed to hold the probes in place and guarantee the

water seal (Figure 87). The probe were placed and fixed with the measuring end at the

center of the pipes.
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Figure 87. Risers Thermocouples Fittings.
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The same technique was adopted to place the thermocouple probes in other

locations of the facility such as:

1.

2.

3.

4.

5.

6.

Cavity inlet

Cavity outlet

Water tank inlet

Water tank outlet

Secondary heat removal system inlet

Secondary heat removal system outlet

The final configuration of the risers’ thermocouple probes and the installation in

selected location of the facility is depicted in Figure 88 and Figure 89.
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Figure 88. Thermocouples Configuration - Risers Panel (back).
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Cavity Inlet '; Tank Inlet

Secondary Inlet

Figure 89. Other Thermocouple Probes Locations.
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Table 15 summarizes the thermocouples type and number installed in the

experimental facility.

Table 15. Thermocouples Summary.

Location Measurement| Number | Type
Risers Coolant 45 TC Probe
Cavity Inlet Coolant 1 TC Probe
Cavity Outlet Coolant 1 TC Probe
Tank Inlet Coolant 1 TC Probe
Tank Outlet Coolant 1 TC Probe
Secondary Inlet Coolant 1 TC Probe
Secondary Outlet Coolant 1 TC Probe
Risers (front) wall 85 TC Wire
Risers (back) wall 34 TC Wire
Total Probes 51

Total Wires 119

Total Thermocouples 170

Thermocouples calibration was performed in the range of 20°C to 40°C which
was the expected temperature range during the facility shakedown. For the calibration at
20°C, the system was filled with tap water and left for several hours. All the

thermocouple reading and the reference temperature were recorded. For the calibration
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point at 40°C, the system was filled with hot water from a water heater and the
calibration was performed after confirming no temperature difference between the top
and the bottom manifold. The reference temperature for the calibration was measured by
a thermometer and confirmed by another thermocouple reader (Fluke® 52-2, Resolution:
0.1°C, Accuracy: £0.05% of reading + 0.3°C) factory calibrated. The values measured by

both devices always differed less than 0.5 °C.

1X.2 Measurement of the Coolant Flow Rate

The selection of the proper flowmeter to measure of the coolant flow rate was

dictated by several considerations:

= Expected minimum coolant flow rate

Expected temperature range

= Expected max void fraction

= Flow meter desired accuracy

= Flow meter allowed location

= Cost

The magnetic flow meter was found to be one of the best selections, meeting all

the requirements specified above. One of the most important limitations is related to the
accuracy and response of the instrument to low flow rates, which was estimate to be
approximately 8% at the lowest expected coolant flow rate. Some countermeasures

could be adopted to improve the accuracy of the instrument at lower flow rates such as
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reducing the flow area (main pipeline ID = 10.16 cm). This solution was not adopted to
avoid changes in the flow area in the pipeline. The accuracy achieved a low flow rates
was also considered acceptable.

The in-line magnetic flow-meter selected was a Krohne, Optiflux® 4100,
coupled with the Krohne IFC-300 signal converter. The system has an accuracy of
5.01% at 10.0 I/min and 2.15% at 25.0 I/min, and higher accuracy at greater flow rate.
The flow meter signal converter provides direct reading of the flow rate on the screen,
together with an analog current output signal of 4-20 mA. The flow meter was already
calibrated by the manufacturer.

The flow meter was installed following the manufacturer specifications and
suggestions, considering in particular:

= The entrance and exit lengths
= The minimum distances from elbows and t-junctions
= The orientation

The flow meter was installed in the bottom section of the pipeline, on the longest
straight section, as shown in Figure 90. This location satisfied all the installation

requirements and guaranteed the correct functionality of the instrument.
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Figure 90. Magnetic Flow meter.

An additional clamp-on ultrasonic flow meter was also selected and planned to
be used during the facility shakedown for comparison with the main flow meter. Due to
its easy installation (clamp-on flow meter that can be installed on the outer surface of the
pipes and set up to account for wall thickness and material), the ultrasonic flow meter
can be used also during the phases of the experiments and installed at different locations.

Figure 91 shows the ultrasonic flow meter installed at the downcomer.
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Figure 91. Ultrasonic Flow Meter.
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IX.3 Data Acquisition System

The temperatures and flow rates were logged by a National Instrument NI SCXI-
1001 data acquisition (DAQ) deck with six SCXI-1303 (used for thermocouples reading)
and one SCXI-1301 module (used for flow meters reading). Each SCXI-1303 is
equipped with 32 channels (total number of channels available = 192). The SCXI-1301
module has also 32 channels. The number of modules can be increased up to twelve.
One of the module slots was dedicated to the power supply and USB data output to be

connected to a PC.
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Figure 92. Data Acquisition System.
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CHAPTER X

PHASE 7: FACILITY SHAKEDOWN.

The shakedown of the experimental facility was conducted in order to verify the
correct functionality of each component and instrumentation, and to observe the overall
behavior of the facility before starting the experimental activity. This verification
process was divided into five steps:

STEP 0: Facility Preparation.

STEP 1: Leak Tests (room temperature)

STEP 2: Leak Tests (final steady-state temperature)
STEP 3: Empty Test (Heat Flux Verification)
STEP 4: Thermal Insulation Installation

STEP 5: Final Tests and Test Repeatability

STEP 6: RELAP5-3D Model Refinement and Comparison with Shakedown Tests

X.1 STEP 0 - Facility Preparation.

In preparation for the preliminary tests, additional components were selected and

installed in the facility. This includes the refill and drain system, and the secondary heat

removal system.
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X.1.1 Refill and Drain System

For safety reasons, the facility all the water in the experimental facility has to be
drained at the end of each test. This special requirement was achieved by modifying the
bottom section of the piping and installing a system of valves and pipe to be used during
the refill phase (at the beginning of each test), and the drainage phase (at the end of each
test).

To refill the facility up to the desired liquid level in the water tank
(approximately 6 meters from the ground), a three-phase centrifugal water pump (Figure
93 A) was installed. The pump takes suction from a water tank (Figure 93 B) located at
the ground floor, and injects the water into the experimental facility, through and 2.54
cm stainless steel pipe connected at the bottom section of the pipeline (Figure 93 C). A
battery of filters was installed to remove solid particles from the tap water (Figure 93 D).
A closed-loop system with valves was designed and installed in order to gradually
increase the flow rate injected into the facility, avoiding overpressure in the lower
section of the facility at pump startup. The system was also equipped with additional

valves to be used during the facility drainage.

188



Figure 93. Refill and Draining System.
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X.1.2 Secondary Heat Removal System

During the normal operation of the nuclear reactor (full scale), a heat removal
system operates inside the water tanks to remove the heat from the primary coolant and
establish the natural circulation. This system is an active system which may include
pumps and other active components. Although the specifications and design of the full
scale heat removal system are not available, the heat removal system for the
experimental facility was designed in order to remove at steady-state the power
produced in the reactor cavity and released to the primary coolant. A typical design of a
heat removal system would include:

* An intermediate heat exchanger where the primary coolant (higher
temperature, to be cooled) releases its energy to the secondary coolant (lower
temperature) through the heat exchanger walls.

= A primary circulating pump, to force the primary coolant through the heat
exchanger

= A secondary circulating pump, to force the secondary coolant through the
heat exchanger

= An ultimate heat sink

The selection of the heat removal system configuration among different
possibilities was dictated by several considerations which include:

= The unavailability of a stable low-temperature water source in the laboratory

to be used as ultimate heat sink.
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= The high cost of AC units as possible ultimate heat sink
= The limited space around the experimental facility, especially on the elevated
working decks (second and third floors of the scaffold)
= The limited power to be released in the laboratory environment
Different configurations were considered as possible solutions. The final
configuration selected for the experimental facility proposed ice as ultimate heat sink.

The configuration of the proposed heat removal system is depicted in Figure 94.

From Heat Removal System

<€

From Risers

To Heat Removal System
—_—

Variable Speed
Pump

lTo Downcomer

Figure 94. Schematic Configuration of the Proposed Heat Removal System.
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The following components will be included in the system:
= An ice container (insulated), where the ice is stored.
= A copper coil submerged into the ice bath
= A primary coolant variable speed pump
= Pipelines from and to the water tank
Hot water from the water tank located on the upper working deck is drained
through the lower port and flows through the inner side of the copper coil. Heat is
removed through the coil and released to the melting ice. Colder water at the exit of the
coil is pumped back and sprayed into the water tank though the upper port, to allow
more uniform mixing in the tank. The speed of the pump can be manually varied to
adjust the coolant flow rate to the desired value in order to reach the steady-state
conditions at the desired primary coolant temperature. A rotameter is installed to read
the volumetric flow rate supplied by the pump. The final installation of the heat removal

system is shown in Figure 95.
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Figure 95. Heat Removal System - Final Installation.

The proposed heat removal system was selected also for its relatively easy
installment and low cost. Special care will be required during the steady-state phase
since the operation of the system is fully manual (temperature reading, pump speed/flow

adjustment, ice storage in the container and water drainage from the container).
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X.2 STEP 1 — Leak Tests (Room Temperature)

Different leak tests at room temperature were required in order to verify the
connection between the different sections of the facility. These tests were conducted by
slowly filling the facility from the inlet port located at the bottom of the facility, as
described in the previous step. All the joints, connections, valves, flanges and
thermocouple ports were verified and monitored to confirm their stable water seal at
room temperature. When a leak occurred, the facility was drained down to a level
immediate below the leak location and the leak was fixed with technique that varied
depending on the location of the leak and the type of joint under verification. This phase
was assumed to be successful only when no leak was detected in any joint or connection
for 24 hours with the facility filled up to a liquid level slightly above the normal liquid
level expected during normal operations.

During this phase, the drainage and filing system and its operation was

repeatedly tested and verified.

X.3 STEP 2 — Leak Tests (Final Steady-State Temperature)

The phase was conducted using the same approach described in STEP 1. With

the facility full, the heater were started (using default setting of power ramp) and the

temperature of the coolant was slowly increased up to approximately 40 °C and then
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maintained for approximately 3 hours to verify the integrity of connections and water
seals.
During this phase, a preliminary verification of the following units was also
performed:
= Power control unit and heaters: The control unit was confirmed to work
properly, applying the desired power ramp (default) to the heaters. The power
ramp was verified using a digital wattmeter connected to the heaters power
lines. The thermocouple reading on the controller displays was also
confirmed by comparing with an external thermocouple reader.
= Data acquisition unit: Thermocouple reading was recorder during the tests for
all the thermocouples installed (wires and probes). Out of range and other
improper readings were identified and corrected. The flow meter reading was
monitored from the unit converter display and settings (out-of-scale value)

were fine-tuned.

X.4 STEP 3 — Empty Test (Heat Flux Verification)

To verify the uniformity of the heat flux supplied by the heaters, an empty test
was performed. The test was conducted by recording the temperatures of the
thermocouple probes located inside the risers when the facility was empty. The
temperature profiles were recorder and used to infer on the heaters heat flux uniformity

on the horizontal direction.
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The temperature profile at the upper row (row 5, risers exit), plotted in Figure 96,
showed a non-uniform (non-symmetric) temperature distribution, skewed toward pipe 9

(cavity inlet).

90

85
80

N r.\//
70 /

65

Temperature [°C]

60 I I I I I I I I 1

Figure 96. Dry test - Temperature profile (Row 5).

There are different considerations that should be done before assessing the

heaters flux uniformity. This includes:
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= Potential air natural circulation inside the pipes which may induce an
asymmetric flow and, subsequently, an asymmetrical temperature
distribution.

= The uncertainty on the thermocouple probes tip location which may differ
from the desired location at the center of the risers (the temperature gradient
in air is expected to be higher than the one in water so that small differences
in the probe location may have a higher impact in the temperature reading.

Further investigation may be required for the two consideration listed above. No

additional tests or verification were performed on this matter.

X.5 STEP 4: Thermal Insulation Installation

To reduce the heat losses from the experimental facility, thermal insulation was

properly selected and installed. Different insulation materials were selected based on:

= The maximum operating temperature of the component to be insulated

= The thermal conductivity

= The type of insulation suitable (rigid of flexible)

= The cost
Different types of thermal insulation were installed depending on the section of the
facility to be insulated. All the insulation materials were installed after the leak tests to
avoid damaging during the preliminary tests and facilitate the access to the joints and

pipe connections for verification and leak correction.
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X.5.1 Insulation of the Reactor Cavity

The insulation of the reactor cavity was the most challenging due to:
= The high temperature expected inside the cavity, especially for heaters
and vessel.
= The complex shape of the cavity with several penetrations.

The cavity was insulated with two different insulation materials. Microtherm®
boards were used to produce a first layer of insulation for the main walls of the cavity,
including ceiling, the back cavity, the heaters side and the cavity sides. This material is
characterized by the following features:

= Low density (220 - 250 kg/m°)

Low Thermal Conductivity (0.0233 W/m K at 400 °C mean)

Stable thermal performance for continuous exposure up to 1000°C

Excellent machineability.

Different panel sizes and thickness.
The panels were cut and modified to fit on the cavity walls and fixed to
secondary removable support structures. Figure 97 shows the installation of the

Microtherm panels in the reactor cavity (side and back walls).
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Figure 97. Microtherm Panels in the Reactor Cavity.
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The heaters side of the cavity was also insulated using the same insulation
panels. In this case, the panels were machined and customized to fit on the walls and

allow the heaters electric penetrations, as shown in Figure 98 and Figure 99.

Figure 98. Cavity Insulation - Heaters Side Panels Preparation.
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Figure 99. Cavity Insulation - Heaters Side Complete Microtherm Panels
Intallation.
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The panel used to insulate the cavity ceiling was also modified and customized to
fit in the risers array.

A second layer of insulation was installed to seal the gaps between the panels and
to provide an additional insulation layer. Two different type of silica were used to
complete the thermal insulation of the cavity. Both types were available in mats of
variable width that could be easily cut and customized on the different sides of the
cavity. A more flexible silica mat was used to fill small gaps or small areas. A relatively
rigid mat was installed on larger surface areas and to wrap the entire cavity. Figure 100,

Figure 101, and Figure 102 shows the different insulations applied to the cavity walls.
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Flexible Silica Mat

Figure 100. Silica Mats Installation in the Reactor Cavity.
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Figure 101. Cavity Final Insulation Installment (Side View).
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Figure 102. Cavity Final Insulation Installment (Top View).
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X.5.2 Insulation of the Pipeline

The insulation of the main pipeline was constructed from pre-fabricated rigid
polyurethane pipe insulation (McMaster-Carr® 5431K27). This type of insulation was
found to be very easy to install (thanks to their low density and the additional adhesive
jacketing. 90° elbows shapes were also installed on selected elbows of the pipeline.
Figure 103 and Figure 104 show the insulation used for the pipeline and example of

installation in selected regions of the experimental facility.
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Figure 103. Polyurethane Pipe Insulation.
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Figure 104. Polyurethane Pipe Insulation Installation.
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The pipeline of the secondary heat removal system was insulated using flexible
foam rubber pipe insulation (McMaster-Carr® 4463K131), which has simulate features

of the polyurethane pipe insulation previously described (Figure 105).

j
i
g

Figure 105. Insulation of the Secondary Heat Removal Pipeline.
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X.5.3 Insulation of the Water Tank

The water tank was insulated with the semi-rigid silica mat used to define the
final insulation of the reactor cavity. The mat was wrapped around the tank and fixed
with hose clips. The tank windows were insulated using the same material attached to

the windows with paper clips for a fast and easy removal during operation (Figure 106).
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Figure 106. Water Tank Insulation.
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X.6 STEP 5: Final Tests and Test Repeatability

After all the preliminary verifications were completed, a set of final shakedown
tests were performed in order to:
= Confirm the functionality of all the components and instrumentation installed
under normal operating conditions
= Confirm by observation and measurements the natural circulation of water in
the facility.
= Evaluate additional required modifications to the facility before starting the
experimental activity.
= Verify the repeatability of the tests, under selected initial conditions.
Four tests were performed under the same conditions. The tests were categorized
as follow:
Run 0: Power rump to full power. Temperatures and flow rates were monitored but not
recorded. Visual inspection and leak verification was performed during the test. The
system response was observed. The test was stopped when full power achieved.
Run 1: Power rump to full power. All the instrumentations were connected to the
computer and experimental data were automatically recorded during the test. Additional
monitor and manual record of temperatures and flow rates. Visual inspection and leak
verification was performed during the test. The test was stopped when an approximate
constant flow rate was achieved.

Run 2: Same activity on Run 1. Prove test repeatability.
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Run 3: Final run. Same procedure adopted for Run 1 and 2. The measurement of the
flow rate was also verified with the ultrasonic flow meter. Flow visualization with die
injection was performed to confirm the natural circulation.

The procedure adopted for the tests is described on Table 16.

Table 16. Shakedown Tests Procedure.

STEP Description

1 |Turn refill pump on - suction valve open, injection valve closed, recirculation valve open.

2 |Gradually open the injection valve and close the recirculation valve to mid position

3 |Observe the liquid level to increase from manifolds and pipelines

4 [Fully close the recirculation valve to provide full flow into the facility

5 |Verify that entrapped air bubbles in the bottom section are entrained by the water flow

6 [Monitor the water lavel in the tank.

7 |Open the air relief valve located at the top section (tank inlet) to vent the air from the tank jet

8 [Close the air releif valve when liquid starts to discharge

9 Gradually close the injection valve and open the recirculation valve when liguid level in the tank

reaches the top edge of the window

10 |Turn refill pump off

11 |wait until flow meter indicator reads 0 I/min {approximately 10 min)

12 |Start data recording on the Data Acquisition System

Turn the main switch of the heaters controller to on

13
(controllers were already set to the desired power ramp)

14 |Observe heaters temperature to rise until full power

15 |Observe coclant temperature to rise

16 |Observe flow rate to increase

17 |Turn the main switch of the heaters controller to off when flow rate stabilizes
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The volumetric flow rate of the water measured with the magnetic flow meter

plotted in Figure 107 for the runs 1 and 2. The measure uncertainty of the flow meter is

also shown.
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Figure 107. Coolant Volumetric Flow Rate (Run 1 and Run 2).
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Two main characteristics can be observed in Figure 107:
= The volumetric flow rate steadily increases until it reaches a first plateau at
approximately 24.5 I/min.
= The results of the two tests performed in two different days were in
acceptable agreement (test repeatability was considered satisfactory) [39].
As mentioned above, a final shakedown run (Run 3) was performed to verify the
in-line magnetic flow rate measurement with the clamp-on ultrasonic flow meter
installed on the downcomer and to explain some interesting characteristics observed
during Run 1 and Run 2. The volumetric flow rate measured with the two instruments is

depicted in Figure 108 (left axis) together with the heaters power ramp (right axis).
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Figure 108. Coolant Volumetric Flow Rate and Heaters Power (Run 3).

Three main regions can be identified:
0 s <t<~1000 s: The electric power ramp is applied at the beginning of the test. While
the power steadily increases, the coolant starts moving approximately 500 seconds later.
During this phase, the magnetic flow meter (due to its sensitivity at low flow rates and to
other settings that must be verified) read zero flow. The ultrasonic flow meter showed an

increase in the flow rate at approximately 500 seconds.
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~1000 s < t < ~1500 s: During this transition phase, the coolant flow was observed to
increase rapidly, reaching a peak and then decreasing. This behavior was observed in
other tests at the beginning of the transient.

t <~1500 s: While the power approached its maximum (6 kW), the slope of the flow
rate curve was observed to gradually reduce until a quasi steady-state was achieved. The
measurements of the flow rate from the two flow meters were found to be in good
agreement in this phase.

During this final run, preliminary flow visualization was conducted to confirm
the natural circulation in the facility and to observe the flow splitting through the bottom
manifold. The visualization was performed by injecting a fluorescent die (Rhodamine)
into the flow [40] through the thermocouple port located at the cavity inlet, as shown in

Figure 109.
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Figure 109. Rhodamine Injection Technique.

A camera was installed in front of the bottom manifold to record the flow stream
at the time the die was injected. Figure 110 shows three snapshots taken from the

recoded movie [1].
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Figure 110. Flow Visualization at the Bottom Manifold.

The temperatures of coolant and panel walls were also recorded during this run.
For convenience, the temperature of the coolant at the cavity inlet and outlet are
presented in Figure 111. The same features observed in the coolant flow rate can be

highlighted in the temperature behavior.
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Figure 111. Coolant Cavity Inlet and Outlet Temperatures (Run 3).

When performing the shakedown tests, the cavity outer walls temperature was
monitored in order to have a qualitative estimation of the heat losses through the cavity.
The heat losses were also quantitatively estimated by calculating the net heat transfer to
the cooling water in the risers. An approximate evaluation of the power released to the

water was performed using the following equation:

P

 aer = MCPAT, (15)

avity

In equation (1), m is the coolant mass flow rate, Cp is the specific heat of the

water, and AT

cavity

is the temperature rise of the water through the reactor cavity (Tout —
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Tin). Using the measured values of flow rate and temperature at the end of the
experiment, the power released to the water was estimated to be:

_ 25.5(1 / min)
" 60(s / min)

1(kg /1)+4.179(kJ / kg - K)2(K) = 3.552kW (16)
The total heat losses through the cavity walls can be estimated by the difference
between the total power supplied by the heaters and the power released to the water

(Equation 2):

P

loss

-R

heaters

-P

 ater = 0—3.552 = 2.448kW a7

This values accounts for the losses through the glass manifolds and pipeline
between the thermocouple probes locations, which were not insulated during the
shakedown tests.

The runs performed during the facility shakedown were able to evidence also
some issues in the connection technique adopted in the cavity, between the risers and the
manifolds branches. Due to the radial thermal expansion of the stainless steel risers, the
hose clamps used to hold the high-temperature hoses in place and guarantee the water
seal were plastically deformed during the thermal cycles. This deformation loosened the
seal and produced small leaks at the beginning of new tests. This issue was fixed by
replacing the original hose clamps described in Chapter V111, with constant-tension
clamps (McMaster-Carr® 5281K19). These special clamps have Belleville springs that

automatically increase and decrease the clamps’ diameter to eliminate the need for

retightening and prevent water leakage due to thermal cycling. Figure 112 shows the
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original and new hose clamp connections installed at the top manifold. The final

configuration of the clamps is shown in Figure 113.

| e Standard Hose Clamps
Ty i (top lines only)

*

Constant Tension Clamps
(bottom lines)

Figure 112. New Hose Clamp Connections (Top Manifold).
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Figure 113. Constant Pressure Hose Clamps - Final Configuration.

To reduce thermal stresses, modifications in the draining procedures were
implemented. The water in the facility was left circulating after the heaters power off
until the flow meter reading showed zero flow. The facility was then slowly drained until
the liquid level dropped right above the cavity and left in this location until the
experimental team left the laboratory. At this time the total drainage of the water was

completed.
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X.7 STEP 6: RELAP5-3D Model Refinement and Comparison with Shakedown

Tests

Due to the heat losses observed during the facility shakedown, refinements of the
RELAPS5-3D input file were required in order to model the losses through the cavity
walls. The original model described in Chapter VI, already accounted for the heat losses
through the pipeline, water tank, and part of the reactor cavity. These heat structures
were slightly modified to account for the final configuration of the thermal insulation in
these regions. Two important limitations were identified in the original model that
needed to be fixed:

» The heat losses from the back of the heaters.

= The cavity thermal inertia, in particular for heaters and vessel

These issues were fixed by changing nodalization of the heat structure simulating
the reactor vessel and heaters. Figure 114 shows the comparison between the original

nodalization adopted for the cavity heat structure (left) and the new approach proposed

(right).
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Figure 114. Cavity Heat Structure Nodalization - Original (left), New (right).

In the original nodalization, the reactor vessel and heaters were simulated with a
heat structure having the thickness and the thermal properties (conductivity and heat
capacity) of the vessel shell (stainless steel 304). The heaters were not modeled as part
of the heat structure. A symmetric boundary was imposed in the left side of the heat
structure where a positive heat flux was imposed (heat supplied to the heat structure). A
convective boundary was imposed at the right surface of the heat structure to account for
the convective heat transfer with the air in the reactor cavity. This face of the heat
structure was also included in the radiation enclosure to model the radiation heat transfer
with the other heat structures of the cavity (panel and walls).

The heat structure radial nodalization was improved in the new model to account

for:
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= Different materials in this region of the cavity (thermal insulation,
heaters, reactor vessel shell)
= Heat losses at the left boundary (heaters back wall)

Three mesh intervals were defined and thicknesses and materials of vessel,
heaters, and thermal insulation where specified in the input file to account for the real
thermal properties of the different layers. In particular, stainless steel 304 was used for
the reactor vessel, the heaters were assumed to have similar thermal properties of
stainless steel. Thermal properties of the thermal insulation were retrieved from the
manufacturer datasheets. A volumetric power source (total power = 6 kW) was defined
in the heaters mesh interval and a power table was defined to realistically follow the
power ramp used during the experiment. A convective boundary was imposed on both
sides of the heat structure, the left side simulating the heat losses by convection to the
environment at the heaters back walls.

The RELAP5-3D simulation results obtained with the original model and with
the new (modified) model are plotted in Figure 115, together with the experimental

shakedown data for the Run 3.
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Figure 115. Shakedown Experimental Data and RELAP-3D Simulation Results.

As it can be noticed, the original model under-predicted the heat losses in the

cavity and, subsequently, the total coolant flow rate. In both cases, the prediction of the

transient phase (up to approximately 1000 seconds) was acceptable but not satisfactory.

The old model over estimated the flow rate. The same parameter was under estimated by

the new model. This may be related to the cavity structures thermal inertia not correctly

simulated. The overall prediction of the new model was confirmed to be very

satisfactory.
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The comparison of the water inlet and outlet temperature experimental data with

the RELAP5-3D prediction (new model only) is shown in Figure 116.
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Figure 116. Water Inlet and Outlet Cavity Temperatures and RELAP5-3D New
Model Prediction.

The prediction of the RELAP5-3D of the coolant temperatures in the regions
selected were found to be in good agreement with the experimental data, confirming the

validity of the modifications implemented in the RELAP5-3D model.
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CHAPTER XI
PHASE 8: ANALYSIS OF THE EXPERIMENTAL DATA AND COMPARISON

WITH SIMULATIONS

The Reactor Cavity Cooling System experimental facility was designed to study
the thermal-hydraulic behavior of the water under normal operation and accident
scenarios. Due to the efforts and time dedicated to the scaling, design, construction, and
final verification of the facility, the test set defined for this project was limited to the
steady-state phase.

The set of tests was intended to:

1. Prove the heat removal capability of the natural circulation of water under
selected conditions for the geometry and configuration defined for the
experiment

2. Verify that a steady-state condition can be achieved and maintained
(considering the limitations of the technique adopted for to remove the heat
from the system)

3. Prove the capabilities of the selected system code (RELA5-3D) to analyze
this type of phenomena, identify possible techniques that should be adopted
when conducting the simulations.

4. Try possible visualization techniques to study the flow in selected regions of

the facility
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5. ldentify possible limitations of the engineered features of the experimental
facility that may need to be modified in preparation of the two-phase flow
(accident) analysis

The test will be performed under selected conditions summarized in Table 17.

Table 17. Test Conditions.

Parameter Value
Water Temperature (test start) room (~23 °C)
Target Water Temperature (steady-state) ~30°C
Heaters Power (nominal) B kW
Steady-5tate Desirable Time >10 min

X1.1 Experimental Procedure

The procedure adopted to run the final steady-state experiment was similar to the
one followed during the shakedown tests, described in Chapter X.

The facility was filled with tap water at room temperature using the water pump,
until the liquid level reached the top of the tank windows. Air bubbles entrapped at the

bottom section of the pipeline and near the water jet were entrained and vented with the
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standard procedure mentioned above. The data acquisition system was turned on
approximately 30 minutes before the test started. The instrumentation (thermocouples
and magnetic flow meter) was up and running at the beginning of the refill phase even if
no data was recorded until the test start.

The steady state was achieved by enabling the secondary heat removal system.
The quantity of ice required for the experiment was pre-determined by assuming that the
total power of the heaters (6 kW) had to be removed by the melting ice (heat losses were
conservatively ignored), and the steady-state maintained for approximately 10 minutes.

P

M — heaters ¢

ice h

At _ 6(kW)-900(s) _

334(kJ / kg) (18)

fusion,water

To account for the losses through the ice container and the amount of ice melted
during transportation and storage, the quantity of ice purchased was sensibly higher than
the one estimated by Equation 18.

To minimize the main coolant flow perturbation due to the cold water injection
from the secondary heat removal system at the time the target temperature was reached
(approximately 30 °C), the secondary pump was turned on since the beginning of the
experiment, and maintained at its nominal value of approximately 5.5 I/min
(corresponding to 1.5 US gal/min read from the rotameter installed in the secondary
system) but no ice was injected into the ice container. These conditions were maintained
until the magnetic flow meter reading was zero in order to start the experiment with a
quiescent coolant in the loop.

The initial conditions described above are summarized in Table 18.
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Table 18. Experiment Initial Conditions.

Parameter Value Unit
Coolant Temperture 24 ’C
Main Coolant Flow Rate 0 I/min
Secondary Coolant Flow Rate 5.5 I/min
Water Tank Water Level 35% -

X1.2 Test Results — Main Parameters

The test was initiated by turning on the electric heaters from the main control
panel while the data acquisition system started recording the temperatures and main
coolant flow rate. The main parameters that were observed during the ramp up phase
were the ones monitored during the shakedown tests:

= Primary coolant flow rate. This parameter was easily monitored through the

external converter unit located on the side of the recording station. The
observation of the flow rate helped to identify the time from the test start
when the coolant appreciably started flowing in the loop. The parameter was
monitored also during the secondary heat removal activation phase, to

observe any perturbation of the flow due to the cold water injection, and
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during the later phase of the experiment, to verify that the steady-state
condition was achieved

= Heaters temperature. The temperature of the heaters could not be recorded

during the experiments since the thermocouples installed in the heaters were
not connected to the data acquisition system. The temperature of the heaters
was also used as an indicator for the heaters power, to confirm when the
power reached the nominal value.

= Tank outlet Temperature: The temperature was monitored to determine the

time at which the heat removal system was completely activated, by
introducing ice into the ice container, previously filled with tap water to fully
cover the copper coil.

When the temperature of the coolant at the cavity inlet approached the target
value for the steady-state, the secondary heat removal system was fully activated. Tap
water at room temperature was first introduced in the ice container tank to fully
submerge the copper coil. Ice was then introduced in the ice container in batches of
approximately 5 pounds (corresponding to 2.3 kg). This methodology helped to optimize
and stabilize the heat removal rate from the secondary system. The observation of the
secondary coolant outlet temperature showed unstable temperature of the coolant due to

the ice injection batches (Figure 117).
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Figure 117. Secondary Coolant Temperatures.

In the same figure the ice batch times are also shown:
" twater, IS the time when water was introduced into the ice container.
" i IS the time when the temperature of the coolant in the tank approached
30 °C and the first batch of ice was introduced in the ice container
(tice =12).
= fytoty indicate the successive batches of ice.
The temperature of the secondary coolant injected into the water tank suddenly

decreased at the time each batch of ice was introduced in the tank. This was essentially

related to:
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= The increase in the ice mass in the container (larger heat sink capacity)

= The enhancement of the turbulence in the water inside the ice container and
subsequent increase of the convection heat transfer coefficient at the coil
outer wall.

Since the secondary system was not equipped with an automatic control system
to regulate the heat removal rate, the tank outlet temperature was constantly monitored
to confirm that the steady state conditions were maintained. Additional ice was
introduced in the ice container when the tank outlet temperature started increasing from
the nominal value of 30 °C. The secondary outlet coolant temperature (corresponding to
the tank injection location) was constantly monitored for the same scope. The pump
speed was fine-tuned throughout the steady-state phase to compensate small differences
in the temperatures (increased when the tank temperature tended to increase, or
decreased in case of opposite trend). This technique helped stabilizing the temperature of
the primary coolant in the water tank. The temperature of the primary coolant in the tank
was observed to increase even after the first batch of ice, reaching a stable condition at
approximately 31 °C. This temperature was assumed to be acceptable for the scope of
the test [41].

The temperature of the primary coolant at the inlet and outlet of the cavity is

plotted in Figure 118.
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Figure 118. Coolant Cavity Temperatures.

In Figure 118 some of the most important timings of the experiment are also
shown:
= No appreciable increase in the coolant temperature was observed until the
onset of natural circulation which occurred at about 1700 s from the power
on. At this time, a sudden increase in the coolant temperature was recorded
which can be correlated to a similar behavior of the coolant flow rate (onset
of natural circulation). A similar behavior was observed during the facility

shakedown tests.
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= The increase in the cavity inlet coolant temperature was observed with a
delay of approximately Ati, ou1 = 400 s. This delay could be related to the
time required to the coolant to flow through the entire loop at the established
flow rate.

= After the natural circulation was established, the inlet and outlet cavity
coolant temperatures increased steadily (~0.14 °C/min), while the
temperature rise through the cavity stabilized at ATcaviy = 2 °C.

= When the coolant cavity inlet reached 30 °C (tice = 5112 s), the heat removal
from the water tank was fully activated by introducing ice into the ice
container. This effect showed in the coolant inlet temperature as a decrease in
the slope. The same behavior in the coolant outlet temperature was observed
with a delay of Ati, out2 = 230 . The lower delay in the coolant outlet
response is now due to the higher coolant flow rate.

= The steady-state was achieved when both inlet and outlet temperatures were
stabilized. The final cavity inlet temperature achieved in this experiment was
31 °C. The steady-state condition was maintained for approximately 1000 s.

= At the end of the experiment, no more ice was introduced into the ice tank,
causing the temperature of the coolant to increase before the complete facility
shutdown.

An identical behavior was observed in the water coolant temperature in the tank,

as shown in Figure 119. The effect of the onset of natural circulation on the coolant

temperature is still evident in the water tank inlet temperature (water coming from the
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cavity). Due to the mixing of the inlet water with the cold water in the tank, this effect

was not observed in the water tank coolant outlet temperature.
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Figure 119. Water Tank Coolant Temperatures.

The volumetric flow rate of the water measured with the magnetic flow meter is

plotted in Figure 120.
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Figure 120. Primary Coolant Volumetric Flow Rate.

As it can be observed, the coolant flow rate starts increasing at approximately
2000 seconds. This behavior was essentially related to the flow meter low sensitivity at
low flow rates for the flow range selected for this experiment. This was confirmed
during the shakedown tests by comparing the results with the ultrasonic flow meter
output. The measure of the flow rate using the ultrasonic flow meter during the facility
shakedown showed a smoother and earlier increase in the coolant flow rate.

The onset of natural circulation produced a flow oscillation which is shown at
approximately 2000 seconds in Figure 120. The amplitude of this oscillation may not be

realistic due to the magnetic flow meter cut-off set point that was selected for this
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experiment. Revisions of this setting in future testing were found to drastically reduce
the amplitude shown by the flow meter.

The oscillation in the water flow can be related to the water cavity outlet
temperature fluctuation previously mentioned.

The effect of the mixing of cold water coming from the secondary heat removal
system at t = tjce (first ice batch in the ice container), is also visible in Figure 120 as a
sudden increase in the coolant flow rate.

The flow rate reached at steady-state was found to be approximately 32 I/min.

A slight decrease in the coolant flow rate was observed after the last batch of ice
was poured into the ice tank as an effect of the lower heat removal rate from the
secondary system. The test termination is not shown in the figures since the data

recording was stopped a few minutes after the last ice batch was used.

X1.3 Test Results — Other Parameters

The temperature of the coolant in the nine risers was also recorded during the
experiment. Due to the low flow rate recorded in the experiment, the temperature rise
through the cavity was limited (approximately 2 °C). The temperature rise between the
thermocouple probes installed in the risers’ panel was found to be small and very close
to the accuracy of the system measurement. All the 45 thermocouple probes outputs will
shown, but only the temperature rise between the inlet and outlet (row 1 and row 5

respectively) should be considered.
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Figure 121 shows the layout of the thermocouple probes installed in the nine
risers and the way risers and probe rows were labeled. This will help interpreting the

water temperature profiles in the risers described below.

Row5 | — = x X X X X X X X X
Rowd | —= | x X X X X X X X X
Rowl — > |x X X X X X X X X

Row?2 | —= | x X X x X x X X X
Row 1 —_—= X X X x X x X X X

Figure 121. Risers' Probes Layout.

The risers were numbered from 1 to 9 (right to left) such that the closest riser to
the cavity outlet is the riser 1. As mentioned in the Chapter 1X, the thermocouple probes
were organized in five rows, numbered from 1 to 5 starting from the bottom row as
shown in Figure 121. The inlet and outlet flow directions are also reported in the same

figure.
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The water temperature profile in the nine risers is presented in Figure 122. The

profiles are snapshots taken at the t = 6000s, during the steady-state phase.
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Figure 122. Risers' Coolant Temperatures (wp = water probe).

As can be noticed, the temperature of the water showed a complex behavior
along each pipe. To better understand and interpret these results, it is necessary to
mention that the thermal behavior of the water is expected to be the result of combined

phenomena such as:
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= The radiation view factors, which are not uniform for the nine risers [42].
The view factors were calculated to be symmetrical respect to the riser’s
panel centerline as described in Chapter IV. Due to this symmetry, the
radiation heat flux is expected to be higher at the center and lower toward
the edge of the cavity. In particular risers 4 and 6 were found to have the
biggest radiation view factor followed by the riser 5.

= The water flow distribution through the nine risers which, was estimated
to be higher through the riser far from the cavity water inlet (riser 1 in
Figure 121), and lower close to the cavity water inlet (riser 9 in Figure
121) [43]. This is essentially due to the different flow resistances that the
inlet (horizontal) flow encounters when changing direction into the risers
(vertical, upward).

= Edge effects to the heat losses (convection, conduction) through the
cavity side walls.

= Possible non uniformity in the heaters heat flux, to be investigated.

Figure 123 show the temperature rise of the coolant through the nine risers as
difference of the temperatures from row 5 (outlet) and row 1 (inlet). The measurement

uncertainty is also plotted.
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Figure 123. Risers' Coolant Temperature Rise (row 5 - row 1).

Riser 1 showed the lowest coolant temperature rise, while the maximum coolant
temperature rise was recorded at the riser 9. This is in accordance with the calculations
[43] which showed that the largest flow rate was established through riser 9, while the
smallest flow rate was predicted to occur at riser 1. The behavior of the intermediate
pipes (2 to 8) seems to follow the trend described for risers 1 and 9, except for the risers
4 and 5, where one of the lowest coolant temperature rises was recorded. In addition to
the consideration listed above, the temperature measurements in the water may be
affected by uncertainty due to the thermocouple probes location. The installation of the
probes was designed to place the measuring junction of the probe at the risers’
centerline. Due to the relatively high skewed radial temperature profile expected (as a
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consequence of the high flux at the risers’ front wall and low heat flux at the risers back
wall), the uncertainty in the probe location may have a sensible impact in the

measurement output. This issue will be also investigated.

X1.4 RELAP5-3D Simulations and Comparison with the Experimental Data

The RELAP5-3D model used to perform the simulations of the steady-state
phase and comparison with the experimental data was the one refined during the
shakedown phase (see Chapter X). Minor modifications were implemented in the model
to account for:

1. The heat removal from the water tank operated by the heat removal
system.

2. The reduced heat losses in the pipeline due to the thermal insulation fully
installed during the steady-state phase.

3. The new heaters power profile adopted during the steady-state
experiment.

4. The initial temperature of the water.

The heat removal system was modeled using a simplified nodalization with two
time-dependent volumes (TV), one time-dependent junction (TJ), and one single-

junction (SJ), as shown in Figure 124.
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Figure 124. Secondary Heat Removal Nodalization.

The thermal-hydraulic conditions (pressure and temperature) of the cold water
from the ice container exchanger were imposed in the time-dependent volume 310.
These conditions were recorder during the experiment. The flow rate of the secondary
coolant was imposed in the time-dependent junction 305. Since minor adjustments were
implemented to the pump speed during the experiment, a constant flow rate was imposed
in the simulation. The junction 305 was connected at the top of the component 300,
simulating the water tank. Atmospheric pressure and room temperature were imposed in
the discharge volume (time-dependent volume 320), which was connected to the water

tank (component 300) with a single-junction (315) connected at the bottom of the
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volume 300. This simplified configuration allowed accounting for the heat removal of
the secondary system without modeling the ice container heat exchanger.

Figure 125 shows the secondary coolant temperature measured during the
experiment at the tank inlet (upper port), and the temperature imposed in the time-

dependent volume 310.
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Figure 125. Secondary Coolant Temperature.
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The plot shows the temperature spikes recorded during the experiment, due to the

ice insertion, mixing, and subsequent increase of the heat transfer in the ice container.

The cavity inlet coolant temperature recorder during the experiment (black thick

curve) and the RELAP5-3D predictions (orange curve) are plotted in Figure 126. The

uncertainty of the thermocouple measurements is also shown (black thin curves).
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As can be observed, the RELAP5-3D predictions are in satisfactory agreement

with the experimental data throughout the ramp up and steady-state phases.

A similar comment can be inferred to the cavity outlet coolant temperature

comparison, shown in Figure 127.
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Figure 127. Cavity Outlet Coolant Temperature.

249




The overall RELAP5-3D predictions were satisfactory. At the time of the onset
of natural circulation, the simulation was unable to show the temperature instability
observed during the experiment.

The volumetric flow rate of the main coolant is shown in Figure 128.
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Figure 128. Main Coolant VVolumetric Flow Rate.
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Also in this case the predictions of the RELAP5-3D model are within the
uncertainty of the flow measurement recorded during the experiment. The simulation
showed a satisfactory prediction of the flow ramp up, considering the comments on the

flow meter settings described in the previous subsection.
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CHAPTER XIlI

CONCLUSIONS

A small scale water-cooled Reactor Cavity Cooling System experimental facility
was designed, built, and brought to operation to conduct experimental investigations on
the behavior of the water in system.

The shakedown phase of the activity confirmed that the main features of the
system meet the expectations:

= The natural circulation of water is established by the buoyancy forces caused

by the power released to the coolant in the reactor cavity.

= The instrumentation installed is properly working to record the main thermal-

hydraulic parameters (temperatures and flow rates) required for the
investigation.

= Flow visualization in specific regions of the facility was tested and proved to

be a potential tool to be used for quantitative estimation of the velocity of the
fluid in the manifolds and risers.

The basic steady-state run performed at given initial and boundary conditions,
confirmed the ability of the water natural circulation to remove the heat produced in the
reactor vessel. The manual technique put in place to remove the heat from the system
(secondary heat removal system) was proven to be capable to bring the system to steady-
state conditions (stable flow rate at a given coolant temperature). Its operation required

special care in handling the ice and coolant flow rate, resulting in a limited maintained
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steady-state time, and flow oscillations. Nevertheless, these conditions did not impact
the facility functionality and the analysis to be performed during the experiments.

A RELAP5-3D model of the experimental facility was prepared and refined
during the shakedown test. The comparison of the simulation results for the steady-state
case with the experimental data produced during the steady-state experimental run
confirmed the ability of the system code to predict the phenomena related to the natural
circulation of water in closed loops, with satisfactory prediction of coolant flow rates
and temperatures. This computational task highlighted the importance of:

= Performing preliminary simulations using system codes as validation method

for the scaling laws, and as optimization tool.

= Sensitivity analysis to define the optimum nodalization scheme and models to

be adopted, based on the actual features of the facility.

The observations conducted during the experimental runs (shakedown + steady-
state) helped identifying technical issues that need to be addressed in order to conduct
the experimental activity through the next phases. These issues can be classified into
three main categories:

= Issues directly inherent to the experimental facility (piping, connections,
heaters, etc.).
= |ssues related to the support structures.

= |ssues in the facility instrumentation.
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Even though the resolution of these issues is not part of the scope of this work,

provided.

they will be described in detail in the next chapter and possible solutions will be

Table 19 summarizes the project objective (listed and described in Chapter 11)

with the main achievements and conclusions.

Table 19. Project Resolution Summary.

Objective

Project Resolution

Scale down, design, build, and shakedown a small
scale water-cooled RCCS experimental facility to
support the analysis of the thermal-hydraulic
behavior of the coolant in the system and its
cooling capabilities.

The facility was scaled down, designed, and
assembled. The shakedown tests were successfully
conducted, confirming the capabilities of the facility

Conduct scaled test to study the thermal-hydraulic
behavior of a water-cooled RCCS under steady-
state conditions

A steady-state run was conducted. Important
paramters such as temperatures and flow rate were
recorded to study the system behavior during the
steady-state phase.

Identify and Analyze specific phenomena
accurring during the single-phase stage of the
experiments

Possible flow asymmetries through the nine risers
were observed and related to the different
temperature rise through the nine pipes.

Develop and refine computational models
(systems codes and Computational Fluid Dynamics
codes) to analyze these phenomena

A RELAP53-3D model was created and refined to
perform simulations of the experimental facility
during steady-state and transient scenarios. CFD
models were also prepared (not part of this work)

Produce experimental data to be used for
computational codes validation

The shakedown tests results and the steady-state
run data were recorded and compared with the
RELAPS5-3D simulation results confirming the
capability of the code to predict this type of
phenomana, cosidering that the main features of
the system are correctly represented and modeled.

Identify possible technical issues and technigue
to fix them, also in preparation for the two-phase
(accident) stage

Issues were identified and correction actions were
proposed.
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CHAPTER XIlI

ISSUES RESOLUTION PLAN

The high level of complexity of the experimental facility, due to the size, shape
factor, arrangement, type of materials, and number of pipes connections, increased the
chances of technical issues that were not properly addressed during the design and
construction phase. These issues were identified during the continuous observations and
inspections to the facility conducted during the construction, shakedown tests, and
steady-state run. These technical problems can be classified in three main categories,
depending on the type of components of the facility where they were identified:

= Issues directly inherent to the experimental facility (piping, connections,
heaters, etc.).

= |ssues related to the support structures.

= Issues in the facility instrumentation.

Even though the scope of the present work was to identify and report the
technical issues for future activities, it is crucial to highlight the important of their
resolution to conduct the experimental activity in a safe and productive manner during
the steady-state phase, and especially for the two-phase activity. The technical issue will
be described in the next paragraphs. Due to the attention in identifying and resolving
these issues, a proposed solution or workaround will be proposed for each of the issues
listed. Some of the technical issues have been already fixed, and the relevant

improvements will be described.
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XI11.1 Issues directly inherent to the experimental facility

The technical issues belonging to this category are mainly issues found in the
pipelines and the techniques applied to connect pipes of different materials. This

includes flanged connections and pipe-to-pipe connections.

XI111.1.1 Flanged Connections

Flanged connections between polycarbonate and steel sections experienced leaks
developed in a later phase due to crack observed in the joint region between the pipe and
the flange of the polycarbonate section. The cracks were essentially attributed to the
vibrations of the main structure and scaffold induced by the operators’ movements at the
different working decks. The vibration of the scaffold and main structure will be
discussed in details in the next paragraph. The cracks were observed to develop on the
polycarbonate pipe wall at the point of contact with the polycarbonate flange. The
continuous vibration induced the cracks to propagate front the flange connection. The
final effect was an increasing leak rate which prevented the use of the experimental
facility. Similar issues were found at different times after the construction in the
following flanged connections:

= Connection at the bottom of the water tank (steal-polycarbonate)

= Connection at the downcomer (polycarbonate-polycarbonate)
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= Connections at the upward pipeline (polycarbonate-polycarbonate and
steal-polycarbonate)

The use of low-viscosity silicon helped to stop the leaks and was used as a
temporary solution. A modification of the flanged connection is required in order to
prevent any leak at any time. A new technique for this type of connections has been
already implemented and all the polycarbonate flanged connections were substituted.
The following figures show examples of flanged connections modifications recently

implemented in the experimental facility.
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Figure 129. Tank Outlet Flange Modification (Original: Left; Modified: Right)
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Figure 130. Upward Pipe Mid-Section Flange Modification (Original: Left;
Modified: Right)
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Polycarbonate
Pipe

Figure 131. Upward Pipe Top Flange Modification (Original: Left; Modified:
Right)

XI111.1.2 Pipe-to-Pipe Connections

This type of connections were partially replaced after the shakedown tests,
especially in the region connecting the risers’ ends with the glass manifolds branches. A
recent complete replacement of the hose clamps in the lower and upper manifolds’
connections was completed, using constant torque hose clamps to guarantee the seal

during thermal cycles and high temperatures.
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Figure 132. Manifold-to-Panel Connection Replacement (Original: Top; Modified:
Bottom).
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XI11.2 Issues related to the Support Structures

The main issue observed in the main structures is the vibration induced by the
access to the elevated working decks by operators and researches. Due to the shape
factor of the structure (the facility has a slender configuration with a total height of 6.75
m and a shape factor H/L of 1.73), vibrations were enhanced when accessing and
walking at highest operating deck. As mentioned in the previous paragraph, vibrations
were identified to be the root cause of the polycarbonate damages (cracks generation and
propagation) and would certainly be critical to the operation of the facility during the
transient phase, when two-phase flow and bubble generation is expected to occur.

Two different solutions were found to minimize the vibrations of the main
structure:

= Welded Braces. These braces were already placed at the corners of the
structure below the second floor and third floor. The braces were welded
diagonally between approximately the midpoints of the horizontal and
vertical beams (Figure 133). Additional horizontal beam were also
installed at the top ends of the inner scaffold perimeter for the same
purpose (Figure 134).

= Tension Cables. Tension cables will be placed at each corner of scaffold
and connected to four of the closest main support columns of the

University Science Building. This solution would provide stability to the
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structure, avoiding fixed connections to the building structure (not

allowed by Texas A&M safety department).

Figure 133. Welded Braces (Corner).
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Figure 134. Welded Braces (Top)
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Figure 135. Tension Cables Layout.
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XI111.3 Issues in the Facility Instrumentation

The main issues observed in the facility instrumentation were related to the
thermocouples’ installation. These issues may be resolved with different techniques for
the thermocouple probes and thermocouple wires, due to the different installation

procedures and requirements.

X111.3.1 Thermocouple Probes

A revision of the thermocouple probes put in evidence a high uncertainty in the
location of the tip, which ideally must be placed at the center of the pipe or in a well-
known location. Differences in the location of the probes within the same riser, or within
the same measurement row, would induce a skewed and unrealistic temperature profile
(with higher temperatures detected by the probes installed closer to the front risers’
wall).

This effect was first observed when analyzing the water temperature profiles in
the risers for the steady-state run and described in Chapter XI.

A closer inspection of the thermocouple probes is required to verify the exact

location of the probes.
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X111.3.2 Thermocouple Wires

The wires installed at the inner wall of the risers’ panel were affected by two

different problems:
= Wall detachment after thermal cycles
= Junction separation after thermal cycles

The wall detachment was detected since the very first experimental runs as a
higher temperature reading, in comparison with other thermocouples in adjacent regions.
The wire detached from the wall gets closer to the radiating vessel and exposed to a
higher temperature.

The thermocouple junction separation was also detected as an open circuit in the
data acquisition system. This was essentially due to the technique adopted to create the
junction. The two wire tips were simply twisted and no additional bonding was provided
(welding).

Improvements in the thermocouple installation (using the same epoxy glue
described in Chapter IXX) and junction preparation are currently being implemented in

the experimental facility.
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XI111.4 Other Issues to be Addressed

The water temperature rise through the cavity at steady-state was found to be
approximately 2 °C. This value is lower than the design specification (approximately 10
°C) described in the scaling procedures (Chapter V). To perform a scaled steady-state
run, this thermal-hydraulic parameter has to match the design specifications since the
temperature rise similarity number was set to unity.

A technique that could be adopted to increase the temperature rise would
consider the reduction of the coolant flow rate by increasing the pressure losses. The
optimum solution would consider the installation of a manual valve that can be
maneuvered during the steady-state phase to find the best opening ratio to establish the
desired flow rate and, subsequently, the design temperature rise between cavity inlet and
outlet.

Other solutions, using orifices, may be difficult to use since they may require
continuous facility shutdowns and start ups to replace the orifice until the optimum flow
is achieved.

The proposed technique was also modeled with the RELAP5-3D simulations,

during the scaling laws validation described in Chapter V.
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CHAPTER IX

PATH FORWARD

The experimental facility is currently under revision and verification to address
the technical issues identified during the shakedown and preliminary steady-state phases
(Chapter VI1I1), and to prepare the facility for the transient (two-phase) stage.

Additional instrumentation is going to be installed to improve the measuring
capabilities of the facility during the experiments. In particular:

= Aliquid level sensor will be installed in the water tank
= Differential pressure transducers will be installed in selected regions of
the pipeline
= Ultrasonic velocity profiler probes will be installed to at the top manifold
to measure the fluid velocity in the risers.
These new installations require modification of the experimental facility which includes:
= Opening of new access ports to install the pressure transducers in the stainless
steel piping and installation of compression fittings
= Opening of new access ports in the glass top manifold to install the probes for
velocity measurements. This requires modification of the glass manifold and
installation of special fittings.
The new installations will be tested and verified during a new facility shakedown

tests similar to what has been previously conducted.
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The test matrix for the activity to be carried out after the new shakedown will
include:

I. Steady-state tests to complete the analysis for this phase. Measurements
of the velocity in the risers will be collected at steady-state together with
temperatures and flow rate. The temperature rise through the cavity will
be matched to the design specification with the use of a throttle valve.

Il. Preparation for the two-phase flow analysis

[11. Two-phase flow test runs.
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APPENDIX A. CDF CALCULATIONS
The commercial CFD code STAR-CCM+/V.5.02.009 was challenged to perform pre-test
analyses for the VHTR RCCS configuration where many physical phenomena interact.
In fact, the analysis of the RCCS performance by CFD codes presents a number of
challenging aspects as strong 3D effects in the RCCS cavity region, simulation of
turbulence in flows characterized by natural convection, high Rayleigh numbers and low
Reynolds numbers, boundary layer separation and reattachment phenomena, radiation in
very complex geometries, large temperature gradients close to the vessel wall which
require an accurate modeling for the change of air properties with temperature, etc. The
CFD analyses were carried out considering only the RCCS at steady state conditions. In
Table 1 are addressed the main differences among the simulations performed. In Table 2
is shown the list of CFD simulations performed, with the boundary conditions imposed.
For Case #1 an RCCS cavity height of 6.7 m was used. For Case #2 the RCCS cavity
height was set to 19.2 m. For Case #3-7 an RCCS cavity height of 23.16 m was
considered. For Case #1-2 the pitch/diameter ratio (i.e., distance between two standpipes
divided by standpipes external diameter) was equal to 5. For Case #3-7 the
pitch/diameter ratio was set to 2. Case #1-2 consider a circular section of the RCCS
cavity region with one standpipe. Case #3 and Case #7 consider an RCCS cavity section
with three standpipes. Case #4-6 consider a circular section of the cavity with nine
standpipes. Case #1-4 refer to the shield panel configuration, meanwhile Case #5-7 refer
to the fin panel configuration. For Case #1-5 no fluid region was considered inside the

standpipes and a fixed standpipes internal wall temperature was used as boundary
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condition. For Case #6 the fluid velocity (i.e., mass flow rate) at each standpipes inlet
was imposed. For Case #7 the fluid velocity at the lower header inlet was imposed. For
Case #7 only the lower/upper headers at the standpipes inlet/outlet where considered.
The velocity U0 addressed in Table 2 refers to the bulk velocity at the standpipes inlet.
The heat flux integrated over the RPV wall surface gives the RPV total power dissipated
inside the cavity region, which was used as reference parameter. The CFD models
developed to analyze the heat exchange inside the cavity region resemble the main
features of the RCCS system. In Table 3 are given the cavity reference dimensions for
the CFD models considered (Case #1-7).

From previous works on the RCCS cavity system, it was shown that the performance of
the Two-Layer Realizable k-¢ turbulence model with a hybrid wall function (all y+)
treatment are superior to the other first-moment closure turbulence models and
comparable to those obtained with second-moment closure turbulence models as the
Two-Layer Reynolds Stress Transport (RST) model. The segregated flow model for
solving the momentum equations and the continuity equation for pressure was used for
all simulations performed. For this solver the equations for the components of velocity
and pressure are solved in an uncoupled manner. The linkage between the momentum
and continuity equations is achieved with a predictor-corrector approach. The second-
order upwind scheme was used for the convection term in all simulations performed.
The change of air properties with temperature was taken into account using the

Sutherland’s law for air dynamic viscosity and thermal conductivity. For air inside the
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RCCS cavity, the ideal gas model was used (i.e., compressibility effects were taken into
account).

A.l1  RCCS Cavity System Case #1, Model, Results and Discussion
For Case #1, the cavity region high was 6.7 m. The pitch to diameter (P/D) standpipes
ratio was set to 5. In Figure 2 is shown the RCCS geometry for Case #1. In Table 3 are
given the cavity reference dimensions used for the CFD model.
Due to the cylindrical configuration of both the cavity region and the shield-panels, it is
possible to use symmetry boundary conditions on both lateral faces. This reduced the
computational domain to a cylindrical 8° sector of the original cavity. As shown in
Figure 2, the RPV wall, and the shield panel were fully modeled for the sector
considered. The cavity region between the RPV and shield-panel walls and the back
cavity region behind the shield-panel were also modeled to address the effect of
convection on the heat exchange across the RCCS. Table 2 gives the boundary
conditions imposed for Case #1. A constant heat flux boundary condition at the RPV
wall of 6 KW/m2 was imposed. Symmetry boundary conditions were used at the cavity
lateral faces. The cavity back wall was considered adiabatic. A constant temperature
equal to 373.15 K was imposed at the standpipes inner wall.
For the boundary conditions imposed in the CFD model, the RPV wall temperature is
very high; meanwhile the standpipe walls are at a relatively low temperature. For these
conditions, it becomes very important to have an accurate estimate of the effect that
buoyancy has on the air flow regime inside the RCCS cavity. Special care was taken in

realizing the mesh close to the RPV wall and at every surface where conjugate heat
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transfer is present. A very fine mesh was realized close to the RPV wall (Figure 3). Five
prism layers were generated at fluid/solid interfaces where conjugate heat transfer is
present. The base size of the first prism layer was set equal to 1.0 mm, which translated
in a maximum y+ smaller than 2.0. This means that the viscous sub-layer was correctly
resolved. Mesh convergence was obtained with a 2.5 M cells. Analyses on coarser
meshes showed results convergence for the finest mesh.

In Figure 4 is shown the RCCS cavity upper part temperature distribution for Case #1.
The figure shows that the RPV wall peak temperature is reached in the upper head
region were separation and reattachment are present. The maximum RPV wall
temperature reached is 431 °C (704 K). The maximum cavity top wall temperature is
357.05 ° (630.2 K).

Figure 5 shows the upper part of the shield-panel temperature distribution. The
maximum temperature equal to 293.67 °C (566.82 K) is reached close to the cavity top
wall. Due to the imposed temperature at the standpipes inner wall (i.e., 373.15 K), there
is a large temperature gradient across the shield-panel circumferential direction. This
determines a back radiation from the planar part of the shield to the standpipes surface,
which amount to approximately 6.33% of the total energy dissipated inside the
standpipe. No heat loss is present through the cavity back wall due to the adiabatic
boundary condition imposed there. With this assumption the CFD model determines
higher temperature in the cavity region. The cavity back wall maximum temperature
equal to 277.44 °C (550.59 K) and is very close to the shield-panel maximum

temperature.
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The air in proximity of the RPV wall moves upwards due to buoyancy forces. Close to
the cavity top wall, the air is redirected towards the cooling panel. The shield-panel
circumferential temperature distribution is not uniform. The shield-panel planar part
shows a temperature about 200 K higher than the standpipe external wall, due to direct
radiation from the RPV wall. This large temperature gradient in the shield-panel
determines a non-uniform air velocity distribution close to the panel region, with
secondary recirculation patterns close to the panel wall.
Of the energy dissipated inside the cavity at the RPV wall, the numerical results
calculated 87.5% due to radiation and the remaining 12.5% due to convection. Of the
energy dissipated inside the cavity, 61.21% goes to the standpipe external wall, and
38.45% goes to the shield-panel planar surface by radiation. Of the total energy
dissipated at the standpipes internal wall, 34.42% is due to conduction through the
standpipe/panel welding.

A.2  RCCS Cavity System Case #2, Model, Results and Discussion
For Case #2 the cavity region height considered was 19.2 m. The shield-panel P/D was
set to 5, as for Case #1. The geometry considered for Case #2 is very similar to the one
from Case #1. In Table 2 and Table 3 are given the cavity boundary conditions and
reference dimensions used for the CFD model, respectively. The RCCS cavity modeled
was a 4.13° cylindrical sector. Symmetry boundary conditions were used for the lateral
faces. The RPV wall and the shield panel were fully modeled for the sector considered.
The cavity region between the RPV and shield-panel walls and the back cavity region

behind the shield-panel were also modeled to address the effect of convection on the
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heat exchange across the RCCS. A constant heat flux boundary condition at the RPV
wall of 3.75 KW/m2 was imposed. The cavity back wall was assumed adiabatic. A
constant temperature of 373.15 K at the standpipes inner wall was used.

Five prism layers were generated at fluid/solid interfaces where conjugate heat transfer
IS present. The base size of the first prism layer was set equal to 1.0 mm, which
translated in a maximum y+ smaller than 2.5. This means that the viscous sub-layer was
correctly resolved. Mesh convergence was obtained with an 8.0 M cells. Analyses on
coarser meshes showed results convergence for the finest mesh.

In Figure 6 is shown the RCCS cavity upper part temperature distribution for Case #2.
The figure shows that the RPV wall peak temperature is reached in the upper head
region were separation and reattachment are present. The maximum RPV wall
temperature is 477.7 °C (750.85 K). The maximum cavity top wall temperature is 436.85
° (710.0 K).

At the shield-panel the maximum temperature of 381.13 °C (654.28 K) is reached close
to the cavity top wall. Due to the imposed temperature at the standpipes inner wall (i.e.,
373.15 K), the large temperature gradient across the shield-panel circumferential
direction determines a back radiation from the planar part of the shield to the standpipes
surface approximately equal to 3.57% of the total energy dissipated in the standpipe. The
cavity back wall maximum temperature for Case #2 is 366.25 °C (639.4 K), and is very
close to the shield-panel maximum temperature. The air velocity distribution inside the
cavity for Case #2 is very similar to that for Case #1. Of the energy dissipated inside the

cavity at the RPV wall, 91.64% is due to radiation and the remaining 8.36% due to
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convection. Of the energy dissipated inside the cavity, 61.9% goes directly to the
standpipe external wall, and 38.1% goes to the shield-panel planar surface by radiation.
Of the total energy dissipated at the standpipes internal wall, 36.0% is due to conduction
through the standpipe/panel welding.

A.3 RCCS Cavity System Case #3-4, Model, Results and Discussion
For Case #3 and Case #4 the cavity region height considered was 23.16 m; P/D is equal
to 2, which means that the number of standpipes inside the cavity is increased. A
reduction in the temperature distribution across the cavity is expected due to the
improved cooling. The results obtained with the CFD model for Case #3 and Case #4
confirm this assumption. In Figure 7 is shown the RCCS geometry for Case #3 (left) and
Case #4 (right), respectively. In Table 2 and Table 3 are given the cavity boundary
conditions and reference dimensions used for the two CFD models, respectively.
The RCCS cavity modeled was a 2.83° sector for Case #3 and 14.9° sector for Case #4,
respectively. Symmetry boundary conditions on the lateral faces were used for both
models. It is necessary to point out that due to the complexity of the physics inside the
RCCS cavity, imposing symmetry boundary conditions on both sides of the
computational domain might have an effect on the numerical solution obtained. For Case
#3, the CFD model considers three standpipes. To address the effect of the symmetry
boundary conditions imposed at the lateral faces, nine standpipes were considered for
Case #4. The RPV wall, the shield panel and the back cavity region behind the shield-
panel were fully modeled for the sector considered. The boundary conditions considered

for Case #3-4 were a constant heat flux at the RPV wall of 3.75 KW/m2 and a constant
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standpipes inner wall temperature of 373.15 K. The cavity back wall was modeled as
adiabatic.

Five prism layers were generated at fluid/solid interfaces where conjugate heat transfer
IS present. The base size of the first prism layer was set equal to 1.0 mm, which
translated in a maximum y+ smaller than 0.3. This means that the viscous sub-layer was
correctly resolved. Mesh convergence was obtained with 13.2 M cells for Case #3 and
19.5 M cells for Case #4. Analyses on coarser meshes showed results convergence for
the finest mesh.

In Figure 8 is shown the temperature distribution in the upper part of the RPV wall for
Case #4. The RPV wall peak temperature is reached at the upper head. The maximum
value is approximately 346.85 °C (620.0 K) and is very close to the maximum RPV
temperature for Case #3 (615.0 K). From this result it is possible to conclude that the
effect of symmetric boundary conditions imposed at the cavity side surfaces becomes
negligible if the cavity modeled considers three or more standpipes.

The maximum cavity top wall temperature is 256.85 °C (530.0 K) for Case #4, and is in
very good agreement with the cavity top wall maximum temperature for Case #3 (530.84
K). Also, the cavity top wall temperature from Case #4 is approximately 180 K less than
the value obtained from the previous analyses (i.e., Case #2). Reducing the
pitch/diameter ratio (i.e., increasing the number of standpipes in the cavity) determines a
reduction in the RCCS walls temperature distribution.

The maximum shield-panel temperature for Case #4 is 136.85 °C (410.0 K), and is very

close to the value obtained for Case #3 (416.76 K). Due to the reduced circumferential
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temperature gradient across the shield-panel, the back-radiation from the planar section
to the standpipes external wall is negligible. The maximum cavity back wall temperature
equals 119.85 °C (393.0 K) for Case #4. For Case #3 and Case #4 the CFD models
predict the main recirculation region across the cavity, with air close to the RPV wall
moving upwards, and air close to the shield-panel moving downward. No secondary
recirculation regions close to the shield-panel are determined for Case #3 and Case #4.
For Case #4 (Case #3), of the total energy generated at the RPV wall, 85.62% (80.74%)
is due to radiation and the remaining 14.38% (19.26%) is due to convection; at the
shield-panel, of the total energy dissipated inside the cavity, 70.56% (73.8%) goes
directly to the standpipe external wall, and 29.35% (26.2%) goes to the shield-panel
planar surface by radiation; of the total energy dissipated at the standpipes internal wall,
29.37% (23.0%) is due to conduction through the standpipe/panel welding.

A4 RCCS Cavity System Case #5, Model, Results and Discussion
For Case #5 the cavity region height considered was 23.16 m. The pitch to diameter
standpipes ratio was set to 2. The computational domain considers 9 standpipes. In these
conditions the symmetry boundary conditions imposed at the cavity side surfaces have a
negligible effect on the main flow pattern inside the cavity region. Case #5 differs from
Case #4 for the geometry of the cooling panels. The fin-panel design was modeled for
Case #5 as shown in Figure 9. In Table 3 are given the cavity reference dimensions for
the CFD models Case #5. The RCCS cavity modeled was a 15.2° sector. Symmetry
boundary conditions were used for the lateral faces. The RPV wall and the fin-panel

were fully modeled for the sector considered. The cavity region between RPV and fin-
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panel and the back cavity region behind the cooling panel were also modeled to address
the effect of convection on the heat exchange across the RCCS. In Table 2 are given the
boundary conditions imposed for Case #5. A constant heat flux of 3.75 KW/m2 at the
RPV wall and a constant temperature of 373.15 K at the standpipes inner wall were the
boundary conditions used. No heat exchange was simulated inside the standpipes.
Adiabatic boundary condition was assumed at the cavity back wall.

Five prism layers were generated at fluid/solid interfaces where conjugate heat transfer
is present. The base size of the first prism layer was set equal to 2.0 mm, which
translated in a maximum y+ smaller than 1.0. This means that the viscous sub-layer was
correctly resolved. Mesh convergence was obtained with 25.5 M cells. Analyses on
coarser meshes showed results convergence for the finest mesh.

In Figure 10 is shown the RPV wall upper part temperature distribution for Case #5
(left). The RPV wall peak temperature of 346.85 °C (620.0 K) is reached at the upper
head. The maximum cavity top wall temperature is 256.85 °C (530.0 K).

The fin-panel design is expected to have a thickness equal to 6.0 mm, meanwhile the
thickness for the shield-panel design is equal to 2.0 mm. This determines a better
thermal conduction for the fin-panel design with respect to the shield-panel design. The
CFD model predicts lower temperature distributions in the cooling panels for the fin
design with respect to the shield design. The maximum shield-panel temperature is
136.85 °C (410.0 K), and is very close to the maximum shield-panel temperature
considering three standpipes only (see Section 3.3). The maximum fin-panel temperature

is 121.85 °C (395.0 K), 15 K lower than the value predicted for the shield design
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configuration. Due to the reduced circumferential temperature gradient, the back
radiation from the planar section to the standpipes external wall is negligible. The cavity
back wall temperature distribution is consistent with the panel temperature distribution.
The maximum cavity back wall temperature is 108.85 °C (382.0 K).
Of the total energy generated at the RPV wall, 85.67% is due to radiation and the
remaining 14.33% is due to convection. Of the total energy dissipated at the standpipes
internal wall, 42.76% is due to conduction through the standpipe/panel welding. This
result proves that conduction is enhanced in the fin-panel configuration due to a larger
cooling panel thickness if compared to the shield design (see Section A.3).

A5 RCCS Cavity System Case #6, Model, Results and Discussion
The cavity geometrical layout and the computational domain modeled for Case #6 are
very similar to those modeled for Case #5. For Case #6, the fluid region inside the
standpipes was modeled, where for the previous simulations a constant standpipes inner
wall temperature was imposed. In Table 3 are summarized the RCCS cavity main
dimensions used. Modeling the fluid region inside the standpipes allows to address the
convective heat exchange at the standpipes internal walls. Additional boundary
conditions are required to perform the numerical simulation. For Case #6, a constant
standpipes inlet coolant velocity and temperature was imposed. A pressure outlet
boundary condition was assumed at the standpipes outlet.
Five prism layers were used for all fluid/solid interfaces. The base size of the first prism
layer was set equal to 2.0 mm, which translated in a maximum y+ smaller than 1.0. This

means that the viscous sub-layer was correctly resolved. Mesh convergence was
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obtained with 22.5 M cells. Analyses on coarser meshes showed results convergence for
the finest mesh considered. The water cooling the standpipes is at subcooled conditions,
I.e., the maximum water temperature at the standpipes outlet is well below saturation
conditions. The standpipes inner wall temperature is also expected to be below 373.15
K, which is the boundary condition imposed for the previous simulations (i.e., Case #1-
5). Therefore, the RCCS cavity temperature distribution is expected to be lower than for
the previous analyses. The comparison of the numerical results for Case #6 with those
for Case #5 is in agreement with what expected.

In Figure 10 is shown the RPV wall upper part temperature distribution comparison for
the fin-panel design Case #5 (left) and Case #6 (right). The temperature distribution for
Case #6 is very similar to that for Case #5. Due to the boundary conditions imposed at
the standpipes internal wall, the RPV wall peak temperature for Case #6 is
approximately 15 K lower than that for Case #5 (620.0 K). For the cavity top wall, the
two simulations give very similar temperature distributions, with Case #6 maximum
value about 25 K lower than the maximum cavity top wall temperature determined for
Case #5 (530.0 K).

The maximum fin-panel temperature determined by the CFD simulation for Case #6 is
61.85 °C (335.0 K), approximately 60 K lower than the maximum fin-panel temperature
determined for Case #5 (395.0 K). For Case #6, the maximum cavity back wall
temperature equals 41.85 °C (315.0 K), about 67 K lower than the one calculated for

Case #5 (382.0 K).
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In Figure 11 is shown the standpipes outlet temperature distribution for Case #6. In the
fin-panel configuration, half on the standpipes external wall faces directly the RPV wall,
with the other half facing the cavity back wall. Only the half part of the standpipes
facing the RPV wall is exposed to a high heat flux, mostly by radiation. This non-
uniform heat flux at the standpipes external wall must be combined with the heat
exchanged by conduction at the standpipe/panel welding. This means that the
temperature distribution at the standpipes inner wall will have a very complex
distribution. The numerical simulations show that the combined effect of
radiation/convection and conduction at the cooling panels determines a non-uniform
coolant temperature distribution at the standpipes outlet section of 10 K, with higher
temperatures on the standpipes side directly exposed to the heat flux from the RPV wall.
The energy repartition computed for Case #6 is very similar to the one determined for
Case #5, with Case #6 predicting a lesser contribute of radiation to the total heat
exchange across the cavity with respect to Case #5 due to the lower RPV wall
temperature determined for Case #6. The fraction of energy conducted through the
standpipe/panel welding is 42.91%. The energy dissipated in the cavity back region is
negligible due to the adiabatic boundary condition imposed at the cavity back wall.

A6 RCCS Cavity System Case #7, Model, Results and Discussion
For Case #7 the fin-panel RCCS cavity configuration was modeled. The cavity region
height considered was 23.16 m. The pitch to diameter standpipes ratio was set to 2; three
standpipes were simulated. Symmetry boundary conditions imposed at the cavity side

surfaces limit the computational domains to a sector of the cylindrical RCCS region
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equal to 5.03°. The cavity geometrical layout and the computational domain modeled are
very similar to those discussed above for the fin design (i.e., Case #6). The fluid region
inside the standpipes was modeled. The RCCS lower and upper headers were modeled to
take into account possible local recirculation zones inside each standpipe and main
recirculation paths among different standpipes. In Figure 12 is shown the mesh for the
cavity upper part and the upper header. A constant inlet coolant velocity and temperature
were imposed at the lower header inlet. A pressure outlet boundary condition was
assumed at the upper header outlet. Five prism layers were used at fluid/solid interfaces.
The base size of the first prism layer was set equal to 2.0 mm, which translated in a
maximum y+ smaller than 1.0. This means that the viscous sub-layer was correctly
resolved. Mesh convergence was obtained with 19 M cells. Analyses on coarser meshes
showed results convergence for the finest mesh considered. Since the mass flow rate at
the standpipes for Case #7 is less than that imposed for Case #6, the coolant will
experience a larger temperature increase across the standpipes for Case #7 if compared
to Case #6.

In Figure 13 is shown the RPV wall upper part temperature distribution for the fin-panel
design Case #7. The temperature distribution is very similar to that for Case #6 (see right
of Figure 10). The peak temperature is reached at the RPV upper head and differs of a
few degrees for the two simulations. Due to the lower mass flow rate imposed at the
standpipes inlet for Case #7 with respect to Case #6, the cooling panels temperature
distribution is higher for case #7. The maximum standpipes temperature is reached close

to the cavity top wall, with Case #7 giving approximately 21 K more than for Case #6.
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The maximum cavity back wall temperature equals 76.85 °C (350.0 K), about 35 K
higher than that calculated for Case #6 (315K).

By reducing the coolant mass flow rate at the standpipes for Case #7, a larger AT across
the standpipes length is obtained if compared to Case #6. Coolant in the upper part of the
cavity is closer to saturation conditions. Also for Case #7, the non-uniform coolant
temperature distribution at the standpipes outlet does not exceed 10 K. This temperature
gradient inside the standpipes is not sufficient to generate secondary recirculations flow
paths.

A.7  CONCLUSION

The objective of the present work was to apply CFD tools to the analysis of the Reactor
Cavity Cooling System. The analysis performed pointed out that the CFD models well
address the physics inside the RCCS cavity region. The correct repartition of energy
transfer by radiation and convection is predicted.

The sensitivity over mesh convergence showed that the results are dependent on mesh
refinement at fluid/solid interfaces. In particular, the region close to the RPV wall
requires very fine meshes due to the large temperature gradients at the wall. Also the
change of fluid properties plays a dominant role in determining the buoyancy effects
inside the RCCS cavity region.

The Realizable k-¢ turbulence model with Two-Layer all y+ near-wall treatment was
selected as turbulence model to address Navier-Stokes equations closure problem in the

cavity region. The flow regime inside the RCCS cavity region is not completely
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turbulent. Some stratification regions in the lower part of the cavity can be identified
where return to laminar conditions might be present.

Numerical analyses were performed with the RCCS cavity and two different designs for
the cooling panels, addressed as the shield-design and fin-design, respectively.
Comparison of the temperature and velocity distribution across the cavity for the fin and
shield cooling panels designs pointed out better performances of the former in removing
heat from the cavity region.

No substantial difference in the comparison between the 6.7 and 19.2 m high cavities
with P/D =5 (i.e., Case #1 and Case #2, respectively) were determined for the shield-
panel configuration.

The RCCS configuration with shield-panels and P/D = 2 (Case #3) improves the heat
removal from the cavity region with respect to the shield-panels configuration with P/D
=5 (Case #1-2). Lower shield-panel temperatures determine a reduction in the
contribution of heat exchange by conduction in the metal structures.

The effect of symmetric boundary conditions used at the cavity side surfaces was
addressed increasing the number of standpipes considered (i.e., 1, 3 and 9). From the
numerical results it is possible to conclude that, for a CFD model simulating a RCCS
cavity sector with three standpipes, the effect of symmetric boundary conditions on the
cavity temperature and velocity distribution is negligible.

Sensitivity analyses over the boundary conditions imposed at the standpipes were
performed to address the behavior of the cooling panels for water at subcooled

conditions and close to saturation. With water at subcooled conditions, the fin-panel
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temperature is sensibly reduced. This has a positive effect on the cavity back wall

temperature. Reducing the imposed standpipes mass flow rate determines an increase of

the coolant temperature in the cavity upper region. The reduced cooling from the

standpipes directly affects the panels temperature and the cavity back wall temperature.

The non-uniform heat flux distribution at the standpipes external wall is of concern for

the behavior of the coolant flowing inside the standpipes. No significant temperature

gradients were found at the standpipes inner wall for both subcooled and close to

saturation conditions.

A.8 FIGURES AND TABLES OF APPENDIX A

Table 20 — CFD simulations Case ID

Case Case Case Case Case Case Case
#1 #2 #3 #4 #5 #6 #7
Height (m) 6.7 19.2 23.16 | 23.16 | 23.16 | 23.16 | 23.16
Pitch/Diameter 5 5 2 2 2 2 2
Number of Pipes 1 1 3 9 9 9 3
Shield-Design (SD)
Fin-Design (FD) SD SD SD SD FD FD FD
Fluid Region (W)
No-Fluid Region NW NW NW NW NW w w
(NW)
Header (H)

No-Header (NH) NH NH NH NH NH NH H
Mesh size (M cells) 2.5 8.0 13.2 19.5 25.5 22.5 19.0
Table 21 — CFD simulations imposed boundary conditions (Case #1-7)

Case ID | RPV power generated (W) / | Standpipes internal wall | Ug (m/s)

RPV wall heat flux (W/m?) temperature (K)
#1 3300.7/6000 373.15 /l
#2 17360.0/3750 373.15 /l
#3 13020.0/3750 373.15 /l
#4 68630.0 / 3750 373.15 /l
#5 70060.0 / 3750 373.15 /l
#6 70060.0 / 3750 Il 0.077173
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| #7 | 23278.0 / 3750 | Il | 0.0114 |
Table 22 — RCCS cavity Case #1-7 reference dimensions
Case | Case | Case | Case | Case | Case | Case
#1 #2 #3 #4 #5 #6 #i
Cavity height (m) 6.7 | 19.2 | 23.16 | 23.16 | 23.16 | 23.16 | 23.16
RPV cylindrical part height (m) | 4.076 | 15.24 | 13.84 | 13.84 | 13.84 | 13.84 | 13.84
RPV diameter (m) 134 | 6.82 | 6.82 | 6.82 | 6.82 | 6.82 | 6.82
RCCS cavity diameter (m) 245 | 872 | 865 | 8.65 | 8.65 | 8.65 | 8.65
Gap RPV wall/shield panel (m) | 0.485 | 0.711 | 0.710 | 0.710 | 0.710 | 0.710 | 0.710
Gap shield panel/cavity back |  \aa | 178 | 0.178 | 0.178 | 0.178 | 0.178 | 0.178

wall (m)
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Figure 136 — Reactor Pressure Vessel and RCCS layout
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Figure 137 — RCCS cavity geometry (Case #1)
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Figure 138 — RCCS cavity central region mesh (2.5 M cells, Case #1)
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Figure 139 — RCCS cavity upper part temperature distribution (Case #1)
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Figure 140 — RCCS shield-panel upper part temperature distribution (Case #1)
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Figure 141 — RCCS cavity upper part temperature distribution (Case #2)
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Figure 142 — RCCS cavity geometry Case #3 (left) / Case #4 (right)
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Figure 143 — RPV wall upper part temperature distribution (Case #4)
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Figure 144 — RCCS cavity geometry for the fin-panel design

Figure 145 — RPV wall upper part temperature distribution Case #5 (left) / Case #6
(right)
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Figure 146 — Standpipes outlet temperature distribution (Case #6)

Figure 147 — Cavity upper part mesh (Case #7)
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Figure 148 — RPV wall upper part temperature distribution (Case #5)
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