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ABSTRACT

Horizontal Compact High Temperature Gas Reactor (HC-HTGR) is being designed by a multi-
disciplinary team of nuclear, mechanical, and structural engineers under the support of a DOE-NE
Advanced Reactor Demonstration Program’s Advanced Reactor Concepts-20 (ARC-20) award.
The objective of this ARC-20 project is to deliver a conceptual design for the proposed HC-HTGR
in 3 years and support its commercialization as a safe, low-cost HTGR. Argonne National
Laboratory (Argonne) is responsible for the design and analysis of the reactor cavity cooling
system (RCCS) as a safety system for passive decay heat removal of the reactor concept.

This report documents the design study to derive a conceptual design study of the RCCS for
the HC-HTGR. It includes the identification of the functions and requirements of the HC-HTGR
RCCS, design analyses including high-level design consideration and the calculations for
optimizing design space of the system with supporting component-level analysis to inform the
material selection and performance of the water panel, the description of the conceptual design of
the HC-HTGR RCCS derived based on the analyses results, and performance evaluation of the
conceptual RCCS for the HC-HTGR.

A detailed concept of the RCCS has been identified and high-level system requirements has
been developed for the HC-HTGR. Design space focusing on the natural circulation loop portion
of the RCCS has been investigated to optimize the system performance. The initial baseline
dimensions were firstly derived based on the scoping calculations. A component level design
analysis was conducted for the water panel to inform the material selection and to assess its
conduction performance. A preliminary system-level performance analysis was performed for the
1/8% of the compartment of the initial baseline design of the RCCS using RELAP5-3D. To improve
the system thermal performance, the RCCS design has been updated by exploring various design
options by design parametric analyses. Based on the results, the conceptual design of the RCCS
for the HC-HTGR has been derived, which satisfies the target performance of ~1 MW, at the
elevated vessel wall temperature conditions.

Transient simulations were conducted for the conceptual RCCS design for the HC-HTGR
under various operation modes and heat load conditions using RELAP5-3D. The system dynamics
in different operating states was investigated and the system performance under transients of
interest was evaluated. The results demonstrated the overall system feasibility that the RCCS
design maintains structures temperatures lower than maximum allowable temperature with
sufficient system inventory without any active heat removal in the design process with certain
transients addressed. The HC-HTGR RCCS will have additional design updates of subsystems or
optimization of the system components during the preliminary and final design phases. Since the
entire plant has not been integrated yet, this delivered conceptual design is subject to changes for
integration, that require additional conceptual design activities and Quality and Assurance
implementation (Q&A). The performance assessment of the RCCS for the HC-HTGR will be then
revisited and optimized to finalize the system design, and the RCCS integrated primary system
analysis will be utilized to simulate selective accident scenarios of interest where efforts are
currently undergoing in the project.
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1 Introduction

The Horizontal Compact High Temperature Gas Reactor (HC-HTGR) is being designed by a
multi-disciplinary team of nuclear, mechanical, and structural engineers led by MIT under the
support of a DOE-NE Advanced Reactor Demonstration Program’s Advanced Reactor Concepts-
20 (ARC-20) award. The objective of this ARC-20 project is to deliver a conceptual design for the
proposed HC-HTGR in 3 years and support its commercialization as a safe and low-cost HTGR
with a focus on minimizing the overnight capital cost of the power-generation system and explicit
considerations of functionality, constructability, transportability, modularity, safety, and future
licensing.

The HC-HTGR concept is a prismatic high-temperature gas-cooled reactor in a horizontal
layout with a total power of 160-230 MW,. The HC-HTGR integrates the reactor pressure vessel
(RPV) and steam generator into a single vessel. It has a horizontal orientation to achieve its
construction cheaper and faster, instead of a vertical alignment of traditional HTGR and steam
generator housed in the tall reactor building [1]. This poses additional challenges for passive decay
heat removal using the reactor cavity cooling system (RCCS) concept, which uses natural forces
to provide safe and dependable ex-vessel cooling during emergencies by natural circulation.

Argonne National Laboratory (“Argonne”) is responsible for the design and analysis of the
reactor cavity cooling system (RCCS) as a safety system for passive decay heat removal of the
reactor concept. The pre-conceptual design of the HC-HTGR RCCS was a system of two tanks
above and below the RPV connected by pipes and a natural circulation-driven water panel design
similar to traditional RCCS such as next generation nuclear plant (NGNP) [2]. This report
documents the design work to derive the conceptual design of the HC-HTGR RCCS performed
for FY22-FY23. It includes functions and requirements, a system description, and performance of
the HC-HTGR RCCS design.

Functional and design requirements of the RCCS for the HC-HTGR were established first to
guide design activities and initial scoping calculations, which includes a high-level design
calculation to determine the water inventory, estimate a heating, ventilation, and air-conditioning
(HVAC) thermal capacity, and design scoping calculations. This work is detailed in Chapter 2.

Design analyses were performed to develop the detailed concept of the RCCS for the HC-
HTGR by scoping calculations to narrow down the design space, a component-level analysis to
inform material selection and the conduction performance for the water panel, preliminary
performance analysis for the initial baseline dimensions of the system, and design parametric
analysis for updating system design to improve the thermal performance. This work is detailed in
Chapter 3.

The conceptual design of the HC-HTGR RCCS has been derived based on the design
parametric analyses. Descriptions of the RCCS design, system configurations, key components,
and operating conditions of the RCCS are described in Chapter 4.

To demonstrate overall system feasibility of the HC-HTGR RCCS, a system-level analysis was
conducted using RELAPS5-3D by operation mode and various heat load conditions to investigate
the system dynamics under anticipated RCCS operating regimes, beginning with single-phase
natural circulation, progressing to two-phase natural circulation, and gradual boil-off of the coolant
inventory. This work is detailed in Chapter 5.

1 ANL/NSE-23/89
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2 Functions and Requirements of the HC-HTGR RCCS

The RCCS is a safety-related system that provides a passive means of removing decay heat in
the core when the power conversion system, the primary and secondary heat transport systems,
and the normal shutdown cooling system are unavailable to remove decay heat [3]. As a means for
ex-vessel cooling, the RCCS achieves heat removal by radiation and convection cooling from the
reactor pressure vessel walls to a network of cooling channels. The RCCS is designed to use natural
forces and be relatively simple and the potential for high levels of passive safety performance via
removal of core decay heat during off-normal conditions. There are design variations that have
been chosen to feature specific reactor types and design choices such as primary coolant, geometry,
and dimensions of individual cooling channels, for instance, General Atomics (GA) modular high
temperature gas-cooled reactor (MHTGR) [4], Next Generation Nuclear Plant (NGNP) [2], and
Framatome Steam Cycle — High Temperature Gas Cooled Reactor (SC-HTGR) [5].

Since the concept of the HC-HTGR is characterized horizontal and modules in-line with one
another in relatively small reactor building [1], it brought challenges in developing an RCCS
design that targeted a high level of performance of ex-vessel natural circulation with relative
simplicity and inherent safety characteristics with reduced system volume and height. GA’s
MHTGR and NGNP are good references for the basis of system design requirements, where both
have undergone the license application process in the past. Since they adopted the air-cooled
natural convection open loop type system, those requirements could be modified to be applicable
to other concepts of the RCCS, such as the water-based design or the design having different
operating strategies. Based on those, a set of functional and performance requirements have been
established for the HC-HTGR RCCS design. These requirements have been prepared to provide a
guidance for preliminary design envelops and the initial performance assessment.

2.1 RCCS functions

The key functional requirements of the RCCS are defined with an acceptable RPV wall
temperature and a reactor cavity concrete temperature during power operation, startup, shutdown,
anticipated operational occurrences (AOOs), and various Design Basis Events (DBEs). Working
with the project team, design requirements applicable to the HC-HTGR RCCS have been derived
in Table 1, where its design-specific values and features are represented in bold. It can be modified
in response to advancements in the core and nuclear system design, as well as in the plant
configurations of the HC-HTGR. Additional design requirement categories, such as codes and
standards, physical protection, material control, and safeguards, quality assurance, construction,
or decommissioning requirements were considered but have not been included in the table.

ANL/NSE-23/89 2



A Conceptual Design of the Reactor Cavity Cooling System for the Horizontal Compact High Temperature Gas
Reactor (HC-HTGR)
September 2023

Table 1 High-level design requirements applicable to the HC-HTGR RCCS

Category Descriptions
System configuration 1.1)  The RCCS shall remove heat from the reactor cavity by
and essential features passive means.
requirements 1.2)  The RCCS heat transfer surfaces shall remove heat from the

full length and circumference of the reactor vessel.

1.3) The RCCS shall accommodate reactor vessel vertical
supports, axial supports, and perhaps shutdown circulator
openings and lateral restraint structure

Operational 1.4) If required based on containment design and function, the

requirements RCCS shall maintain reactor cavity concrete temperatures less
than 65 °C during normal operation and less than 177 °C for
off-normal events.

1.5)  The heat loss through the RCCS will be as low as reasonably
achievable while the reactor is operating between 0 % and 100
% power. A target maximum heat loss is ~1 MWg.

1.6) The RCCS shall limit the maximum reactor vessel
temperature below 427 °C for a pressurized conduction
cooldown and below 482 °C for a depressurized conduction
cooldown

1.7)  As designed for continuous operation, the RCCS heat load
during normal plant operation will be based on the normal
operating conditions.

1.8) The RCCS will be designed for an operating life of 40 years.

Structural requirements | 1.9)  All components and piping of the RCCS shall be designed

against seismic loads and tornado.

2.2 Design requirements of the RCCS

2.2.1 Mechanical Requirements

The mechanical design of the RCCS could be constrained by the physical dimensions and
relative positions of the reactor building, the reactor pressure vessel, and the reactor core. Key
constraints were mainly established by the radial and axial dimensions of the reactor building and
the RPV for the pre-conceptual design of the RCCS. Figure 1 shows the reactor building
dimensions including positions of the RPV and space of the RCCS for the HC-HTGR provided by
Boston Atomics. The reactor room dimensions: 9.2 m of the width and 7.9 m of the height
constrains the RCCS design space, targeting total reactor building height of 10.4 m to make it
compact at the best extent. The RPV has 4.1 m of outer diameter and 12 m of the total length with
10 m of the core length. Therefore, the size of the tank could be limited by the space, where it has
3.1 m and 0.7 m between the RPV top and the ceil, and low and the basement respectively. Since
the nature of the design is iterative, the dimensions and constrains have been somewhat modified
through the process, and it is likely that will still be somewhat modified in the future, within bounds
were feasibility, safety and constructability are kept.
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14 m RCCS top tank
104 m
Other rooms
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Columns
RPVOD=4.1m supporting RCCS

tank

Figure 1 Reactor room dimensions of the pre-conceptual HC-HTGR in 2021-2022 (provided by
Boston Atomics)

Figure 2 shows the structural supports of the RPV and the primary system of the HC-HTGR,
which would establish mechanical interface with the RCCS. There are two main groups of
structural supports: the vertical load supports and the axial supports. In 2021-2022, the pre-
conceptual design of the HC-HTGR had 8 vertical load supports on each side of the RPV equally
spaced, 1.5 m in the axial direction. It limits a width of a single water panel as it is located between
each vertical support, but the actual allowable width might be constrained lower than that as the
specific dimensions of the vertical supports have not been finalized. It should be noted here that
this was the pre-conceptual design of the structural supports of the RPV, and it has been potentially
updated after design iterations with the project team based on the design analysis results, which
will be described in Section 3.2.5.

ANL/NSE-23/89 4
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* Used under the terms of the CC BY license (https://creativecommons.org/licenses/by/4.0/)
Figure 2 Initial design of the vertical supports of the HC-HTGR (provided by Boston Atomics)

[1]

2.2.2 Performance Requirements

A set of performance requirements has been established for the HC-HTGR RCCS. These are
prepared to be sufficient to guide preliminary design activities and scoping performance
calculations, although in the future may change once integrating with the rest of the plant design.
These performance requirements and design objectives are summarized as follows:

The RCCS shall provide sufficient passive RPV cooling during accidents.
The RCCS shall operate continuously during normal operation and off-normal conditions.

The RCCS cooling loop shall rely on natural circulation for normal operation and
accidents.

The RCCS shall have multiple redundant independent loops.
The RCCS shall accommodate the reactor building and reactor pressure vessel interfaces.

The heat sink of the top water tank shall include actively cooled means during normal
operation.

Any active system to cool the system shall be assumed to be unavailable during accidents.

The RCCS water tanks shall include replenishment either before or after the depletion of
the initial inventory of water.

(Design objective) The target heat removal rate of the RCCS shall be ~1 MWt without
exceeding the allowable reactor pressure vessel temperature.

(Design objective) The RCCS water tanks should contain sufficient inventory to sustain
accident cooling for a period of greater than 7 days.
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3 Design Analyses of the HC-HTGR RCCS

3.1 Design considerations of the HC-HTGR RCCS

The HC-HTGR RCCS design targets the reactor with a total power of 160 MW, at first, such
that it could be utilized for assessing the feasibility of the concept. An initial design process for
the HC-HTGR RCCS included a determination of the total water inventory, an estimation of the
HVAC capability, and scoping calculations to narrow down RCCS design space focusing on the
natural circulation loop.

3.1.1 System inventory

According to the design objectives of the HC-HTGR RCCS, the total water inventory in the
system should be sufficient to secure at least 7 days until the boil-off of all coolant inventory in
the system. To estimate the total water inventory required, two reference decay heat data were
considered: ANS standard [6] and calculation results from a reference HTGR [7], shown as the
ratio of decay power (P) to the nominal power (Po) in Figure 3. ANS standard is specific to light
water reactors, in particular UO; fuel decay power curve. Afterheat power was calculated for GA’s
MHTGR modeled as a semi-homogeneous graphite-moderated core using a thorium-uranium
cycle, where predicted results were slightly higher than that of ANS standard as a larger amount
of thorium and 23U enrichment of the HTGR fuel considered in calculations [7].

6.00%

—ANS standard
5.00% GA's calculation

4.00%
(=}
£ 3.00%
[}
2.00%
1.00%

0.00%
1.0E+01 1.0E+02 1.0E+03 1.0E+04 1.0E+05 1.0E+06

Time after shutdown [s]

Figure 3 Reference decay power rates used to estimate the system inventory [6,7]

Assuming the RCCS is an open system operating in 1 atm and all decay heat is transferred to
the RCCS coolant without any cooling that would otherwise be available during normal operation,
the estimated amount of water required for securing 7 days of operation was approximately 170
tons and 220 tons of water for 160 MW HC-HTGR RCCS from the ANS standard and GA’s decay
heat curve, respectively. When the top tank is assumed to be mounted with its bottom above the
top of the RPV having its height of 3.1 m and holds most of the water inventory of the system
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about 200 tons, a single water tank has designed to 5.4 m of width, 3.1 m of height, and 12 m of
the length. It could be adjusted by system configurations and optimized to accomplish design
objectives in desired operation conditions of the HC-HTGR.

3.1.2 HVAC capacity

A potential strategy for cooling the reactor cavity of the HC-HTGR could be supported by
heating, ventilating, and air conditioning (HVAC) systems along with the RCCS, whose capability
might be adjustable to satisfy the design limits of the reactor building concrete and the RPV. In
most cases, the RCCS is the only safety-related cooling system for the design, and the design of
the HC-HTGR RCCS shall target potential licensing basis events to remove most of the decay heat
from the core to protect the RPV and the reactor cavity concrete from overheating, together with
the conduction through the reactor cavity concrete wall without HVAC when the reactor is
shutdown. From the reactor building configuration of the HC-HTGR, a potential air flow is
expected through the gap between adjacent panels, where the air between the RPV and the gap
flows upward as heated and exits to the reactor cavity space. This feature might affect the reactor
cavity concrete temperature as hot air directly contacts the concrete wall. Therefore, it is important
to consider HVAC cooling as part of the RCCS design work to ensure the concrete temperature
low enough during normal operating conditions of the HC-HTGR. To estimate the required HVAC
cooling capability, lumped parameter analysis was performed considering anticipated internal air
circulation in the reactor building.

Figure 4 shows a schematic of the anticipated internal air flow in the reactor building of the
HC-HTGR considering the pre-conceptual layout of the RCCS design. The amount of the heat
transfer from the RPV to the air was estimated by the gap flow rate and temperature difference of
inflow and outflow air through the gap, and this can be estimated with the natural convective heat
transfer coefficient (h) and gap air temperature as equation (1). Natural convective heat transfer
coefficient was then obtained by the Churchill-Chu correlation for the external flow on a long
horizontal cylinder as equation (2) [8], where Trpv is the RPV surface temperature, Tgsp is the air
temperature at the gap, and D is the RPV diameter, respectively. In the analysis, assumptions were
made for modeling simplicity that the natural convective heat transfer of the gap air with the panel
surface was neglected, the ambient air temperature in the reactor building (Tamp) Was considered
as the inlet temperature of the gap air flow, and all of the heat transferred through the air flow was
assumed transferred to the HVAC.

QRPV—>air = mgapcp (Tout - Tin) = hA(TRPV - Tgap)) where Tin = Lambp (1)
2
0.387Ray® Trev — Tyap)D?
Nu =0.60 + °— 75| where Ra, = 98 (Tssy ~ Tyap) )
0.559 9/16 va
1 +( Pr )
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Figure 4 Schematics of anticipated internal air circulation in the HC-HTGR reactor cavity

The estimated heat transfer amount from the RPV and the air temperature rise through the gap
by the ambient air temperature are shown in Figure 5. The estimated heat transfer amount was ~28
kW for the air temperature of 30 °C and ~19 kW for the air temperature of 70 °C, respectively.
This can be covered by a generic HVAC, implying the reactor cavity concrete temperature can be
controlled by maintaining the reactor building air temperature sufficiently low by HVAC during
the normal operating conditions. The results also confirm that the RCCS is the major contributor
of parasitic heat loss from the RPV during normal operation condition. Air temperature is increased
via heat from the water panel from ~4.9 °C to 6.2 °C by the ambient temperature controlled by the
HVAC. As air temperature rise is relatively low, the local influence of the air outlet temperature
on the concrete wall is expected insignificant under the condition of the air ambient temperature
being well-controlled by HVAC. It should be noted that it might require thermal shields for local
regions potentially receiving direct thermal radiation from the reactor vessel wall.
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Figure 5 Estimated heat transfer through internal air circulation and temperature rise of the air
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Since the amount of heat transfer by the internal air flow is small, RCCS is then the major
contributor to the parasitic heat loss from the RPV in normal operational conditions. Nevertheless,
air temperature variation in flowing direction might affect the panel temperature distribution,
which was derived from previous experiences on Natural Convection Shutdown heat removal Test
facility (NSTF), a scaled facility for the RCCS concept, on modeling the facility for predicting a
heated plate temperature profile [9]. Therefore, it might require thermal shield for local regions,
for instance at locations receiving the direct thermal radiation from the reactor vessel wall, even
though HVAC is capable of controlling the internal building air temperature.

3.2 Design Process of the HC-HTGR RCCS

3.2.1 Scoping calculations

To narrow down a design space of a natural circulation loop for the HC-HTGR RCCS, a
standalone RCCS analysis methodology has been established, which consists of a coupled thermal
resistance network analysis and a simplified natural circulation loop analysis. Thermal resistance
network analysis estimates the amount of heat transfer from the RPV in desirable RCCS operation
conditions. The simplified natural circulation loop analysis predicts a natural circulation flow rate
according to the system dimensions. Two steps are combined by exchanging the amount of coolant
temperature increase across the riser tube (AT) and the natural convective heat transfer coefficient
(htc) of the riser tube while iterating until achieving heat balance. With given conditions of the
RPV temperature and coolant inlet temperature, the standalone RCCS analyses estimate natural
circulation flow rate and heat removal rate by design parameters. The flowchart of the analysis is
summarized in Figure 6.

Natural circulation
Input « RPV temperature | htc loop analysis Output

« RPV temperature\l * Coolant average « Coolant inlet « Natural circulation
* Coolant inlet m=® temperature ) | temperature flow rate

temperature ) AT |* Temperature rise |+ Heat removal rate |
h g Thermal resistance in the riser tube
network analysis . J

Figure 6 A flowchart of the standalone RCCS analysis

The domain of the thermal resistance network consists of the RPV, the panel, and the coolant
in the riser tubes. Heat transfer in the gap from the uninsulated outer wall of the RPV to the RCCS
riser tubes/panels consists of natural convection and thermal radiation. The convective and
radiative components were assumed to be independent processes here. Natural convection was
assumed for the RCCS heat transfer from the panel to the coolant in the riser tube. From the initial
concept of the HC-HTGR RCCS, the panel was taken into account as a heat transfer fin. By
assuming a sufficiently high efficiency of heat transfer between the panel and the riser tube,
conductive heat transfer between the panel and the riser tube wall was ignored. A schematic of the
representative thermal resistance network is shown in Figure 7.
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Figure 7 Thermal resistance network of the water panel design

The domain of the natural circulation loop analysis consists of the top/bottom tanks, the
collectors, pipes connecting the tank and collector, riser tubes, and downcomer lines for half of the
pre-conceptual design of RCCS for the HC-HTGR, as shown in Figure 8. For modeling simplicity,
assumptions were made that fluid flow was a single-phase in a steady state, heat conduction from
the panel to the fluid and inside the fluid was neglected, and a minimum number of elbows were
considered in the form loss pressure drop calculation. Once a set of system dimensions and
operation conditions which satisfy design requirements were sufficient to establish a natural
circulation flow, the flow rate and the temperature difference between the hot and cold regions
were calculated. The governing equation is derived from total pressure drop (APioal) across the
loop expressed in Equation (3), which consists of the sum of pressure drop from friction (APy),
form loss (APfom), acceleration (APac), and head loss (APg) between two nodes divided into the
inlet and outlet of each component.

APorar = Z(Apf,i + APy + APy + APfor ) =0
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Figure 8§ A schematic of a representative natural circulation loop of the HC-HTGR RCCS
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Standalone RCCS analyses were performed using combinations of the RPV surface
temperature from 220 °C to 472 °C and coolant bulk temperature from 30 °C to 70 °C, which
ranges were expected to have during RCCS operating conditions. The natural circulation loop
design space was considered to include 9 design parameters including the length of the cold leg,
hot leg, and riser tube, the diameter of the collector, riser tube, and downcomer, the elevation
difference between the inlet and outlet ports of the top tank and the bottom tank, and the pitch-to-

diameter (P/D) ratio of the riser tubes assembly.
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Figure 9 Standalone RCCS analysis results — Trpv=472 °C, Twater=060 °C

11

ANL/NSE-23/89




A Conceptual Design of the Reactor Cavity Cooling System for the Horizontal Compact High Temperature Gas
Reactor (HC-HTGR)
September 2023

For each case of the RPV temperature and water temperature conditions, a total ~262,000 (4
points per 9 design parameters) set of dimensions was explored to narrow down the design space
range to have better performance in terms of the heat removal rate of RCCS. The results of the
example case of the RPV and water temperature conditions are shown in Figure 9. The overall
process narrowing down the design space was aimed toward maximizing heated length (riser tube
length) and water panel surface area and making overall loop dimensions as compact as possible.
The results helped to understand the influence of each design parameter of the RCCS for the HC-
HTGR to the natural circulation performance and led to derive an initial set of the dimensions of
the natural circulation loop of the RCCS. Based on the results, the baseline dimensions of the HC-
HTGR RCCS were firstly derived as shown Figure 10. It should be noted that some of the design
parameters were determined based on engineering judgment by consulting the project team. For
instance, the elevation change of the inlet and outlet ports of the bottom tanks is set as 0.65 m to
secure marginal space for engineering purposes, while a smaller value is preferable showing this
change had a minimal influence on the RCCS performance.

! "y
! — vcc\\“c‘o( H
‘ 19!
/ (o ¥ £
. O\ Q
! i 1 1oP ool H
i [+ ot ¥0 8
! i (ot
ol 002
o il Toptank ot ¥® p
R / o
) : <o
- i o
: 100 oo
i t
[ H ¥
o [ oot A %
) ' J 10 *
- : 0.1 0.70 (o 0 E o g
i Lo < - covel
i o ¥ 10
! co\% i 2f 3“° o+
o : D6 [ <o
3 ! e
~ ' D 12" <o\ A0
1 o“"“‘gs
| s o\ Aot
=} E = nog °
i |8 b o oMW
o s $  Riser|| " o
. cf
g : 8  tubes| ol \«::: 'S
. [l
i D 1/8 y P <
' N xo¢ H
N cf H
1 e 4
i Bot®TW Z
¥ A0 - H
= gy 60N : A0
o g | T v H
WU N Bottomtgnk | | e 5 X—
b oL > ’\’L : y
P =T 035
1 P H
i 010
¢ 1.80

Figure 10 Isometric view of the baseline design of RCCS for HC-HTGR (Not scaled)

ANL/NSE-23/89 12



A Conceptual Design of the Reactor Cavity Cooling System for the Horizontal Compact High Temperature Gas
Reactor (HC-HTGR)
September 2023

3.2.2 Water panel material study

A design perspective on the material selection of the water panel was recommended to be
preceded in the initial RCCS design process. Thermal analysis of the water panel was conducted
to assess the conduction heat transfer performance by the panel and the riser tube materials using
STAR-CCM+ [10]. A test was conducted for a single water panel under the conditions of two
constant RPV temperatures, where a calculation domain is shown in Figure 11, and a test matrix
is summarized in Table 2. Values of the RPV temperature of 220 °C during the normal operating
condition and 472 °C during the limiting design condition were considered to understand the
influence on the overall heat transfer path from the RPV to the water panel. It should be noted that
those values were approximated to reflect what is expected for a prototypic reactor but not design
values exact for the HC-HTGR. The emissivity of the carbon steel was set as 0.8, and emissivity
values of 0.3 and 0.1 were used for the stainless steel to investigate the influence of the surface
emissivity on thermal performance.
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Figure 11 CFD domain of the test case

Table 2 Single water panel conduction performance test matrix

Boundary conditions Riser tube material Emissivity
Case 1-1 Carbon steel 0.8
Case 1-2 Constant Trpy=220 °C Stainless steel 0.3
Case 1-3 0.1
Case 2-1 Carbon steel 0.8
Case 2-2 Constant Trpy=472 °C Stainless steel 0.3
Case 2-3 0.1
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Figure 12 Comparison of the water panel temperature by pipe materials (Trpv=220 °C condition)
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Figure 13 Comparison of the water panel temperature by pipe materials (Trpyv=472 °C condition)
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Figure 12 and Figure 13 show CFD-predicted transverse temperature distributions across the
water panel by riser tube materials and RPV temperature boundary conditions. The case of
stainless steel pipe with the emissivity of 0.3 had the largest temperature gradient on the water
panel due to its relatively poor thermal conductivity. The amount of radiation heat transfer from
the RPV surface was more shifted to the panel side due to the low emissivity of the stainless steel
pipe surface. The panel temperature of the air side of the carbon steel pipe case was slightly larger
than those of the stainless steel pipe case. On the other hand, the pipe inner and outer surface
temperatures of the stainless steel pipe cases were lower than those of the carbon steel pipe case
by on the order of 0.5 - 1.5 °C in the Cases 1.3 and 2.3 respectively. As shown in (b) and (c) of
Figure 12 and Figure 13, temperature changes from the carbon steel pipe to the stainless steel pipe
with different emissivity values were within a few degrees.

Figure 14 shows a heat flow by the riser tube materials under constant RPV temperature
boundary conditions. For the stainless steel pipe case, radiation heat transfer from the RPV surface
decreased by up to 22 % in the case of stainless steel pipe with the emissivity of 0.1 compared to
the carbon steel case. All cases showed similar level of convection heat transfer of the RPV surface.
Heat transfer from the RPV to the water panel was distributed to the panel and the riser tube based
on the emissivity. In the carbon steel pipe case, radiation heat transfer from the RPV was shared
between the panel and pipe surface area. In contrast, the radiative heat transfer of the stainless steel
pipe cases were focused on the panel surface due to its low emissivity. Overall convection heat
transfer by water decreased by the reduced amount of radiation heat transfer from the RPV. A
slight increment of conduction heat transfer between the panel and the pipe was shown as it had a
relatively large temperature gradient between them due to its low thermal conductivity.
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Figure 14 Comparison of heat flow by pipe material in constant temperature boundary conditions

Based on the results, the use of carbon steel for the riser tubes can offer improved heat transfer
performance of the water panel when compared against a stainless steel option due higher
emissivity and thermal conductivity material properties. Carbon steel is a preferred panel material
given its high thermal conductivity and emissivity within the range of 0.7 to 0.9 under most
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conditions. For such reasons, carbon steel could be an ideal option for the riser tubes as well as it
would simplify fabrication and save construction costs. However, carbon steel has a known
corrosion issue and potential long-term structural integrity loss due to the oxidation of chemical
reactions with water, as well as degradation of the convective heat transfer and ultimately overall
performance of the RCCS. Additionally, the surface will experience loss of material due to this
corrosion mechanism and overtime will cause damage due to pitting and erosion [11]. To prevent
significant fouling of the fluid and corrosion of the steel piping, it would be necessary to adopt an
additional coolant treatment system. In lieu of complex surface treatment and/or stringent
chemistry control, stainless steel is commonly chosen instead for piping of the water system.
However, the drawback of stainless steel is the relatively poor thermal properties compared to
those of carbon steel.

The impact on the overall heat transfer coefficient can be determined based on equation (4),
where Ut is the overall heat transfer with fouling, R¢is the fouling factor, and U is the heat transfer
coefficient of a clean system [12]. One of the primary factors for this high level of fouling is the
velocity, which becomes significant at low flow velocities, shown in Figure 15. Furthermore, this
rate of heat transfer degradation will continue with to decrease time and is likely to follow either
a log or power dependence as shown in Figure 16.
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Figure 15 Fouling resistance versus change in Figure 16 Reduction in heat transfer
flow velocity, based on correlation from [13]  coefficient assuming log and power trends vs
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Since fouling impacts many applications across various industries, a large amount of work has
been completed to identify effective techniques to control against its impact. In cooling water
systems, the most common is the addition of chemicals corrosion inhibitors, which form a
protective film or barrier on the metal surfaces. This method may impact heat transfer by the fluid
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due to film build-up and reduced fluid thermal performance and requires regular monitor to ensure
chemical levels are adequate for continued protection. In consideration for possible treatment
methods of a water based RCCS, requirements specific to nuclear safety present unique demands
and limit the range of viable options. Furthermore, the reliance on natural circulation heat transfer
to maintain adequate levels of decay heat removal performance excludes many of the chemical
solutions where the build-up of protective film would hinder the convective performance of the
cooling panel tubes.

The reduction of dissolved oxygen (DO) is identified as one viable method as it maintains the
simplicity in design and operation without chemical or mechanical additives. Removal of DO can
be achieved with several techniques, including but not limited to sustained boiling, purging with
an inert gas, and sonication. A comparison of these was made by Butlter et al, 1994 [14] and
determined that purging with nitrogen gas was the most effective and adequately cost effective for
most applications. Though this method would provide acceptable water quality levels initially,
ingress of ambient outside air (for example via breather ports for water expansion/contraction in
the system) would create a pathway for the reintroduction of oxygen into the system. Thus,
additional considerations would need to be made for a continuous and long-term method for
maintaining water quality. Possibilities include maintaining a small positive pressure within the
gas space above the tank water level, which would create a blanket of cover gas shielding the water
surface from the oxygen rich environment. An inert gas such as argon would reduce the amount
of gas flow needed to maintain the blanket given the higher density and lower potential for egress
by diffusion. Similarly, a slow-flow continuous purge of nitrogen through the piping, etc. gas space
may also be able to achieve this goal. Further evaluation of design and operating details would be
needed to confirm the effectiveness of such a system, including an assessment of the reliability,
long-term operational costs, failure points, and their impacts.

3.2.3 Development of the water panel modeling approach

For the design work for the HC-HTGR RCCS, the RELAP5-3D reactor transient analysis code
[15] is being used to investigate the system performance characteristics. Prior to conduct the design
calculations, it is important to confirm the system behavior and major heat transfer mechanism of
the system can be captured for the design scope. The water panel is a key component of the RCCS
to receive the radiation heat from the RPV surface and to remove heat by natural convection of the
coolant for the RCCS, therefore, a conventional modeling approach using RELAP5-3D have been
revisited. To properly organize the heat structures of a pipe with a fin (known as a panel) in the
reactor cavity in RELAP5-3D, modeling assumptions are necessary due to the complex geometry
and constraints of the code when considering combined heat transfer mechanisms involving
radiation and conduction within the same structures. One surface of a heat structure in RELAPS5-
3D cannot be specified in more than one enclosure set. It indicates modeling heat transfer surfaces
of the pipes with fins including both radiation and conduction heat transfer are not available,
therefore, it requires proper assumptions in heat structures and their heat transfer modeling to
reflect major thermal responses expected in RCCS operation.

Figure 17 shows a comparison of the water panel modeling approach in RELAPS5-3D by
modeling assumptions made in the heat structures of the panel and the pipe. As the radiation heat
transfer is known to be the dominant heat transfer mechanism of typical situations of HTGR, the
radiation enclosure has been preferred and defined in the input by combining pipes and fins into a
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single heat structure in previous studies [9,16] as shown in Figure 17 (a). Although thermal
conduction heat transfer between pipes and fins is not included with that, the total energy balance
within each structure would be conserved with proper corrections such as adopting a fouling factor
for a heat transfer coefficient. However, this approach might require lots of assumptions made in
the water panel modeling in defining representative material properties if the panel and the pipe
materials are different, or complex geometries of the panel and/or the riser tubes.

Therefore, it leads to complementing the traditional modeling approach for the water panel to
incorporate all important heat transfer mechanisms while conserving important physical
parameters such as geometries and dimensions. An extended modeling approach is developed by
modeling the panel and the riser tube exclusively and setting each surface of heat structures within
a radiation enclosure, while the other side of heat structures are jointed within a conduction
enclosure simultaneously as shown in Figure 17 (b). It enables to thermally connect the panel and
the riser tube through conduction and radiation enclosures simultaneously. In other words, the side
facing the gap of heat structure surface is set in radiation enclosure. Then the opposite side of heat
structure surface is included in the conduction enclosure at the same time, while the actual thermal
conduction between the panel and the riser tube occurs at the side. This approach might bring
modeling complexities in defining heat structures and thermal conductions, but it is expected to
reflect the actual heat transfer mechanisms expected in RCCS operation condition to the best
extent.

RPV surface RPV surface
Gap Radiation Gap Radiation
enclosure enclosure

. ]
Conduction
enclosure

a) Approach 1 b) Approach 2

Figure 17 Schematics of RELAP5-3D modeling approaches of the water panel

A test case was prepared to assess modeling approaches for the water panel using RELAPS-
3D, and the results of each approach were compared with CFD simulations. The geometry of the
test case represents the unit geometry of the HC-HTGR RCCS design. The test case includes a
part of a horizontal RPV surface, a straight vertical panel and pipe assembly, the air between the
RPV and the panel/pipe assembly, and water flowing in the pipe. To limit the calculation domain,
the air and the water flows were modeled as once-through with fixed inlet temperature and flow
rate, while water flow is in a closed loop driven by natural circulation in the actual operation.
Specifications of the RELAPS test case are listed in Table 3. Note that values of the mass flow rate
of the air and the water are not representing specific design values but are set with approximated
values for the test purpose.
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Table 3 Dimensions of the RELAPS test case

Parameters Values
RPV outer diameter 4.1m
RPV/panel/riser tube height 35m
RPV/panel width 0.03 m
RPV thickness 0.1 m
Pipe inner/outer diameters 0.269 inch / 0.405 inch

(1/8 inch standard Sch. 40 pipe)

Water inlet temperature / mass flow rate 30°C/0.03 kg/s
Gap air inlet temperature / mass flow rate 65 °C/0.05 kg/s

A simplified nodalization diagram of each modeling approach is presented in Figure 18. It
consists of two hydrodynamic volumes for the coolant (water) and the gap (air), and heat structures
for the RPV surface, the panel and/or the riser tube, top/bottom structures to close the volume (not
shown in Figure 18), and time dependent volumes and junctions to define boundary conditions of
the fluid domain. Hydrodynamic components and heat structures such as RPV surface, top and
bottom structures were shared for the inputs of both approaches. The water coolant was modeled
with a vertical pipe component (101) with 7 axial nodes. The cavity, the space between the RPV
and the panel, was modeled with a vertical pipe component (220) with 7 axial nodes and with
another hydrodynamic system considering non-condensable gas present environment such as air.
As flow area of the cavity varies by its elevation, flow area, length, and hydraulic diameter (D)
set in the input were processed from the volume of actual geometry for each axial node with
consideration of their azimuthal angle to reflect actual geometry of the air domain to the best
extent. The RPV surface was represented with a rectangular geometry heat structure (HS 2201).
Thickness of the RPV heat structure was set as 0.1 m for all axial nodes, varying surface area of
each axial node with elevation to model curvatures of them. Top and bottom structures were
modeled as rectangular heat structures with single axial node as they are required to complete
enclosure of the calculation domain for calculating radiation heat transfer. They do not affect the
temperature distributions of any heat structures as no thermal connections were set with other heat
structures, nor thermal radiational heat taken by setting emissivity values for the top and the bottom
heat structure surfaces as zero.
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Figure 18 RELAP5-3D nodalization diagram of the test case by the modeling approach

Heat structures for the panel and the tube were varied according to assumptions made in the
modeling of the water panel. For Approach 1, the panel and the pipe were modeled as a single
rectangular heat structure (HS 1201) having 7 axial nodes, where the panel and the pipe surface
area on the cavity side was conserved but its curvature was ignored. As rectangular heat structure
in RELAPS5-3D has same surface area for the left and right sides, the left side are connected to the
water were overestimated. To account for the difference between the defined surface area (Arelap)
and the actual pipe inner surface area (Apipe,in) contact with the water, a correction was made by
using a user-defined convective heat transfer coefficient multiplier, Fouling factor (F), to adjust
the total left side heat transfer as equation (6), where F=0.60 was set in the test case.

For Approach 2, the panel and the pipe were modeled as rectangular heat structures (HS-1201
and HS-1101) with both having 7 axial nodes. Note that the thickness of the panel and the pipe
and the surface area of the panel were exact values of actual geometry but not for surface area of
the pipe, as the pipe was modeled as flat plate which has same surface areas for left and right
boundaries and surface area value was picked for the air side surface area. This discrepancy of
surface area, especially for the water side, will require a proper correction of heat transfer. As done
in the Approach 1, it was achieved by using a Fouling factor (F) to adjust the total left side heat
transfer as equation (6), now F=1.33. To take into account of conduction heat transfer between the
panel and the pipe, a gap conductance (K) was corrected for a set of conduction enclosure. A
correction was made to account for the actual contact area between the panel and the tube (Acontact)
in a gap conductance (K) for a set of the conduction enclosure as equation (7), where k is the
thermal conductivity of the heat structure material assuming a constant value (47.7 W/m K for
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carbon steel), and Lcond is the conduction length, respectively. For the test case, K=988.6 W/m?K.
Detailed comparison of heat structure inputs for the panel and the pipe by RELAP5-3D modeling
approach are summarized in Table 4.

F = Apipe,in/AreLap (6)
K = Acontact . ( k ) %)
ARELAP Lcond

Table 4 Specifications of the panel and the pipe heat structure inputs by the modeling approach

Approach 1 Approach 2
Heat structures Panel & pipe (HS-1201) Panel (HS-1201) Pipe (HS-1101)
Shape Flat plate Flat plate Flat plate
Thickness 5 mm 5 mm 1.727 mm
Left boundary Convective (water) Symmetry Convective (water)
condition & Set in conduction
enclosure

Right boundary Convective (cavity) Convective (cavity) Symmetry
condition & Set in radiation & Set in conduction

closure enclosure

RELAPS5-3D simulation results of all approaches were compared with CFD simulation results
under the same boundary conditions. CFD results were post-processed by using reports taking
surface/volume average or integral to directly compare with physical quantities of RELAP5-3D
results such as node temperature, heat structure surface temperature, heat transfer amount, etc. A
constant RPV inner temperature of 220 °C was used for the boundary conditions, intended to be a
reference in estimating a parasitic heat loss by RCCS during normal operational conditions in
system scale analysis.

Table 5 and Table 6 summarize comparisons of heat flow by RELAP5-3D modeling approach
with CFD results in constant RPV temperature of 220 °C and 472 °C conditions, respectively.
Both approaches predicted radiation heat transfer and convection heat transfer from the RPV at a
similar level to CFD results in two RPV temperature cases. It was noticeable that with proper
corrections made from the modeling assumptions for the major components, all approach
reasonably agrees well with CFD results. As some axial nodes of the RPV used their heat transfer
correlations for a flat plate to reflect their curved geometries, minor discrepancies in heat
transferred by the air flow could be reduced by updating proper heat transfer coefficient
correlations for them once system configurations and dimensions are finalized.
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Table 5 Comparison of the test case results of RELAP5-3D and CFD - Trpv=220 °C

RELAPS-3D CFD
Approach 1 Approach 2
Total heat transfer [W] 348.38 348.09 343.54
Radiation heat transfer [W] 188.35 188.07 182.16
(54.1 %) (54.0 %) (53.0 %)
Convection heat transfer [W] 160.03 160.03 161.38
(45.9 %) (46.0 %) (47.0 %)
Heat transferred by air [W] 112.82 113.08 129.70
(32.4 %) (32.5 %) (37.8 %)
Heat transferred by water [W] 235.55 235.02 213.85
(67.6 %) (67.5 %) (62.2 %)

Table 6 Comparison of the test case results of RELAP5-3D and CFD - Trpyv=472 °C

RELAPS-3D CFD
Approach 1 Approach 2
Total heat transfer [W] 1183.14 1188.40 1178.82
Radiation heat transfer [W] 794.50 792.70 763.61
(67.2 %) (66.7 %) (64.8 %)
Convection heat transfer [W] 388.64 395.70 415.21
(32.8 %) (33.3 %) (35.2 %)
Heat transferred by air [W] 338.85 355.03 388.56
(28.6 %) (29.9 %) (33.0 %)
Heat transferred by water [W] 844.29 833.37 790.26
(71.4 %) (70.1 %) (67.0 %)

From the comparison of test case results, all modeling approaches predictions agreed
reasonably well agreed with CFD results with proper corrections on heat transfer area for thermal
radiation or conduction. They were made from different levels of assumptions in the inclusion of
heat transfer mechanism and physical parameters. Previous studies and extensive experiences have
been done with Approach 1 with its straightforward concept and simplicity of modeling. They
showed it would be suitable for analyzing the panel and the pipe in the same material. Approach
2 is the extended version of Approach 1 but explicitly modeling the panel and the pipe. It is
recommended for analyzing a case of dual materials of the panel and the pipe or transient analysis
such as drastic changes in heat source or flow rate of the water and/or cavity, etc. It has a potential
to reflect thermal responses of each component in different material in transient condition.
Therefore, Approach 2 was used to first develop the RELAP5-3D reference model for the HC-
HTGR RCCS design study, but Approach 1 could be coming along with Approach 2 if necessary.
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3.2.4 Preliminary performance analysis of the HC-HTGR RCCS

The pre-conceptual design of the HC-HTGR RCCS consists of 8 riser tube assemblies, where
each has 33 riser tubes connected with the panel and connecting to top and bottom collectors on
each side of the RPV. For system redundancy, top and/or bottom tanks could have multiple
compartments to make an independent train for system operation. In the preliminary analysis
model, 1/8" volume of total top and bottom tanks with a single rise tube assembly was firstly
considered to estimate system performance. Figure 19 shows the RELAP5-3D model for the 1/8"
compartment of the pre-conceptual design of the HC-HTGR RCCS natural circulation loop. Along
with the natural circulation loop, air flow between RPV and the water panel was modeled. Since
the reactor building's internal configurations was not yet finalized, the air flow was modeled with
a fixed flow rate and inlet temperature through the gap with approximated values in the present
model, which are 30 °C and 0.48 kg/s respectively. The detailed descriptions of the RELAPS
model are available in [17].
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Figure 19 Nodalization diagram of the RELAP5-3D model for the pre-conceptual RCCS design
[17]
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Table 7 shows the preliminary results on the performance of the pre-conceptual design of the
HC-HTGR RCCS under conditions of the top tank exit temperatures of 30 °C and 80 °C in normal
operating and limiting design conditions. In the normal operating condition, a temperature rise
from cold leg entrance to hot leg return was from 6 to 15 °C, which indicated the system operation
range were in a subcooled state with a proper top tank cooling. The 80°C top tank case in the
limiting design condition showed a coolant temperature rise by 20.7 °C. The coolant exit
temperature of the riser tube was a few degrees below saturation temperature. A larger heat load
of the RCCS water panel was predicted in the 30°C top tank case than that of the 80 °C top tank
case in both conditions. In the limiting design condition, the RCCS water panel load increased up
to 72.1 % in the 30°C top tank case. It confirmed the major heat transfer path from the RPV to the
water panel was radiation. Parasitic heat loss from the RPV in the normal operating condition
could be estimated by converting 1/8" of compartment results into a full system heat load.
Multiplying 16 to the heat removal from RPV per single riser tube assembly, 0.17 MW and 0.13
MW, for the 30°C and 80°C top tank temperature cases were predicted in normal operation
conditions. This satisfied maintaining below target maximum heat loss during normal operation
by the HC-HTGR RCCS operation. However, the heat removal rate under the limiting design
condition was estimated to 0.56 MW, for the 30 °C top tank condition, which is below the design
target of 1 MW, for the HC-HTGR RCCS.

Table 7 Performance of 1/8" compartment of the pre-conceptual RCCS design

30 °C top tank 80 °C top tank
Normal operation condition (Trpv=220 °C)

Coolant temperature rise [°C] 14.28 6.03
Total mass flow rate [kg/s] 0.09831 0.1341
Heat removal from RPV [kW] 10.65 8.189
RCCS water panel heat load [kW] 5.87 3.40

(55.1 %) (41.5 %)

Limiting design condition (Trpv=472 °C)
Coolant temperature rise [°C] 27.70 20.67
(Tsa=108.4 — 114.1 °C)

Total mass flow rate [kg/s] 0.2181 0.2253
Heat removal from RPV [kW] 35.03 28.93
RCCS water panel heat load [kW] 25.24 19.58

(72.1 %) (67.7 %)
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3.2.5 Design parametric study of the HC-HTGR RCCS

Followed by the preliminary analysis, the approximated thermal performance of the pre-
conceptual RCCS design in the limiting design condition was insufficient. It led the major design
update for the pre-conceptual design of the HC-HTGR RCCS to achieve the system target
performance of 1 MW, In addition, the heat loss by the gap air flow was excluded to be
conservative in the RCCS design process, which assisted ~28 % of total heat removal from the
RPV. Therefore, the reference design conditions for the HC-HTGR RCCS considered in the design
parametric analysis were revised per request as below:

- Average RPV surface temperature of constant 420 °C

- The emissivity of 0.8 for all surfaces participating in radiation heat transfer

- Single-phase operation with higher water temperature throughout the loop

- Air convection at both RPV outer surface and water panel surface is ignored.

- Thermal radiation heat transfer from the water panel to the cavity concrete wall is ignored.
- Radiative heat transfer between the RPV and top and bottom tanks is ignored.

Under such design constraints and reference design conditions for the RCCS of HC-HTGR,
prioritized strategies to improve the thermal performance of the water panel were addressed with
the aim of maximizing the water panel surface area and minimizing loss of radiation from the RPV
to environment/structures other than the water panel. An attempt (Attempt 1) was made to find the
design of the water panel to achieve the target heat removal rate within a limited vertical elevation
change allowed to the water panel. Figure 20 and Table 8 show the variations of the water panel
design of HC-HTGR RCCS considered. Under the pre-conceptual RCCS system configuration, it
was inevitable to increase the width of the water panel to maximize its surface area. By increasing
the number of the riser tube per water panel and extending water panel to cover the RPV at the
best extent, another design (Attempt 2) had 1.1 MW of the heat removal performance in the design
condition. However, it was obviously violating design requirements as interfering with the vertical
supports and not allowable as it was limited it to 1.0 m to leave the design space for the vertical
supports.

Top tank Top tank i

£ Waterl | £

RPV ‘slaar::Ir p RPV panel| | o
Bottom tank Bottom tank

a) Initial design b) Attempt 1 and 2
Figure 20 Major design changes of the water panel of HC-HTGR RCCS (Not scaled)
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Table 8 Comparison of the water panel design performance

Baseline Attempt 1 Attempt 2
Riser tube diameter 1/8 inch (Sch. 40) | 1/8 inch (Sch. 40) | 1/8 inch (Sch. 40)
Number of water panel 8 on each RPV
The number of riser tubes per 33 66 66
water panel
Width of a water panel 1.0 m 1.0 m 1.5m
Riser tube P/D 2.92 2.19 2.19
Shape Vertical, straight | Partially inclined | Partially inclined
Vertical elevation 35m 35m 35m
Total heat removal rate in the 0.56 MW 0.85 MW 1.10 MW
design condition*

* Evaluated with the single riser tube and scaled to the full system

A design parametric study was continued to find the design of the water panel and the loop
configuration satisfying the design goal of the RCCS under the design condition. For the modified
water panel design (Attempt 1), top tank injection elevation (X) and the top tank elevation (Y)
were investigated with a unit water panel having a single riser tube model using RELAP5-3D.
Table 9 shows the summary of the RCCS performance by natural circulation loop configurations.
1.0 m is the maximum allowable margin for both the top tank elevation to be located inside the
reactor building and for the top tank injection elevation to have at least 30 % of the level of the top
tank water inventory as the depletion state from the given top tank size. As expected, the two
parameters brought a favorable impact on promoting natural circulation flow rate, but they had
insignificant enhancement of overall thermal performance. This indicated that the system
performance evaluated in the design condition was primarily limited by the thermal radiation from
the RPV.

For a cylindrical shell shaped water panel with a smooth surface covering the entire RPV area,
radiation heat transfer from the RPV can be calculated by equation (8)Error! Reference source
not found., where ¢ is the emissivity, o is the Stephan-Boltzman coefficient (5.67x00-8 W/m?K*),
A is the surface area, and D is the diameter [8]. It was estimated that 0.95 MW, could be achieved
in the design condition with a panel temperature of 65 °C and an emissivity of 0.8, which is close
to the target thermal performance of the HC-HTGR RCCS design.

Oupy = SRPVO-ARPV(TI?PV - T;anel)
RPV [ 1 N 1 — &paner ( Dgrpy )] (8)

Erpv gpanel

Dpanel
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Table 9 Thermal performance by top tank injection elevation (X) and top tank elevation (Y) in
the design condition

Top tank injection '
elevation (X) Top tank elevation (Y)

7 Ref.
+0.2m | 0.6 m | +1.0m | +0.2m | +0.6 m | +1.0 m
'Ilmllf

Radiation | From 1066.1 | 1066.4 | 1067.0 | 1067.5 | 1066.4 | 1067.0 | 1067.5
[W] RPV
To 432.6 432.6 432.5 432.4 432.6 432.5 432.4
structures
To riser | 305.8 305.9 306.2 306.4 305.9 306.2 306.4
tube outer
surface
To panel 404.9 405.1 405.5 405.8 405.1 405.5 405.8

Mass flow rate [kg/s] | 6.0e-3 | 6.2e-3 | 6.4e-3 | 6.7¢e-3 | 6.2¢-3 | 6.4e-3 | 6.7e-3

It was confirmed the main design parameter of the RCCS is the water panel surface area. Since
the RPV side surface covered by the water panel was partially blocked by the top and bottom tanks
for the pre-conceptual design, it limited the heat transfer from the RPV to the water panel. By
locating the top tank to the position other than above the RPV, it was expected to improve the
thermal performance of the RCCS. It was expected to utilize additional RPV area participating in
radiation heat transfer to the water panel and minimize heat loss to the structures simultaneously.
It also allowed extending a height of the water panel to promote the natural circulation flow.

To support the changes in top tank configuration, transient simulations were conducted using
RELAPS-3D. The results of two cases were compared — one is the top tank is isolated and not
receiving any radiation heat transfer from the RPV (Case 1), and the other is the top tank surface
adjacent to the RPV receives the radiation heat transfer from the RPV directly (Case 2). The
transient scenario considered for the analyses is the hypothetical Depressurized Conduction
Cooldown (DCC) event, which adopted the RCCS heat load evolution by time from a reference
HTGR design [18]. The power profile was normalized to have a designed power level of HC-
HTGR and set as a heat flux boundary condition at the RPV inner surfaces. Started with the steady
state natural circulation operation condition starting from 0 sec, heat sink for the top tank
temperature was assumed unavailable. The simulation was conducted for the initial 300 hours to
investigate the impact of the heat loss to the structures such as the top tank to the system behavior.

Figure 21 shows the comparison of the RPV temperature and natural circulation flow rate of
evolutions during DCC for the Cases 1 and 2. Both cases showed the peak RPV temperature after
~120 hours, and its differences between two cases was insignificant. However, the case 1 had the
maximum RPV temperature at the center as the top tank is isolated with the RPV, while case 2 did
at the top of the RPV. With continuous heating of the top tank by thermal connection with the
RPV, Case 2 had a lower natural circulation flow rate and faster system heating up with earlier

27 ANL/NSE-23/89



A Conceptual Design of the Reactor Cavity Cooling System for the Horizontal Compact High Temperature Gas
Reactor (HC-HTGR)
September 2023

boiling incipient than that of Case 1. The results supported the top tank layout change to avoid the
potential heat transfer to the top tank or any structures near the RPV which suppress the heat
transfer and accelerate the inventory of the system inventory boiled-off.

RPV temperature Natural circulation flow rate
0 0.006

0.005 Case 1 =—Case 2

60
0.004
0.003

0.002

Temperature [C]

0.001

Case 2 - center
0 / - ——=Casel-top — = —Case2-top 2E-18
00 - 0 10 20 30 40 50
. - - . - o -0.001
0 50 100 150 200 250 Time [hour]
Time [hour]

Figure 21 The RPV temperature and natural circulation flow rate during DCC (natural
circulation flow rate after boiling mass flow rate was omitted.)

Case 1 - center

Mass flow rate [kg/s]

Afterwards, an updated design of the vertical supports for the RPV was potentially considered
by the project team after design iterations. By reducing the number of vertical supports to two on
each RPV side and locating them at both ends of the RPV in the axial direction as shown in Figure
22, any restriction of heat transfer area of the RPV to the RCCS water panel from the vertical
supports would be minimized. This change allowed considering the reference elevation of the top
tanks above the RPV, so the top tanks are still located in the reactor building in the current reactor
design stage [19] with maintaining compact layout of the RCCS components in the reactor
building.

Figure 22 Potential design updates of the vertical supports for the HC-HTGR (as of Dec. 2022,
provided by Boston Atomics.)

With the changes in design requirements from the vertical supports design updates regarding
mechanical interfaces with the system, the major design parameters on the natural circulation loop
have been revisited by standalone RCCS analysis described in the section 3.2.1. In addition, it was
noted by the project team that the initial baseline design of small diameter riser tubes and thin
panel might have unfavorable features in fabrication and structural rigidity and the riser tube
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channel might be easily blocked during system operation. A design parametric analysis was
conducted under the design condition by varying P/D from 2.2 to 5.0, riser tube diameter with
higher grade (from Sch. 40 to Sch. 160) from 1/2 inch to 2 inch, and panel thickness from 5 mm
to 20 mm by the standalone RCCS analysis, where the test matrix is summarized in Table 10.

Table 10 Updated design parametric test matrix for the water panel

Riser tube tpanel P/D # of riser tubes
specifications [mm] (per single panel)
Initial baseline | Sch 40 1/8 inch 5 2.2 397
A 1 Sch 160 1/2 inch 5 2.2 191
2 Sch 160 1 inch 153
3 Sch 160 2 inch 122
B 1 Sch 160 1/2 inch 4.0 105
2 Sch 160 1 inch 84
3 Sch 160 2 inch 66
C 1 Sch 160 1/2 inch 5.0 84
2 Sch 160 1 inch 67
3 Sch 160 2 inch 53
D 1 Sch 160 1/2 inch 20 2.2 191
2 Sch 160 1 inch 153
3 Sch 160 2 inch 122
E 1 Sch 160 1/2 inch 4.0 105
2 Sch 160 1 inch 84
3 Sch 160 2 inch 66
F 1 Sch 160 1/2 inch 5.0 84
2 Sch 160 1 inch 67
3 Sch 160 2 inch 53

Figure 23 shows the panel temperature and the heat removal rate by the riser tube diameter for
various panel thickness and P/D. For all cases (Case A to F), the larger diameter riser tube case
showed lower panel temperature as having higher natural circulation flow rate with less frictional
loss. For the same riser tube diameter, it had higher panel temperature as P/D and the panel
thickness increased. It had a clear trend of the panel temperature by the riser tube diameter, P/D,
and the panel thickness. The overall heat transfer performance was determined by a balance
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between the natural circulation flow and the water panel surface area. The heat transfer rate was
dependent on the surface area of the water panel with larger riser tube diameter in all thin panel
cases (Case A to C). On the other hand, a low P/D case of the thick panel case (Case D) had lower
thermal performance with larger riser tube diameter, while a high P/D case of the thick panel case
(Case F) showed the opposite. It should be noted that the overall heat removal rate was in a similar
level for all cases under consideration. It supports to update the water panel design having
favorable features in engineering aspects by increasing the riser tube diameter with a higher grade
and thick panel.
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Figure 23 Updated design parametric study results

Based on the results and the engineering judgement by the project team, the updated RCCS
with the new water panel design has been derived as shown in Figure 24. Satisfying all updated
design requirements, it has the same top tank vertical elevation located in the reactor building and
same elevation from the bottom of the top tank to the injection. A distance between the RPV and
the water panel was also maintained to 0.1 m. The bottom tank was replaced to the header to have
the same function, and the top tank above the RPV was divided into two tanks and relocated to the
top corner of the reactor building. With the changes made for the top and bottom tanks, the water
panel had 165 % of area increase to cover more RPV area including top and bottom regions where
those were previously blocked by the tanks. In spite of the changes, it composes a compact system
configuration but has better heat transfer performance. In the design condition, 0.99 MW, of
thermal performance is expected with the enhanced natural circulation flow rate, where the
performance is summarized in Table 11.
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Figure 24 A schematic of the water panel and tank design of the conceptual HC-HTGR RCCS

Table 11 Performance the updated RCCS design

Normal operation condition (Trpv=220 °C)

Coolant temperature rise [°C] 11.56
Total mass flow rate [kg/s]* 4.66
Total heat removal rate [MW]* 0.22
Updated design condition (Trpv=420 °C)
Coolant temperature rise [°C] 26.54
Total mass flow rate [kg/s]* 8.93
Total heat removal rate [MW]* 0.99

* Evaluated with the single riser tube and scaled by 132 to the full system
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4 A Conceptual Design of the HC-HTGR RCCS

Based on the design process of the HC-HTGR RCCS described in Section 3, the conceptual
design of the HC-HTGR RCCS has been developed focusing on the natural circulation loop
portion and system components of the system. This section will describe the conceptual design of
the HC-HTGR RCCS including the system configuration, key system components, and system
operating mode considered in the current design stage.

4.1 Design descriptions

The HC-HTGR RCCS is a water-based natural convection operated system. It comprises of
two independently operating loops. Each has a single water panel located at each side of the RPV,
a top tank, and connection piping to close the loop and has a symmetric configuration with the
RPYV at the center. A series of riser tubes is arranged in a single water panel. Water coolant in each
loop is heated by direct radiation heat transfer from the RPV to the water panel, which drives
circulation from the water panel to the tank through upper collectors and hot legs. During normal
operation, water in the tank is cooled by other means, such as an immersed air or water-cooled
heat exchanger, which type would be determined in future. Then, the water returns to the water
panel through downcomer and cold leg. The current conceptual RCCS design has been
characterized to have 11 segments of upper and lower collectors. Each segment holds six riser
tubes per segment. Two downcomers are connected per tank, where piping details and the number
of the downcomer might be further updated by the number of top tank segments and reactor
internal structures design by the project team. Figure 25 and Figure 26 show schematics of the
loop configuration and dimensions of the conceptual design of the HC-HTGR RCCS.
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Figure 25 A system configuration of the conceptual design of the HC-HTGR RCCS
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Figure 26 Dimensions of the conceptual design of the HC-HTGR RCCS (not scaled, single loop)

4.2 Key system components

The water panels of the RCCS for the HC-HTGR consist of a series of parallel tubes called
riser tubes connected to each other by carbon steel plate called panel. The water panel surface is
located 0.1 m apart from the surface of the RPV at the center elevation of the RPV. The water
panel has 115-degree angled surfaces at the top and bottom, and the middle part is vertical with a
height of 3 m with total vertical height of the water panel is 5.0 m. Total of 66 of Sch. 160 1-inch
carbon steel riser tubes are arranged with a pitch-to-diameter (P/D) ratio of 4.0 connected with the
10-mm thick carbon steel panel. The reference emissivity for the water panel is 0.8 which can be
achieved through surface treatment of the base material. Key dimensions of the water panel of the

HC-HTGR RCCS are summarized in Table 12.

Table 12 Specifications of the water panel of the conceptual HC-HTGR RCCS design

Parameters Values
Number of water panels 1 at each RPV side (total 2)
Width of single water panel 9.0 m

Number of riser tubes

66 per water panel

Riser tube dimensions

Sch. 160 1 inch (ID 0.815°, OD 1.315’)

Pitch-to-diameter ratio (calculated by OD) 4.0
Panel thickness 10 mm
Emissivity 0.8
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Figure 27 Connection between the upper plenum and the riser tubes

A group of 6 riser tubes are connected at each end to the bottom and the top collectors at the
inlets and the outlets, respectively. To form two independently operating loops, the riser tubes in
each loop have been alternately positioned to maintain a cooling capability on both sides of the
RPV when one of loops fails. Figure 27 shows a potential configuration of connection details
between the riser tubes and the upper collectors. Riser tube indicated in blue or orange color is
arranged one after another and connected to the top collector. Each loop is isolated, but riser tubes
thermally connected by the panels are located at each side of the RPV. This configuration enables
to cool both sides of the RPV when one of the loops are not operating.

There are two water storage tanks in the RCCS circuit containing most of the water inventory.
They can be vented to allow steam to escape as necessary by any passive means which maintains
system pressure at atmospheric pressure. The sizing of the top tanks is determined based on the
estimation of the system inventory to provide 7 days of decay heat removal until all coolant in the
system is boiled off as described in Section 3.1.1. Water enters the tank 0.6 meters above the tank
bottom and exits the tank through the downcomer. The top tank is positioned in the reactor building
and its reference location remains above the RPV in the current design stage [19]. Final shape of
the top tank might be updated to minimize reactor building radiation level from potential water
activation. Currently, a single tank has been considered in each loop of the system, but each could
be divided into multiple sections, if necessary, as the reactor building layout proceeded to
optimization.

The RCCS tank cooling system controls the water temperature in the top tank maintaining a
desired condition of the system, but its concept has not been established yet. Major features of the
tank cooling system for the HC-HTGR RCCS could be adopted among previous efforts made on
a generic HTGR RCCS but not limited to. For instance, SC-HTGR have considered a water-water
heat exchanger within the RCCS water tank with connecting a circulating pump, valves, and air-
cooled heat exchanger [3]. Water-based RCCS of Chinese HTR-10 adopted a cooler within an air
chimney located outside the reactor cavity [20].
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4.3 Operating conditions

The HC-HTGR RCCS can have distinct operating modes. During normal operation condition,
all natural circulation loops are in operation. Therefore, there is a parasitic heat loss from the RPV
which was estimated approximately 0.22 MW,. The top tanks are cooled by the RCCS tank cooling
system passively or actively depending on its design strategy. In this condition, subcooled single-
phase natural circulation is expected. For accidents such as depressurized conduction cooldown
(DCC) or pressurized conduction cooldown (PCC) events, the RCCS was designed both natural
circulation loops are in operation but the heat load on the system might vary depending on the
accident progression. The top tanks could be cooled by any means during accidents, but the design
condition should consider their unavailability. In this case, water in the system will gradually heat
up and ultimately reach saturation state which will have boiling. In long term cooling of this case,
the system might loss a system inventory as a gradual boiled-off of the water in the system. In
addition, since the conceptual RCCS for the HC-HTGR consists of two loops, there is a potential
operation condition that only a single loop is in operation and the other is not operating. As the
riser tubes connected to each loop is arranged evenly at both side of the RPV, single loop operation
1s still able to cool both side of the RPV, but a half of riser tubes are unable to transfer heat to one
of the tanks.
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5 Performance Evaluation of the HC-HTGR RCCS

Performance characteristics of the RCCS design would be addressed with consideration of a
range of operation conditions such as two loop and single loop operation and various system heat
loads. As the development of the HC-HTGR is currently in the early conceptual design phase, the
reactor design sharing interfaces with RCCS will evolve over time being refined and optimized by
a series of trade studies. For that reason, detailed analyses on RCCS performance will be pursued
during later stages of the design process with final selections made regarding dimensions,
materials, and more detailed elements of the reactor. Nevertheless, the design calculations
performed in the conceptual design phase will confirm the RCCS performance being consistent
with the passive safety approach under initially selected power level of the HC-HTGR. It also
provides confidence in reducing risk of significant changes in the reactor design which would bring
subsequent conceptual design studies in reactor designs sharing interfaces with the RCCS.

5.1 System-level performance of the HC-HTGR RCCS

5.1.1 RELAP5-3D model of the HC-HTGR RCCS

Figure 28 shows the nodalization diagram of the current RELAPS5-3D model of the HC-HTGR
RCCS. 6 riser tubes are modeled with vertical pipes, 1 inch Sch. 160 pipes (P301 to P306). The
pipes feature bends of 115-degrees at the two initial and two final axial nodes as determined by
their shapes. The top and the bottom collectors of the riser tubes are modeled as a series of
branches, namely B201-B206 and B401-B406, respectively. The top water tank is modeled with
three components, namely P550, P560, and B555, to represent the water tank volume below and
above injection port and thermal mixing region, respectively. A series of connecting pipes is
modeled with P600 to P620 from the top tank to the bottom collector and P510 from the top
collector to the top tank. Each piping except the upper and lower collectors and the water tank are
set to have a cross-sectional area scaled by 1/11 of actual dimensions as 6 are modeled among total
of 66 riser tubes of each water panel, while setting actual diameters as hydraulic diameters for the
scaled components.

The water panel is modeled with heat structures of 6 carbon steel cylindrical pipes and carbon
steel flat plate panels. The pipes have convective boundary conditions for inner surfaces with
water. The panels have adiabatic boundary conditions on right surfaces (opposite side facing the
reactor building), which would be replaced with corresponding convective boundary conditions
once reactor building configuration is available to reflect the actual condition. A half of the RPV
was modeled as a carbon steel vertical flat plate with 7 axial nodes, where the inner RPV surface
is set with the heat flux boundary condition. Conduction and radiation enclosures are employed to
thermally connect all structures. As mentioned in Section 3.2.3, the water panel modeling approach
to incorporate major heat transfer mechanisms of the RCCS has been adopted. In this approach,
the inner surfaces of the pipes and right surfaces (outer surfaces) of the panels are set by a
conduction enclosure to take account for the conduction heat transfer through the water panel and
the outer surface of the RPV. Outer surfaces of the pipes and the left surfaces (inner surfaces facing
the RPV) of the panels are set by a radiation enclosure. An emissivity for all participating surfaces
are set as 0.8, and a series of view factors in actual configurations obtained from the STAR-CCM+
view factor calculation solver [10]. For the active cooling in the water tank and control the exit
temperature of the water from the top tank, heat structure is connected to the top tank, which
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consists of three pipe components. The tables of temperature and convective heat transfer
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Figure 28 Nodalization diagram of the RELAPS5-3D model used in design calculations

5.1.2 System performance by operating mode

The configuration of the HC-HTGR RCCS allows for the cooling of both sides of the RPV,
even when only a single loop is in operation. A single loop operation of the system would affect
both panel conduction performance and natural circulation performance throughout the system.
Compared to two-loops operation, the distance between working riser tubes will increase,
therefore, the panel temperature and the heat load on individual riser tube will change significantly.
Per current configuration of each loop, it is reasonable to assume that every alternate riser tube
within the panel is included while the non-operational riser tubes in between remain empty during
single loop operation of the RCCS. In the RELAPS model, every other 3 riser tubes were connected
to the loop (P301, P303, P305) and others (P302, P304, P306) were disconnected, while
maintaining heat structures of the pipes and the interconnecting panels which allow conduction
heat transfer between working riser tubes. Under the same design condition of two loop operation,
a single loop operation was simulated with the RPV temperature of 420 °C and the controlled
water exit temperature of 25 °C from the tank.

Figure 29 and Figure 30 show the water panel temperature distribution at the design condition
by operation mode — two loops and single loop operation. For two loops operation, temperature
differences between all 6 tubes and adjacent panels were fairly small of ~1.6 °C, with the maximum
riser tube and panel temperatures being 69.98 °C and 71.61 °C, respectively. For single loop
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operation, 3 working riser tubes (tube 1, tube 3, tube 5) had lower temperatures than 3 non-
operating riser tubes (tube 2, tube 4, tube 6) as removing radiation heat from the RPV and
conduction heat from adjacent panels by natural convection. Tube 6 and tube 5 had the maximum
temperature of 92.23 °C and 85.46 °C respectively among all the non-operating and operating riser
tubes. The maximum panel temperature was 91.66 °C at the panel 6. Mass flow rates in the
operating riser tubes were 0.0895 kg/s, 0.0923 kg/s, and 0.0950 kg/s for tube 1, tube 3, and tube 5,
respectively. The rightmost of the water panel had higher temperature from the flow direction of
the lower and the upper collectors, where flow directions of both collectors in dividing and
combining flow headers are modeled the same. The type of header is referred as a Z-manifold,
where the channel flow rate generally increases in the direction of the intake stream [19]. Even if
the water panel temperature shows asymmetric distribution, temperature gradient between non-
operating rise tube and adjacent panel is up to ~4.8 °C, which is insignificant to structural integrity.
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a) Two loops operation
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Figure 29 Comparison of the water panel temperature at the design condition by operation mode
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Figure 30 Temperature distribution of the water panel at the design condition by operation mode

Table 13 summarizes the comparison of RCCS performance of two loops operation and single
loop operation at the design condition. The maximum water panel temperature increased by ~20 °C
in case of a single loop operation. Riser tube and panel temperatures rose, and total system mass
flow rate decreased accordingly. However, the mass flow rate of each individual operating riser
tube increased. It had a heat load on each individual riser tube doubled from not working half of
the riser tubes. Overall, it showed a single loop operation had a similar level of thermal
performance with the two loops operation.

Table 13 Performance of the RCCS at the design condition by operation mode

Two loops Single loop
System AT [°C] 26.54 38.52
Maximum tube temperature [°C] 69.98 92.23 (Non-operating)
85.46 (Operating)

Maximum panel temperature [°C] 71.61 91.66
Average flow rate of individual riser tube [kg/s] 0.0676 0.0923
Average heat load on individual riser tube [kW] 7.50 14.86

System mass flow rate [kg/s]* 8.93 6.09

Total heat removal rate [MW]* 0.99 0.98

* Scaled by 22 to represent the entire system
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5.1.3 System performance under various heat load conditions

System dynamics during transients is deemed important in the design process for various
RCCS operating regimes expected. To cover expected RCCS operation conditions — beginning
with single-phase natural circulation, progressing to two-phase natural circulation, and gradual
boil-off of the coolant inventory of the system, the heat sink for the top water tank of the RCCS
was assumed immediately unavailable at the initial stage of various heat load conditions. In this
work, two heat load conditions have been considered for transient simulations in order to ensure
the system operation maintains structural temperatures below the maximum allowable temperature
with maintaining sufficient system inventory.

The most challenging heat removal event for a typical HTGR is a depressurized conduction
cooldown (DCC). This type of accident is generally considered to be the defining accident for
determining the reference case accident peak fuel temperature [22], therefore, it has been key
consideration in design calculations to guide future design activities for design optimization of the
RCCS. During the water-based natural convection shutdown heat removal test facility (NSTF)
program, the prototype decay heat load to RCCS based on Framatome’s 625 MW SC-HTGR was
provided to the Argonne team [23,24]. Detailed conditions and assumptions made for DCC
calculations to obtain the power profile during DCC for the SC-HTGR were business-sensitive.
Taking the most conservative case (V.2) among available data, a specific power-time curve was
created by post-processing. This involved normalizing the data using the heat load at time=0 s,
which represents the parasitic heat loss during normal reactor operation and multiplying it by the
parasitic heat loss of the current design of RCCS for the HC-HTGR under conditions of a constant
RPV temperature of 220 °C (0.22 MW), which is expected during normal operation of the HC-
HTGR.

Figure 31 shows the power-time curve considered for the HC-HTGR design calculation scaled
from the estimated heat load during DCC by Framatome. The heat load to the RCCS initially
decreased to 80 % of the parasitic heat loss within the first 7 hours, after which it began to rise to
reach a peak heat load of 153 % of the parasitic heat loss and then reduced until 500 hours. The
DCC heat load profile was imported to a heat flux-time table after converted for each axial node
of the RPV and set for the left surface (inner surface) of the RPV. Initial conditions were obtained
by running the RELAP model for 10° sec with conditions of constant RPV temperature of 220 °C
and the tank exit water temperature of 25 °C to ensure fully developed steady state. Then, the
transient calculation was conducted for the heat load condition of hypothetical DCC event without
heat sink for the water tank starting at 0 sec. The case was run using a restart model where one of
the trips triggering the accident scenarios was set to true so convective heat transfer of the heat
structure at the top tank was set to zero and the heat flux profile changed by the table provided.
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Figure 31 Heat load to RCCS during DCC (Scaled from Framatome's input) [17]

Figure 32 shows the transient behavior of the system during hypothetical DCC heat load
condition. Starting with the single-phase natural circulation, the first overshoot of the mass flow
rate occurred ~40 hours as flashing initiated at the horizontal returning pipe to water tank at the
first node of the P510, and significant increase of the mass flow rate was followed. The coolant in
the system kept heating up and quickly reached saturation temperatures corresponding to the tank
inlet and outlet elevation. The tank inlet and outlet temperatures started to decrease after ~100
hours as the system inventory started to lose. Total coolant mass did not start to drop until 100
hours when steam coming from the riser tubes were initially condensed in the tank until the entire
tank is saturated. It resulted in gradual decrease of system pressure accordingly. After ~250 hours,
both tank inlet and outlet pressures were stabilized to the atmospheric pressure, as the top part of
the tank (P560) was depleted, and their temperatures had saturation temperatures correspondingly.
Overall, 67 % of the total water inventory was lost for 500 hours, and it took 370 hours to lose half
of the system coolant under the hypothetical DCC heat load.
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Figure 32 Transient behavior of RCCS for the HC-HTGR under the hypothetical DCC heat load
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Figure 33 shows the changes of the RPV temperature and the radiative heat transfers over time
under the hypothetical DCC heat load. The maximum RPV temperature was 269.6 °C at the center
of the RPV in the axial direction after ~122 hours. Axial distribution of the RPV temperature was
fairly even within ~ 2.0 °C. The RPV temperature overall followed the heat load exerted on the
RPV, and it had its peak at the same time as that of peak RPV temperature, which was 12 hours
later than the time of the maximum heat input at ~110 hours. The ratio of the radiative heat from
the RPV to the panels and the riser tube outer surfaces maintains around 25 % and 75 %
respectively for 500 hours, which aligns with the surface area ratio between the two. This confirms
that the major affecting factor of the thermal performance is still the water panel area at the design
condition, which have been updated accordingly.
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Figure 33 RCCS performance under the hypothetical DCC heat load

Subsequently, Boston Atomics provided the RPV heat flux profile to the Argonne team created
as part of an in-core study of fuel performance and graphite properties estimated with the initial
geometry of the HC-HTGR [24]. The conditions and assumptions made for creating the RPV heat
flux profile are business-sensitive. As the core performance to the RCCS performance carries
many uncertainties and imperfections until the design is finalized, the project team has been
decided to use this only for a trial case for the RCCS analysis to avoid extrapolating analysis.
Figure 34 shows the potential heat load to the RCCS of interests. The data only goes out to 100
hours, but they are sufficient to estimate a peak temperature when the vessel surface heat flux
becomes steady. The new heat load profile was imported to a heat flux-time table and set for the
left surface (inner surface) of the RPV. With the same initial conditions used for the hypothetical
DCC simulations, the transient calculation was conducted under the new heat load without any
heat sink available for the water tank. The calculation was run using a restart model where one of
the trips triggering the accident scenarios was set to true so that convective heat transfer of the heat
structure at the top tank was set to zero and the heat flux profile changed by the table provided.
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Figure 34 Heat load to RCCS bounding case provided by Boston Atomics — vessel average heat
flux

Figure 35 shows the transient behavior of the system under the heat load Boston Atomics
provided. Starting with the single-phase natural circulation, the first jump of the mass flow rate
occurred ~17 hours as flashing initiated at the inlet of the horizontal returning pipe to water tank
(P510) and significant increase followed. As the heat load increased continuously, the coolant in
the system kept heating up and quickly reached saturation state. The second jump of the mass flow
rate variation following significant reduction of the system pressure occurred at ~45 hours. It
caused a sudden decrease of the top tank pressure and a quick depletion of coolant inventory of
the top region of the tank (P560). This might be caused by an artificial effect due to modeling,
which requires additional investigations, and it might be enhanced by turning on the level tracking
option for the tank domain. Overall, 26 % of the total water inventory was lost for 100 hours under
the heat load Boston Atomics provided for design calculations.

Figure 36 shows the changes of the RPV temperature and the heat flow over time under the
heat load Boston Atomics provided. The maximum RPV temperature was 440.5 °C at the center
of the RPV in the axial direction at the end of the time period. Axial distribution of the RPV
temperature was fairly consistent within ~3.3 °C. The RPV temperature also followed the radiation
heat transfer from the RPV, and it had its peak same with the time of peak RPV temperature with
~10 hours delay. Similar to the hypothetical DCC event results, the ratio of the radiative heat from
the RPV to the panel and the riser tube outer surface maintains around 25 % and 75 % respectively.
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Figure 35 Transient behavior of RCCS for the HC-HTGR under heat load provided by Boston
Atomics

45

ANL/NSE-23/89



A Conceptual Design of the Reactor Cavity Cooling System for the Horizontal Compact High Temperature Gas
Reactor (HC-HTGR)
September 2023

450 A

= RPV1

1.0 1

IS
o
S)

4

©

w
0
S)
)
e
o

w
S
S
1
=y
L

Temperature [deg C]
Heat transfer rate [MW]

250 1 0.2 — ain

Qrad (RPV)
= Qrad (Riser)
= Qrad (Panel)

o
S
o

0 20 40 60 80 100 40 60 80 100
Time [hour] Time [hour]

a) RPV temperature b) Heat flow
Figure 36 RCCS performance under heat load provided by Boston Atomics

Figure 37 shows the comparisons of the various heat load conditions used in this study along
with a typical decay heat curve. The decay heat by time was approximated by using Wigner-Way
formula assuming thermal power of 160 MW (Po) with half year of the time elapsed before the
shutdown in seconds (to) in equation (9). The heat load during hypothetical DCC approximated by
Framatome’s SC-HTGR is way lower than decay heat curve for the first ~7 days (168 hours) but
becomes close to the decay heat in long term. On the other hand, the heat load Boston Atomics
provided is lower for the first 11-14 hours but becomes higher than the decay heat after then. It
should be noted that the transient calculations with approximated heat load profiles would not be
the actual conditions, which probably appears close to the heat load Boston Atomic provided for
the first dozen hours, followed by a transition to a decay heat curve in the long term. The purpose
of the transient calculations is to validate that the system design satisfies its design target. It was
shown that the total system inventory would be sufficient to remove decay heat from the RPV for
~21 days (500 hours) without any active heat sink available for the RCCS, while maintaining low
RPV temperatures based on the results of the hypothetical DCC simulation. The results under the
Boston Atomics provided heat load condition also demonstrated that the maximum RPV
temperature would maintain below the maximum allowable temperature by the RCCS operation.
The current calculations are expected to demonstrate the overall system feasibility in the design
process with certain transients addressed.

Py = 0.0622Py[t™°2 — (¢, + £)7°2] ©)
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Figure 37 Comparison of various heat loads on RCCS with long term decay heat of HC-HTGR
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6 Summary and Future Work

As part of the DOE-NE Advanced Reactor Demonstration Program’s ARC-20 project, efforts
have been made to derive the conceptual design of the RCCS which uses natural forces to provide
safe and dependable ex-vessel cooling during emergencies by natural circulation for the HC-
HTGR. A detailed concept of the RCCS has been identified, and the high-level system
requirements have been developed for the HC-HTGR. Then, the design space focusing on the
natural circulation loop portion of the RCCS has been investigated to optimize the system
performance, and the initial baseline dimensions were initially derived based on the scoping
calculations. Next, a component-level design analysis was conducted for the water panel to inform
the material selection and to assess its conduction performance. A preliminary system-level
performance analysis was performed for the 1/8™" of the compartment of the initial baseline design
of the RCCS using RELAPS-3D. To improve the system thermal performance, the RCCS design
has been updated by exploring various design options by design parametric analyses. Based on the
results, the conceptual design of the RCCS for the HC-HTGR has been derived.

The conceptual RCCS design is a water-cooled natural circulation system, which consists of
the water panel embedding a series of riser tubes and a steel flat plate for the fins, the water tank,
and connecting piping. It employs two independently operating loops to ensure system
redundancy, where each of the RCCS loops consists of alternating channels with a single water
panel. During normal operation, it is operated by a single-phase natural circulation with cooling
the water tank, where the estimated parasitic heat loss from the RCCS operation is 0.22 MW,.
During accidents, it can be operated in a single-phase natural circulation if the water tank remains
subcooled, where the estimated heat load on the RCCS is 0.99 MW at the RCCS design conditions
defined in this study. If no heat sink is available for RCCS during accident conditions, the system
can reach to the saturation after continuous heating up of the water and be operated in two-phase
natural circulation to reject the decay heat. The system inventory was designed to assure up to 7
days until boiled off. During a single loop operation mode, the system still can provide sufficient
cooling capability maintaining reasonable structural temperature. The system performance during
accidents was estimated under various heat load conditions using RELAPS5-3D. The results
demonstrated the overall system feasibility in the design process with certain transients addressed.

The HC-HTGR RCCS will require additional design of subsystem(s) or optimization of the
system components during the preliminary and final design phases. For instance, the system
operational strategy might differ by the design of the RCCS water tank cooling system and its key
component such as a heat exchanger. In addition, the heat load on the RCCS might vary depending
on the reactor design and the accident progression, which was assumed at this design stage. This
would be analyzed by the integrated RCCS and primary loop system analysis to simulate selective
accident scenarios of interest. Other system interfaces with the RCCS such as shielding
structural/seismic, primary system thermal hydraulics, etc. will be considered. Then, the
performance assessment of the RCCS for the HC-HTGR would be revisited and optimized to
finalize the system design.
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