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One of the key postulated accidents in a high-temperature gas-cooled reactor (HTGR)
is the pressurized loss of forced cooling (P-LOFC) of the primary loop, which can be
triggered by its primary helium circulator trip or turbine trip. If the reactor shutdown
cooling system (SCS) fails during a P-LOFC accident, part of the reactor decay heat
is absorbed by the reactor core materials and the rest removed by the reactor cavity
cooling system (RCCS). In the extended period of P-LOFC accident, compounded with
SCS failure, the core decay heat is supposed to be removed by conduction, natural
circulation/convection, and radiation. Three-dimensional computational fluid dynamics
(CFD) simulations were performed in this research to study the long-term heat removal
mechanisms in the General Atomics’ Modular High Temperature Gas-cooled Reactor
(MHTGR) design during a P-LOFC accident. The reactor core temperature distribution
and flow field were obtained at different decay power levels. The sensitivity of the natural
circulation flow to the bypass gap width was investigated. The natural circulation flow
intensity is relatively weak but very sensitive to the width of the bypass gaps.

Keywords: HTGRs, CFD, P-LOFC, natural circulation, decay heat removal, MHTGR

INTRODUCTION

The high-temperature gas-cooled reactors (HTGRs) have received great attention due to their
potential to provide high-temperature process heat in addition to their high thermal-to-electric
power conversion efficiency and inherent safety features (Alonso et al., 2014; Fang et al., 2017;
Wang et al., 2019). One of the postulated accidents in HTGRs is the pressurized loss of forced
cooling (P-LOFC), which is caused by an abnormal trip of the main helium circulator or turbine
in the power conversion system. During a P-LOFC accident, core decay heat will be removed by
a combination of heat conduction, natural circulation/convection, and finally thermal radiation to
the reactor cavity cooling system (RCCS), so the maximum fuel temperature does not exceed the
design limit. To perform reactor safety analysis, validated system-level analysis codes are usually
adopted to analyze reactor transients and accidents. For example, steam ingress accidents in HTGRs
were investigated using a code named RETRAN-02 (Wang et al., 2014) and air-ingress accidents in
Gas Turbine Modular High-temperature Reactor (GT-MHR) were studied using GAMMA (No
et al., 2007), and RELAP5 (Jin et al.,, 2012). The P-LOFC accident in the Pebble-bed Modular
High-Temperature Gas-cooled Reactor (HTR-PM) was studied using TINT and SPECTRA (Zheng
et al., 2018) and their results showed that the fuel temperature design limit, 1,630°C, was not
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exceeded during the accident. However, the geometries used in
the system-level code analyses are usually simplified, which could
lead to misleading results under certain circumstances (Oh et al.,
2011a, 2012).

In General Atomics’ (GAs) Modular High Temperature Gas-
cooled Reactor (MHTGR) design, the reactor relies on its
shutdown cooling system (SCS) to cool down after reactor scram
(U.S. Department of Energy, 1986). However, if the SCS fails
to start, the reactor has to remove the core decay heat via
passive means. Under this circumstance the materials in the
reactor core, especially the graphite, serve as temporary energy
storage before passive heat removal capacity exceeds the core
decay power. Limited experimental studies are available for P-
LOFC accidents in the literature. A prismatic HTGR P-LOFC
accident without reactor scram was performed using the High-
Temperature engineering Test Reactor (HTTR) (Takamatsu
et al, 2014). In addition, an experimental study was performed
using a scaled-down, reduced-pressure, dual coolant channel
facility and the experimental results showed that the heat transfer
coefficient and Nusselt number increased with increasing helium
pressure (Said et al., 2018). While the experiment provided
very useful information to better understand the accident, three
shortcomings were noted: the natural circulation flow velocity
was not measured; the boundary conditions applied to the two
channels did not necessarily represent the prototypic conditions;
and the dual coolant channel experiment did not provide
sufficient information to allow readers to estimate the helium
velocity and temperature fields during a P-LOFC accident. On
the modeling and simulation side, Tung and Johnson (2011)
using computational fluid dynamics (CFD), simulated the natural
circulation flow pattern in a 1/12 section of a fuel column.
Nevertheless, the 1/12 fuel column model cannot reflect the
scenario in the prototypic accident because the model assumed
all vertical boundaries were symmetric. In reality, heat flux can
cross these “symmetric” boundaries depending on the locations
of the fuel columns in the core.

To obtain more accurate flow and temperature distributions
in an HTGR core under a P-LOFC accident, it is desirable to
include in the model all the heat transfer paths, including: the fuel
columns, graphite reflectors, helium flow, and reactor pressure
vessel (RPV) wall. However, a CFD simulation including all
these domains with their prototypic structural features will be
very computationally expensive. For example, in GAs MHTGR
design, there are about 7,000 coolant channels with a diameter
of 15.8mm and a length of 7.93m in the active core, which
can require billions of mesh elements. Therefore, appropriate
simplifications will have to be made to avoid generating overly
fine meshes for each individual coolant channel. One strategy is
to simplify the fuel columns to a homogeneous porous medium.
Using this method, an air ingress accident in the GT-MHR,
following a double ended guillotine break on the cross duct, was
investigated by Oh et al. (2012). A similar strategy was applied
to study the steam and air ingress accidents in HTR-PM and the
associated graphite reaction (Ferng and Chen, 2011; Ferng and
Chi, 2012a,b). In our current study, the porous medium flow
model is adopted to study reactor decay heat removal during
an extended period of the P-LOFC accident combined with SCS
failure in GAs MHTGR.

CFD MODELING METHOD

Geometry and Mesh Generation

GAs MHTGR was chosen as the reference design in this
research. The active core of MHTGR consists of 66 fuel columns
(U.S. Department of Energy, 1986). These fuel columns form
an annular region that is surrounded by replaceable graphite
reflectors on the inner, outer, top, and bottom sides. The weight
of the active core and the replaceable reflectors is loaded onto
the graphite posts in the hot plenum just below the reactor
core. Permanent graphite reflectors are installed in the annulus
between the outer replaceable reflectors and core barrel. In the
free volume between the core barrel and the RPV wall, 12
coolant risers are designed to lead the primary helium flow
into the upper plenum during normal reactor operation. The
MHTGR design is schematically shown in Figure 1A with a
side cut view of the RPV and in Figure 1B with a cross-
sectional view of the reactor core. In our current study, a
1/12 sector of the core (the highlighted section in Figure 1B)
is simulated to take advantages of the azimuthal symmetry
of the core.

Even with the 1/12 reactor core, maintaining all the
detailed structures is still very expensive, if not infeasible,
given the computational resources available to the group.
Therefore, additional simplifications were made to accelerate
the computation. First, the fuel columns and bypass flow gaps
between graphite reflectors were regarded as homogeneous
porous bodies. The porous body simplification will be discussed
in section Porous Medium Parameters. During a P-LOFC
accident global natural circulation flow through the primary
loop is negligible because the primary loop will be shut off by
closing the shut-off valve on the helium circulator. In addition,
the lower elevation of the steam generator (SG) prevents a
global natural circulation flow from forming. Therefore, it was
assumed there is no helium exchange between the upper plenum
and coolant risers. Accordingly, the zig-zag helium distribution
system below the hot plenum was neglected since it is no
longer accessible to the helium flow. Finally, one equivalent
helium gap was built to replace the 12 individual coolant risers
between the core barrel and RPV wall. The two symmetric
planes of the simulation domain are depicted in Figure 2A. A
cross-sectional view of the active core and the hot plenum is
depicted in Figure 2B. There are seven fuel columns labeled as
1-7 as shown in Figure 2B, which will be referred to in the
results section.

In the simulation domain, there are more than one hundred
components. Therefore, the meshes were created separately for
different domains using ANSYS Meshing or ICEM to take
advantage of their abilities in capturing a specific geometric
feature. The meshes were then imported to ANSYS Fluent 19.1
(ANSYS Inc., 2018), and merged using the interface tool. The
realizable k-¢ turbulence model with scalable wall functions
was applied to accommodate different mesh sizes. To satisfy
the requirements of the turbulence model, the meshes were
refined in the near-wall region. The y* value range is about
50-150 for most regions but some local points have a y* value
<10. The meshes of the fuel columns, hot plenum, and bypass
gaps are depicted in Figure 3A with a detailed view of the
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FIGURE 1 | MHTGR design: (A) cut away view of the RPV and (B) cross-sectional view of the reactor core (Nuclear Energy Agency, 2018).
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FIGURE 2 | Structure of the simulated domains: (A) two symmetric planes and (B) cross-sectional views of the active core and hot plenum.

mesh interfaces shown in Figure 3B. Before the simulation, a
mesh independence study was performed. However, the mesh
independence study was not performed on the whole integrated

model. Instead, grid independence was verified for each flow
region separately. For example, the natural circulation flow
between the core barrel and RPV was studied using meshes
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FIGURE 3 | Mesh generation for the: (A) fuel columns, hot plenum, bypass gaps, and (B) mesh interfaces.
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TABLE 1 | Mesh sizes for each computation domain.

Simulated domain Mesh size [mm] Simulated Mesh size [mm]

domain
Bypass gaps 6 x 6 x 25 Helium gap 6 x 10 x 30
between the core
barrel and RPV
Hot plenum (helium) 6 x 6 x 25 Graphite reflectors 30 x 30 x 30
Fuel columns 15 x 15 x 30 Graphite support 10 x 10 x25
posts
Upper plenum 6~25* Core barrel 10 x 10 x 30
Lower plenum 6~25* RPV 10 x 16 x 30

*Tetrahedron mesh elements with a minimum edge length of 6 mm and a maximum edge
length of 25 mm.

with different sizes, aspect ratio, and prism layer thickness
until mesh-independent results were obtained. Then, the mesh
information was recorded and applied to the whole integrated
model. A total of about 35.7 million mesh elements were
generated with a minimum quality of 0.4. The simulated
domains and their respective mesh sizes are summarized in
Table 1.

Governing Equations and Boundary
Condition

The steady-state continuity, momentum and energy equations
are solved simultaneously in this model. Equations (1) and (2)
are the continuity and momentum equations, respectively, and

Equations (3)-(5) are the energy equations for the free flow,
reactor solid structure, and porous flow, respectively:

V- (pu) =0, (1)
v-(pfﬁﬁ) = Vp+V.itpg+F Q)
V[ (orEr )| = V- (V) 3
V- (kVT) = 0, and (4)

V(4 (o +00)] = V- (kg VT) + 4", %)

where p, u, P T E, k, T, and g are, respectively, the density,
velocity, pressure, stress tensor, gravity acceleration, thermal
conductivity, temperature, and power density. The subscript f
and s indicate fluid and solid, respectively. The porous flow
shares the same continuity and momentum equations with the
free flow except that the velocity in porous flow is superficial

velocity, defined as #gyperficial = © - & where ¢ is the porosity.

The momentum source F in porous flow is discussed later. The
effective thermal conductivity kes in Equation (5) is defined as
keﬂ = Skf + (1 — &)k;.

In this study, the helium gas was treated as a compressible
ideal gas when calculating its density. The Nuclear Safety
Standards Commission (KTA) correlations were adopted for
its other thermophysical properties (Nuclear Safety Standards
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Commission, 1978):

Cp helium = 5195, unit in J /kg/K (6)

Knelium = 2.682 x 107> (1 + 1.123 x 10°p)
T0.71(1—2x10’4p)’ unit in W/m/K )
Mhelium = 3.674 x 1077 T%7  unit in Pa-s (8)

It should be noted the units of temperature T and pressure p in
Equations (7) and (8) are K and bar, respectively.

The thermal conductivity of un-irradiated graphite IG-110 is
about 80-126 W/m-K and its value decreases with increasing
temperature (Sumita et al., 2009; Oh et al., 2011b). The irradiated
nuclear graphite IG-110 is less sensitive to its temperature,
which varies between 30 and 52 W/m-K depending on the
irradiation damage level (Sumita et al, 2009). Therefore, in
this study, the graphite thermal conductivity was set as 50
W/m-K. The thermal conductivity of core barrel and RPYV, in
units of W/m/K, was calculated using the correlation for Alloy
800H (T in K):

k = 4.7857 x 107°T? — 0.0768T + 51.8715 9)

Since this study focuses on the decay heat removal after a
natural circulation flow through the reactor core has been
established, the reactor core is cooled down slowly, which
could be reasonably regarded as a quasi-steady state condition
(Oh et al, 2012). The heat source is the decay heat from
the active fuel columns and the final heat sink is the RCCS.
The core axial power profile for each fuel ring was divided
into three regions with a parabolic curve fit to the results by
Strydom and Epiney (2012) to obtain the power profiles. The
fitting correlations are expressed by Equations (10)-(12), and
a comparison with Strydom and Epiney’s values is depicted in
Figure 4. It should be noted that the variable z in Equations
(10)-(12) is the height measured from the bottom surface of
the hot plenum in unit of meters. The correlations were then
multiplied by a factor to simulate the reactor decay power. The
material thermophysical properties and the power distribution
were imported to ANSYS Fluent 19.1 via User Defined
Functions (UDF).

" 0.0488z% + 0.316z + 2.44,
Ginner = 1 —0-29572% + 5.5407z — 16.32,
—1.2639z% + 21.5887z — 82.6285,

1.983 <z < 6.088
6.088 <z < 8.738
8.738 < z < 10.813

(10)
0.0209z2 + 0.5352z + 1.3183,

m . )
Amiddle = §—0-31512% + 5.4858z — 16.41,
—1.0699z% + 18.1784z — 69.7261,

1.983 <z < 6.150
6.150 < z < 8.681
8.681 < z < 10.813

(11)

. —0.01452% + 0.9010z + 0.8160,
Jouter = § —0.33342 + 59138z — 17.7431,
—1.427% 4 242054z — 94.6761,

1.983 <z < 5.969
5.969 < z < 8.623
8.623 <z < 10.813

(12)

10 T T T T T T T T T

——Strydom. 2012, inner
9 —Strydom. 2012, outer
——Strydom. 2012, middle
= = =This work, inner
8 —--This work, outer
——-This work, middle

Power density [MW/m®]

2 1 1 ! I 1 | | 1 1
0 08 16 24 32 4 48 56 64 72 8

Height of active core (measured from bottom of fuel columns) [m]

FIGURE 4 | Comparison of the reactor power density correlations with original
reference values.

In addition to the helium natural convection flow in the core,
thermal radiation between the outer surface of the core barrel and
the inner surface of the RPV wall was computed by the surface to
surface (S2S) radiation module. The cooling mechanism outside
the RPV includes natural convection in the reactor cavity and
thermal radiation to the RCCS. The radiation to the RCCS was
simulated by assuming an emissivity value of 0.87 for the RPV
outer surface with an RCCS temperature of 373 K. The natural
convection flow was computed by assigning a heat transfer
coefficient with an environment temperature of 423 K. In this
work, the heat transfer coefficient was estimated by the following
process. First, a steady-state condition is assumed so the energy
balance can be written as:

Q= /h(TW— Too)dA+/a(va— Trocs)dA,  (13)

where Q, h, Ty, Toos Trees» and o are the total decay power,
heat transfer coefficient, RPV wall temperature, reactor cavity
air temperature, RCCS temperature, and Stefan-Boltzmann
constant, respectively. However, the RPV surface temperature
distribution was unknown. Therefore, we assumed an uniform
RPV wall temperature distribution when estimate the heat

transfer coeflicient. Accordingly, Equation (13) can be
simplified to:
Q = AW(T,, — Tp) + Ao (T}, — Trecs)- (14)

The Nusselt number for free natural convection over a vertical
surface can be calculated by the Churchill correlation (Churchill
and Chu, 1975):

hL 2
Nu= =" = [0.825 +0.387Ra'//[1 + (0.492/ Pr)*/16]* 27] .

(15)
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TABLE 2 | Verification of the fuel block and bypass gap simplifications.

Category Parameter Porous hexagonal body One single coolant channel
Fuel block Input Shape Hexagonal block Circular tube
Dimension [m] W0.208 x H2 D0.0158 x H2
Porosity 0.188 -
Inlet velocity [m/s] 0.0942 0.5
Inlet temperature [K] 973 973
Thermal power g"” =190.8 [kW/md] g’ = 4000 [W/m?]
Results Simulation Simulation Theoretical
Pressure drop [Pa] 5.79 6.01 5.81
Maximum temperature [K] 1221.3 1260.7 1281.2
Bypass gap Input Parameter Porous gap Free flow gap
Shape Rectangular Rectangular
Dimension (W x Lx H) [m] 0.04 x 0.208 x 1.0 0.002 x 0.208 x 1.0
Porosity 0.05 -
Inlet velocity [m/s] 0.05 1.0
Inlet temperature [K] 973 973
Wall heat flux [kW/m?] 5.0 5.0
Results Simulation Simulation Theoretical
Pressure drop [Pa] 136.0 134.2 135.9
Maximum wall temperature [K] 1273.1 1284.7 1286.3

Q/Qy=1.0%

FIGURE 5 | Reactor temperature distribution at different decay power levels.

Q/Q,=0.8%

Q/Q,=0.5%
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FIGURE 6 | Reactor temperature distributions for the decay power at: (A)
1.0%, (B) 0.8%, and (C) 0.5% of the reactor rated thermal power.

Then, the heat transfer coeflicient can be obtained by solving
Equations (14) and (15). In the calculation, an arbitrary RPV
surface temperature was used as an initial estimate. The Rayleigh
number and Prandtl number in Equation (15) are evaluated at
a gas film temperature that is the mean value of the RPV wall
temperature and environment temperature. Therefore, iteration
can be carried out to obtain the value of T,,, and thus the value
of h. In this work, the heat transfer coefficient is about 15 W/m?-
K. The boundary condition of the RPV wall used in this study is
more conservative than studies performed by Zheng et al. (2018).

Porous Medium Parameters

The fuel columns were simplified into homogenous porous
bodies to avoid generating tremendous extra fine meshes for each
individual coolant channel. The pressure loss in these porous
bodies should be maintained the same as the prototypic values
given the same mass flow rate and temperature conditions. The
porous flow is modeled by a momentum source in ANSYS Fluent
19.1 (ANSYS Inc., 2018). For a homogeneous porous medium
equation, the momentum source is given as (ANSYS Inc., 2018):

1% 1
Si=— (—u,» + szpumagu,) , (16)
o 2

where i, &, tiynqg, and C, are the fluid viscosity, permeability, flow
velocity magnitude, and inertial resistance factor, respectively.
The subscript i indicates a specified flow direction.

The porosity of the porous fuel column is defined as the ratio
of the fluid volume to the total fuel column volume:

17D’N 1)
E=—F>

where N, D, and L are the number of the coolant channels in one
fuel column, the diameter of the coolant channel, and the length
of the hexagon short edge, respectively. Assume the flow velocity
in a prototypic coolant channel is u1, then the flow velocity in the
porous medium can be calculated by:

= Uu€. (18)

For the natural circulation in the extended P-LOFC accident
the flow in the coolant channels falls into the laminar flow
regime. Therefore, the pressure change rate in the circular coolant
channel, neglecting the developing flow region, is given as:

Ap 164 ,1 32Uy

_164 .1 _ , 19
L 2R (19)

Equation (19) should be equal to Equation (16) if the same
pressure loss is maintained at the same mass flow rate:

32puy " 1 2
= —u, + Cr—puy”. 20
o7 g2t Ggpw (20)
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Therefore, the porous flow parameter for the fuel columns can be
obtained as: é = % m~2and C, = 0.

In the prototypic MHTGR design, small bypass gaps with
a width of 2~3 mm were left between the graphite reflectors,
and between the permanent reflectors and the core barrel, as
shown in Figure 1. These gaps are used to accommodate the
graphite manufacturing tolerance and thermal expansion during
operation. However, the exact dimension of the bypass gaps is
unknown because of possible misalignment during installation
and graphite densification caused by neutron irradiation. A gap
width of 2mm was therefore adopted as a reference value in
this research to study the natural circulation flow pattern for
different core decay power levels. Two additional simulations
were also carried out with different bypass gap width values, i.e.,
3 and 4mm, to study the sensitivity of the natural circulation
flow rate to the bypass gap size. However, the narrow gap

leads to difficulties in generating high-quality meshes within an
acceptable quantity. In this research, the width of the bypass gaps
were enlarged to 40 mm so the length/width ratio can be reduced
to avoid high skewness of the mesh elements. To compensate the
enlarged cross sectional area of the bypass gaps, a porous flow
model was applied. The prototypic gap width is much smaller
than the horizontal edge length of the graphite blocks, which
can be regarded as infinitely parallel. Using the same method
described above, the porous parameters for the bypass gaps are:
é = % and C; = 0, where W is the prototypic gap width and
£ = .

To verify the porous body assumption, simulations were
performed for the fuel columns and bypass gaps. Comparisons
of the two simplifications are shown in Table2. It can be
seen that both simplifications preserve the pressure loss with

good accuracy for the same given mass flow rate. However, the

FIGURE 7 | Vertical helium velocity contour at the decay power of 1.0% of the reactor rated power.
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maximum temperature of the porous flow simulation is always
lower than the theoretical solution due to the thermal equilibrium
assumption in the porous heat transfer model. This assumption
does not calculate the heat transfer between the solid and fluid
domains. Therefore, the temperature gradient near the solid-
fluid interface of the prototypic structure cannot be preserved.
In general, the porous flow assumption for the fuel columns and
bypass gaps is acceptable.

RESULTS AND DISCUSSION

Decay Heat Removal at Different Power
Levels

The reactor temperature distributions at decay power levels of
1, 0.8, and 0.5% are shown in Figure5. As can be seen, the

Active core region —>

Z-velocity [m/s]

™ Column 2;
*"1eColumn 3;
T4—Column 4:
-0.15=—Column 5t
-*-Column 6!
-0.2°PF Clolunlm Id

0 1

| 1 | | 1 1 1 1 | 1 1
2 3 4 5 6 7 8 9 10 11 12 13
Height from bottom of hot plenum [m]

FIGURE 8 | Distributions of the helium axial velocity for a decay power of
1.0% of the reactor rated power.

1900 T T T T 3
——Column 1, W=2 mm -
—=—Column 2, W=2 mm 5 i
1700 = Cotumn 1, W=3 mm :
—4—Column 2, W=3 mm
1500 —A—Column 1, W=4 mm |
— —Column 2, W=4 mm
<
2 1300 - 1
=
o
21100 - -
§
'—
900 - =
700 — ! -
—— Active core region —>
500 [ I I (I
0 2 4 6 8 10 12 14

Height from bottom of hot plenum [m]

FIGURE 9 | Temperature distributions of fuel columns 1 and 2 with different
gap widths.

maximum temperature of the three simulated cases are 2,212,
1,818, and 1,248 K, respectively. The hot zones appear at the
upper half region of the active fuel columns due to the peak
power values there, as shown in Figure 4. The homogenized
temperature distributions of the seven fuel columns in the
simulation domain at the core decay power levels of 1.0, 0.8, and
0.5% of the reactor rated power are depicted in Figure 6. Fuel
column 7 has the lowest temperature because its distance to the
core barrel is the smallest. In Figure 6, the temperature peaks at a
height about 8-9 m measured from the bottom of the hot plenum
mainly due to the axial power distribution shape (Strydom and
Epiney, 2012). The fuel column temperature starts to decrease
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FIGURE 10 | Temperature distributions of fuel columns 3, 4, and 5 with
different gap widths.
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FIGURE 11 | Temperature distributions of fuel columns 6 and 7 with different
gap widths.
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after the peaks, which indicates that the natural circulation is not
strong enough to bring the maximum fuel temperature to the top
of the fuel column. Instead, the horizontal thermal conduction
through graphite material plays a more dominant role in decay
heat removal.

The maximum fuel temperature at the 1.0% decay power
exceeds the fuel design limit of 1,873 K for the fuel. However, it
does not necessarily mean that the reactor core will be overheated
because it depends on the duration of the transient. The time
required for the reactor shutdown heat generation rate, i.e.,
essentially the decay power, to drop to 1.0, 0.8, and 0.5% of the
reactor rated power is about 3.48, 10.6, and 111.3 h, respectively,
if a typical light water reactor decay power curve is assumed

FIGURE 12 | Distributions of the helium axial velocity at the top of the active
core (z = 10.88m measured from the bottom surface of the hot plenum) with
different bypass gap widths.

for MHTGR (Todres and Kazimi, 2012). If the decay power
during the first 3.48 h heats up the reactor core materials to a
temperature close to the design limit, then the design limit might
be exceeded. The other possibility is that the accumulated decay
energy cannot heat the reactor materials up to a value close to
1,873 K. Then under this scenario, the reactor core will slowly
cool down from some time after reactor shutdown.

Therefore, a short-term P-LOFC transient simulation is
required in the future to confirm whether there is any fuel
overheating and whether that would result in significant
fuel damage.

One concern regarding the P-LOFC accident is possible
thermal jet flow that can result in overheating of or thermal
striping to the upper plenum wall. However, as depicted in
Figure 7, the maximum velocity of the upward helium flow from
the active core to the upper plenum is only about 0.16 m/s.
Figure 8 presents the computed distributions of the helium axial
flow velocity in the seven fuel columns for the decay power of
1.0% of the reactor rated power. The helium axial flow velocity
profile for the other two cases are very similar to Figure 8,
therefore they are not presented.

Due to the lower temperatures in fuel columns 6 and 7, the
downward flow mainly occurs in those two fuel columns.

Effect of Bypass Gap Width on Decay Heat

Removal

It has been assumed in the literature that the bypass gaps play
a significant role in the plenum-to-plenum natural circulation
during the HTGR pressurized cooling down process because the
lower helium temperature there generates the largest downward
flow potential. However, the width of the bypass gaps can vary
due to graphite block misalignment, neutron irradiation, and
thermal expansion. In this study, three width values, namely 2,
3, and 4 mm, were used in simulations at a decay power level of
0.8% of the reactor rated power to examine its effect on decay
heat removal. The temperature distributions along the centerline
of the seven fuel columns are given in Figures 9-11 for the three
gap width value cases. As can be found, the peak fuel column
temperature drops by small values if the gap was enlarged from
2 to 3mm. However, if the bypass gaps were further enlarged
to 4mm, the peak fuel temperatures drop considerably. The
temperature drop is caused by stronger natural circulation flow
brought on by the wider bypass gap. In addition, another trend
observed is that the temperature peaks move to higher positions
with increased bypass gap widths, which also results from the
stronger natural circulation flow.

TABLE 3 | Helium mass flow rate in the fuel columns and bypass gaps for the
1/12 core sector [x 1072 kg/s].

Gap width W (mm) 2 3 4

Upward flow in fuel columns 3.627 3.828 4.623
Downward flow in fuel columns 3.061 2.058 1.033
Upward flow in bypass gaps 0.055 0.054 0.071
Downward flow in bypass gaps 0.620 1.824 3.670
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Figure 12 shows the helium axial flow velocity contours
in the fuel columns using three different bypass gaps widths.
As discussed in section Porous Medium Parameters, the flow
resistance factor drops by a factor of 8 if the bypass gaps are
enlarged from 2 to 4 mm with the same helium mass flow rate.
Accordingly, the helium flow rate in the bypass gaps should
increase with larger bypass gaps, which is confirmed by the
simulation data in Table 3. When the bypass gap width is 2 mm
the fraction of the downward helium flow in the bypass gaps is
only about 16.8% of the total downward flow, which increases to
78% when the gap width is 4 mm. Depending on the location of
the downward flow, the heat transfer rate of the helium natural
circulation is different. The closer the downward flow is to the
core barrel, the more effectively it can be cooled. This is the
main reason for the decreased maximum fuel temperature with
increasing bypass gaps, as depicted in Figures 9-11.

CONCLUSION

Three-dimensional CFD simulations were performed to
investigate the development of the plenum-to-plenum natural
circulation flow during an extended P-LOFC accident in the
MHTGR. Potential heat transfer paths were included in the
simulation while the multi-channel reactor core was regarded as
a porous medium.

Helium natural circulation flow and temperature distributions
in the reactor were obtained at three decay power levels, 1.0, 0.8,
and 0.5% of the reactor rated power. The helium flow velocity
distributions are similar in the three cases studied. Maximum
fuel temperature appears in the upper half of the fuel column
region due to the larger heat generation rate there. The helium
natural circulation flow does not lead to significant thermal
jets into the upper plenum. In general, the heat conduction
through the graphite reflectors and RPV vessel to the RCCS in the
horizontal direction plays a dominant role in decay heat removal.
In addition, the simulation results suggest additional transient
studies covering the first several hours after reactor shutdown be
conducted for reactor safety analysis in the future.
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