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a b s t r a c t

The Floating Absorber for Safety at Transient (FAST) is a safety device used in the innovative Sodium-
cooled Fast Reactor (iSFR). The FAST insert negative reactivity under transient or accident conditions.
However, behavior of the FAST is still unclear under transient conditions. Therefore, the existing Floating
Absorber for Safety at Transient Analysis Code (FASTAC) is improved to analyze the FAST movement by
considering the reactivity and temperature distribution within the reactor core. The current FAST system
is simulated under a single control rod withdrawal accident condition. In this investigation, the reactor
thermal power does not return to its initial thermal power even if the FAST inserts negative reactivity.
Only a 9 K of coolant temperature margin, in the hottest fuel assembly at EOL, can lead to unnecessary
insertion of the negative reactivity. On the other hand, the FASTs cannot contribute to controlling the
reactivity when normalized radial power is less than 0.889 at BOL and 0.972 at EOL. These simulation
results suggest that the current FAST design needs to be optimized depending on its installed location.
Meanwhile, the FAST system keeps the fuel, cladding and coolant temperatures below their limit tem-
peratures with given conditions.
© 2020 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The Floating Absorber for Safety at Transient (FAST) is designed
to be used in the Innovative Sodium-cooled Fast Reactor (iSFR) [1].
This reactor is one of the Sodium-cooled Fast Reactors (SFRs) based
on the design of Prototype Generation-IV Sodium-cooled Fast
Reactor (PGSFR). Given that the newly developed fuel recycling
technology is not available for the PGSFR, iSFR is designed to
operate with low enriched uranium (LEU) fuel that gradually turns
into plutonium-dominant fuel. As inherent safety features, iSFR has
negative reactivity coefficients to ensure the negative feedback
effect under transient conditions. With a moderating ratio of 0.89,
sodium is a non-moderating material compared to water with a
ratio of 62. Generally, the coolant temperature coefficient (CTC) is
negative or slightly positive depending on the fast reactor design
and fuel burnup. However, even if the rise in system temperature
results in a neutron hardening effect [2], the overall reactivity
Lee), jeongyh@kaist.ac.kr
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feedback coefficient is negative thanks to the help of other negative
reactivity coefficients, including the dominant Doppler feedback
effect [3]. Sodium, however, acts as a neutron absorber or reflector,
thus inserting positive reactivity into the reactor when voids are
generated. The value of the coolant void reactivity (CVR) is used to
assess the safety of the fast reactors, assuming the voids cover the
active core region. In iSFR, CVR tends to become greater as an in-
ventory of transuranic compositions increases. The value of CVR is
slightly negative at the beginning of life (BOL), but approximately
756 cents at the end of life (EOL). Therefore, it is desirable to lower
the value of CVR to mitigate the risk of an accident in the nuclear
power plant.

Many researchers have tried to overcome the sodiumvoid effect,
which can increase the reactor thermal power. Merk [4] reduced
the sodium void effect by using moderating material, such as zir-
conium hydride, for the cladding layer to enhance the safety
characteristics of SFR without changing the reactor core design.
Kim et al. [5] attempted to maintain the sodium void worth low
with a pan-shape core design that has two different heights of
fueled region. Sociora et al. [6] carried out an analysis focusing on
the absorption or leakage in components and were able to reduce
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the sodium void worth by placing a fertile blanket above and below
the core assembly; however, they had to increase the neutron
leakage which deteriorates the neutron economy.

On the other hand, Hartanto et al. [1] proposed a passive safety
device called FAST to solve the problems of CVR without neutron
leakage in normal operation. The FAST can be equipped with a 95%
enriched B4C neutron absorber. The FAST density can be deter-
mined by adjusting the volume portion of the void region. The
absorber placed at the bottom of the FAST inserts negative reac-
tivity into the reactor core at the moment when the buoyancy
acting on its body is less than the gravity. Because the buoyancy
depends on the coolant temperature, the change in its temperature
enables the FAST to sink and to reduce reactor thermal power.
According to their results [1], the FAST passively reduced 235 cents
of CVR at BOL and 320 cents of CVR at EOL when 20% of boron-10
was depleted. The small bypass holes allow the coolant to pass
through them during a loss of coolant accident (LOCA), causing the
FAST to fall to the bottom bygravity. The flow rate through the holes
is insensitive to the flow in subchannels because the flow direction
is perpendicular to the interface between the subchannel and the
bypass holes. Additionally, the FAST can be mounted in the position
of the fuel rod and the number of the FASTs is determined by the
reactivity worth required in the reactor system. Therefore, iSFR can
easily adopt the FAST system without modifying the reactor ge-
ometry to increase neutron leakage.

Fig. 1 shows the behavior of the FAST under the steady-state as
well as transient conditions. The initial density of FAST enables the
FAST to float in the coolant. Therefore, it is located outside the
active core region in normal operation conditions. If transient
conditions increase the coolant temperature, then the FAST falls
into the active core and inserts negative reactivity. In an accident
such as LOCA, the FAST falls regardless of the coolant density
because the coolant leaks through the bottom bypass holes.

A number of studies have sought to analyze the behavior of the
falling cylinder. Khalil et al. [7] presented an analytical solution for
the velocity distribution in the side region of the moving cylinder.
They calculated the drag from the velocity distribution in both fully
developed regions and the entrance regions. Kim et al. [8]
measured disturbance region and the fully developed region when
the long cylinder with hemispherical ends reached its terminal
velocity. They concluded that the disturbance region is approxi-
mately 6% of the total length of the cylinder. Because of the very
short disturbance region, the shear stress acting on the cylinder
wall is not significantly different from the shear stress applied to
the cylinder when the flow regime is fully developed along the
cylinder length. Wehbeh et al. [9] focused on the influence of the
radial flow at the end of the cylinder for the terminal velocity. They
Fig. 1. Behavior of the FAST under the steady-state, transient and LOCA conditions.
estimated the fluid velocity around the cylinder when it reached
the terminal velocity. In their results, the radial flow effect on the
cylinder end is determined by the diameter of the outer cylinder,
the diameter and length of the inner cylinder. If the FAST falls in the
fluid, then it may not fall to the centerline of a pin. Chen et al. [10]
studied the effect of eccentricity on the cylinder velocity, and this
effect was evaluated by considering the diameter ratio of the
container and the cylinder. According to their results, the terminal
velocity ratio of the cylinder increased as the eccentricity ratio
increased.

The movements of the FAST must be properly analyzed because
the FAST increases or decreases the reactor thermal power by
reactivity insertion. Hartanto et al. [1] analyzed the movements of
the FAST considering only buoyancy and gravity without drag and
pressure forces. As the drag and pressure forces are crucial factors
interfering with the movement of the FAST, Lee and Jeong [11] have
developed the Floating Absorber for Safety at Transient Analysis
Code (FASTAC), considering all forces acting on the FAST. The FAS-
TAC was verified with commercial computational fluid dynamics
code by comparing resistance acting on the body. Additionally, the
code was successfully validated by simplified experiments where
the terminal velocity was measured with various density difference
conditions between the coolant and the FAST. In their experiments,
they attached small guide wings to the end surface of the FAST in
order to guide it to fall in the centerline of a pin because the un-
stable flow in the top region of the FASTcan cause eccentricity. They
found that approximately 1% of manufacturing tolerance of the
diameter affects approximately 7% of terminal velocity. Compara-
tively, the guide wings, which occupy approximately 1% of the total
volume, had a negligible impact on the FAST movement.

The main purpose of this study is to investigate the feasibility of
the FAST system before applying the FAST system to iSFR in tran-
sient conditions. In this work, the previously mentioned FASTAC
was improved by considering the transient momentum equation,
temperature distribution and reactivity analysis models. In partic-
ular, the current FASTs have been simulated under a single control
rod withdrawal accident, which is one of the design basis accidents
(DBAs) that increase the reactor thermal power.

2. Movement analysis of the FAST

2.1. Fluid velocity model

The FAST is a passive safety device that operates depending on
the coolant temperature. When the coolant temperature rises, the
FAST begins to move and pushes the surrounding fluid. When the
reactor is in steady-state conditions, only buoyancy and gravity act
on the FAST. As the FAST begins to move, the surrounding fluid
applies the drag and pressure force to the FAST. The fluid mainly
flows to the side area in proportion to the FAST speed, thereby
interfering with the FAST movement and delaying its speed. In this
section, the fluid velocity field around the FAST is described to es-
timate the forces acting on its body, and models are introduced to
describe each force in detail.

Fig. 2 shows the whole domain including the FAST, pin, and
coolant region. The length of FAST is L, and the radius of FAST is rF .
The radius of the pin containing the coolant is rp. When the FAST
falls with velocity VF , it pushes stationary coolant to have a velocity
distribution VzðrÞ in the side area.

The forces acting on the FAST determine the movement of the
fluid. To evaluate the fluid velocity distribution, the fluid is assumed
to be incompressible, irrotational, and the flow regime is fully
developed. According to Kim et al. [8], the fully developed region of
the coolant along the cylinder length accounts for approximately
94% of the total length of the cylinder. They found that 6% of the



Fig. 2. Schematics of the simplified FAST, pin and coolant.

Fig. 3. The total pressure of fluid for the length of the FAST in Lagrangian coordinates.
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disturbance zone is sufficiently small enough to be considered as a
fully developed condition for calculating wall shear stress on the
cylinder body surface. The current design length of the FAST is
approximately 350 times longer than the pin radius. Thus, the effect
of the radial flow was neglected at both ends of the FAST [9]. Be-
sides, the FAST was assumed to sink in the middle of the pin
without the help of any device. Based on these assumptions, the
axial velocity distribution was obtained with the momentum
equation in cylindrical coordinates.

rc
vVz

vt
¼ � vP

vz
þ m

�
1
r

v

vr
r
vVz

vr

�
(1)

where m is the coolant viscosity, and Vz is an axial velocity function.
Referring to Khalil et al. [7], the implicit forward differencing in
time and central differencing in the radial direction are applied to
Eq. (1) to numerically calculate the axial velocity distribution.

VzðrFÞ¼VF

Vz
�
rp
�¼0 (2)

Eq. (2) presents boundary conditions that the fluid velocity is
zero at the cylinder wall due to the no-slip condition during the
FAST falls with velocity VF . The FAST velocity VF is defined by the
resultant force including buoyancy, gravity, drag and pressure force.
A detailed description of these forces is given in subsection 2.2.

Q ¼pr2FVF (3)

Qe ¼
ðrp

rF

2prVzðrÞdr (4)

When the FAST moves with the velocity VF , it generates volumetric
flow rate Q pushed by the FAST (Eq. 3. The volumetric flow rate Qe

numerically obtained by Eq. (4) should be equal to Q because the
coolant pushed by the FAST flows into the side area of FAST. When
the transient momentum equation is solved numerically, the
volumetric flow can be calculated with a pressure gradient
correction technique [12]. This technique adjusts the value of the
pressure gradient until the difference between Qe andQ is less than
the tolerance of 10�6. Following the pressure gradient correction
technique, the axial velocity distribution Vz for the next time step is
obtained by solving the momentum equation numerically for the
whole simulation time.
2.2. Four-force model: buoyancy, gravity, drag and pressure force

There are four forces acting on the FAST. Among them, buoyancy
and gravity always act regardless of the FAST movement, while the
drag and pressure force are valid only when the FAST moves.
Because the coolant density depends on the core height, the
buoyancy acting on the FAST depends on the FAST location.

FB ¼
ð
rcðzÞgdV (5)

As described by Eq. (5), the buoyancy FB acting on the FAST
depends on the coolant density rc and the FAST volume V . If the
buoyancy acting on FAST is less than the gravity, the FAST starts to
fall. Therefore, the buoyancy determines the time that the FAST
begins to move.

FG¼ rFgV (6)

where the FAST density rF and fluid density rc denote the FAST
density and coolant density, respectively. Unlike buoyancy, gravity
FG is always constant unless the FAST density and volume change
(Eq. (6)). In this investigation, the thermal expansion effect of FAST
is not considered so that gravity is completely dependent on the
initial mass of FAST.

FD ¼ m
dVzðrÞ
dr

As

����
r¼rF

(7)

Drag FD is represented by Eq. (7) assuming that the flow is fully
developed along the FAST length. The fluid has different velocities
along the radial direction because of the boundary conditions. The
drag is proportional to the viscosity and velocity gradient of the



Fig. 4. Nodalization domain of the fuel rod, coolant, and FAST pin.
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fluid when the fluid flows to its side area As. Fig. 3 shows the
Lagrangian coordinates system where the FAST is fixed in the
middle of the domain, and the fluid flows near the FAST. Initially,
the fluid enters the inlet with a pressure P1 and a velocity VF , which
is the same condition as the FAST falls with the velocity VF .

DPa ¼Kcrc
V2
F
2

(8)

The pressure drop DPa is caused as the coolant passes the front
region of the FAST because of a sudden change in the flow area. Kc

in Eq. (8) is a loss coefficient for sudden contraction [13].

DPb ¼
dP
dz

L (9)

The fluid pressure P1 acts on the front surface of FAST. After that,
the fluid pressure drops due to the friction as the fluid passes near
the FAST sides. The value of the pressure gradient is obtained
through the pressure gradient technique. The friction between the
fluid and the FAST is proportional to the pressure gradient and the
length of FAST Eq. 9.

Pd ¼ rc
ðVmax � VlÞ2

2
(10)

where Vmax is the maximum fluid velocity, and Vl is the fluid ve-
locity at the FAST wall, which is zero in the Lagrangian coordinates
system. As shown in Fig. 3, the dynamic pressure is obtained by Eq.
(10) because only static pressure acts on the blue line.

FP ¼ðP1 � P3Þ�Af y ðDPa þDPb þ PdÞ � Af (11)

The fluid at the end wall of FAST forms a vortex when the cross-
sectional area becomes large [14]. Additionally, P3 acts on the back
surface of FAST because P3 does not include the dynamic pressure
Pd; as the fluid velocity is zero at the wall. Finally, the fluid has
pressure P2 and velocity VF at the outlet. The pressure force FP is
proportional to the front area of FAST Af and the pressure difference
between each end surface of FAST. The pressure force acting on the
FAST can be approximately calculated by summation of the
contraction, the friction pressure drop and the dynamic pressure
Eq. 11.

2.3. Heat transfer model

When the temperature of the fuel rod rises from steady-state
conditions, the fuel rod transfers heat to the fluid around the
FAST, thereby reducing the buoyancy acting on the FAST. The FAST
begins to fall into the active core regionwhen the buoyancy applied
to the FAST is lower than gravity. In other words, the coolant
temperature determines the amount of reactivity inserted by the
FAST. Therefore, it is necessary to calculate the temperature dis-
tribution in the active core region, considering the process of heat
transfer in the region the FAST belongs to. As the coolant temper-
ature at the bottom of the active core region is lower than that at
the top region, thermal stratification exists inside the pin. Thus, the
fuel, gap, cladding, and stagnant fluid around the FAST transfer heat
by conduction, while the coolant in the subchannel conveys heat
through convection as it flows. The following heat transfer model
determines the transient temperature distribution in the active
core region:

rcp
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¼1
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vr
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þ v
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vT
vz

�
þ hvVT þ q

000
(12)

where k is the local thermal conductivity of the fuel rod, and hv is
the heat transfer coefficient. The axial and radial temperature dis-
tributions in the fuel rod are obtained by Eq. (12) applied to the
entire domain in the subchannel. The left-hand side of Eq. (12)
contains the energy storage term. The heat conduction, convec-
tion, and generation terms are described on the right-hand side.
The convection term on the right-hand side is only valid when
considering the heat transfer between the cladding and flow
channel. Based on the heat transfer model, an implicit scheme is
applied to the finite-difference form of Eq. (12) to numerically
determine the temperature distribution [15]. Since the actual di-
rection of heat flow is unknown, the heat flow direction is assumed
to be such that all the heat flows from neighboring nodes to a
central node [16].

As shown in Fig. 4, the entire domain is divided into N nodes in
the radial direction andM nodes in the axial direction. The fuel rod,
coolant, and FAST pin regions are included in this domain. The
implicit scheme is applied to Eq. (12) at node (i, j) in the domain to
calculate the temperature distribution. The numerical equations of
heat transfer model in each region are as follows:

Fuel, gap, cladding interior:
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(13)

Interface between the cladding wall and the coolant:
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where.

Tni;j ¼ temperature of ði; jÞ node at time step n
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Tnc;j ¼ coolant temperature at height corresponding to j node
kni;j ¼ conductivity ði; jÞ node at time n

ani;j ¼
rni;jc

n
pi;j

Vi;j

Dt

qni;j ¼ heat generation at ði; jÞ node at time step n
Ai;j ¼ surface area
Driþ1

2
¼ distance between iþ 1 and i node

In Eq. (13), the heat transfer in both radial and axial directions
inside the fuel rod is considered. Eq. (14) includes convective heat
transfer term, which can be applied to between the coolant and the
cladding wall. Insulation is assumed as one of the boundary con-
ditions at j¼M and j¼ 1. In the fuel rod centerline, the temperature
is calculated by applying the adiabatic condition.

hnj ¼hnþ1
j þ GDt

rnc;jDl

	
hnþ1
j �hnþ1

j�1



� AHDt

rnc;jAFDl
q

00
(15)

where.

hnj ¼ enthalpy of j node at time step n
AH ¼ heated area
AF ¼ flow area
q

00 ¼ heat flux
G ¼ Mass flux

The energy conservation formula with an implicit scheme is
expressed by Eq. (15) in the coolant channel [17]. The mass flow rate
along the coolant channel is constant. Therefore, coolant mixing or
energy exchange between adjacent channels is not considered. Un-
like other regions, the coolant channel has been discretized only in
the axial direction. The same procedure is available for the temper-
ature distribution in the pin area containing the FAST.
2.4. Reactor point kinetics model

In this study, the numerical equation of reactor point kinetics is
used to calculate the transient behavior of the reactor thermal
power by considering one-group point kinetics equations including
two differential equations. These equations are derived from the
point kinetics equations for six delayed groups [18]. The point ki-
netics equations are expressed by Eqs. (16) and (17).

dn
dt

¼ rðtÞ � b

L
nðtÞ þ lCðtÞ (16)

dC
dt

¼ b

L
nðtÞ � lCðtÞ (17)

The equations define the reactor thermal power. Under critical
conditions, the reactivity is equal to zero. The thermal power is
proportional to the neutrons density n generated by a fission pro-
cess and the decay of the precursor concentration C. The precursors
are continuously generated by neutrons, and a decay process re-
duces the precursors. The specific values for kinetics parameters,
such as delayed neutron fraction b and neutron generation time L

are the same as the values indicated in Hartanto et al. [1].

nð0Þ¼n0 (18)

Cð0Þ¼ b

lL
n0 (19)

The simulation starts with initial conditions for the neutron
density and the precursor concentration as denoted in Eqs. (18) and
(19). In this study, the initial conditions are the steady-state
conditions just before an accident occurs. With these initial con-
ditions, the numerical solution for Eqs. (16) and (17) can be ob-
tained by applying an implicit time method to the finite differential
scheme of the reactor point kinetics equations.

nðtþdtÞ¼nðtÞ þ lDtCðtÞ
1þ b�r

L Dt
(20)

CðtþdtÞ¼
bDt
L

nðt þ dtÞ þ CðtÞ
1þ lDt

(21)

Eqs. (20) and (21) are the implicit numerical equations of reactor
point kinetics. The equations are stable as long as the reactivity is
negative. The time step used in this study is small enough to
maintain the accurate simulation results without instability even if
the reactivity in the reactor system is positive.

rtðtÞ ¼ rabðtÞ þ aDoppler

	
Tf ðtÞ � Tf ð0Þ



þ ðaNa þ aAxial þ aCEDL

þ aRadialÞðTcðtÞ � Tcð0ÞÞ
(22)

The total reactivity rt consists of the reactivity introduced by the
FAST rab and various reactivity feedback due to the variation of the
average fuel temperature Tf and average coolant temperature Tc
[19]. Eq. (22) considers the reactivity feedback terms including the
coefficient of fuel temperature reactivity feedback aDoppler , sodium
temperature reactivity feedback aNa , axial expansion reactivity
feedback aAxial, control assembly driveline expansion reactivity
feedback aCEDL and radial expansion reactivity feedback aRadial .

3. Simulation conditions to evaluate the performance of FAST

The two central objectives of the FAST system is to reduce the
value of CVR in LOCA condition and to insert negative reactivity
under transient conditions. Hartanto et al. [1] mainly focused on
evaluating the contribution of the FAST system to lowering the CVR
effect when the coolant forms void. According to the authors, the
FAST system could reduce approximately 2.5 $ of CVR under LOCA
conditions. However, there is still a need to evaluate the FAST
system under transient conditions that are completely different
from the LOCA conditions. When the FAST is applied to iSFR, the
FAST adjusts the total reactivity and thermal power depending on
its position. Therefore, the FAST with the current design should be
simulated under transient conditions. The fuel shapewas a cylinder
with a radius of 0.4298 cm as the annular fuel becomes the cylin-
drical fuel with the fuel burnup and thermal expansion. The reactor
core includes a 100 cm LEU driver region and a 30 cm axial blanket
located in each end side. In addition, the heat generation in the fuel
rod was defined with a cosine axial power shape. The number of
nuclear fuel rods in each assembly was 214, where 3 of 217 fuel rods
are replaced with the FASTs in only inner fuel assemblies. The mass
flux was 2105 kg=m2s to make the average core outlet temperature
663 K under the conditions listed in Table 1.

Among the total assemblies including inner and outer fuel as-
semblies, the FAST modules are equipped in each inner fuel as-
sembly where the normalized radial power distribution varies from
0.866 to 1.069 at BOL [1]. The EOL condition makes a large differ-
ence in normalized radial power varying from 0.889 to 1.282 in the
inner fuel assemblies. The normalized radial power of the iSFR core
in only inner fuel assemblies was aligned to the descending order in
Fig. 5.

The kinetics parameters and reactivity feedback coefficients at
BOL and EOL are listed in Table 2. The parameters change slightly as
the initial fuel with U-235 turns into transuranic elements with fuel



Table 1
Main design parameter of the iSFR.

Design parameter Value

Core power, MWth 392.6
Active core length, cm 100
Coolant inlet temperature, K 663
Coolant outlet temperature, K 818
Number of fuel assemblies 144
Number of fuel rods in each assembly 214
Fuel pin diameter, cm 0.9675
Fuel radius, cm 0.4298
Gap thickness, cm 0.004
Cladding thickness in the fuel rod, cm 0.05
P/D ratio 1.14
Mass flux, kg=m2s 2105
FAST diameter, cm 0.62
FAST height, cm 170.04
Absorber height, cm 100
Void height, cm 70
Cladding thickness in the FAST, cm 0.01
Number of inner fuel assembly 84
Number of outer fuel assembly 60
Number of primary control assembly 4
Number of secondary control assembly 3

Fig. 5. The normalized radial power distribution in inner fuel assemblies at BOL and
EOL.

Table 2
Reactivity feedback coefficients and kinetics parameters at BOL and BOL [1].

Design parameter Value at BOL Value at EOL

aDoppler, ¢/K �0.056 �0.072
aNa, ¢/K �0.011 0.201
aAxial , ¢/K �0.029 �0.060
aCEDL, ¢/K �0.015 �0.063
aRadial , ¢/K �0.116 �0.153
b, ¢ 0.0071 0.0044

l, sec�1 0.077 0.077
L, msec 1.025 0.768
Total worth of the FAST system, ¢ �234.5 �312.4a

a 20% B-10 depleted.

Fig. 6. The reactor thermal power ratio for 50 s immediately after the accident.
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burnup. The thermal conductivity, density and heat capacity for
Ue7Zr metallic fuel and HT-9 cladding were interpolated, and the
thermal properties of the sodium coolant were used in response to
the temperature [3,20,21].

Among the design basis accidents (DBAs), a single control rod
withdrawal accident, which is a bounding event of DBA Class 2 in
the PGSFR, was adopted to give transient overpower conditions
[22]. The event was defined to linearly insert a positive reactivity of
68.7¢ for 15 s. This event describes transition conditions that in-
crease the reactor thermal power and overall system temperature.
Among accidents that happen in PGSFR, the acceptance criteria for
DBA Class 2 are based on the fuel, cladding and coolant tempera-
ture. Accordingly, the assumed event makes it possible to evaluate
the performance of the FAST on the temperature and thermal po-
wer under both BOL and EOL conditions. Basically, the reactor was
supposed to trip at 2.22 s when a high-power-to-flow rate ratio is
detected. However, the reactor trip conditions were not used to
evaluate the performance of FAST alone.

Since the simulations for the current FAST design have not yet
been conducted, it is necessary to investigate how the FAST behaves
with the given conditions increasing the coolant temperature. In
this study, simulations were performed to take into account the
temperature distribution over the entire fuel assembly, causing
FAST to insert negative reactivity at different moments. The FAST in
the hottest fuel assembly is expected to fall faster than the FAST in
the coldest fuel assembly. This difference in insertion timemay lead
to gradual reactivity insertion in the active core region. Based on
these considerations, the FAST position, power ratio, reactivity,
maximum subchannel temperature and applicability of FAST to
iSFR are discussed.
4. Results and discussion

The simulation starts from the steady-state conditions and
continues for 50 s. When the reactor is in the steady-state condi-
tions, the coolant outlet temperature in inner fuel assemblies is
distributed 797e832 K at BOL and 801e861 K at EOL.

Fig. 6 indicates the reactor thermal power ratio where Pð0Þ is the
initial reactor thermal power in the steady-state condition. Fig. 7
exhibits the total reactivity controlled by the reactivity feedback
and the FAST system. Immediately after the accident has occurred,
the thermal power starts to rise steeply as the accident introduces
the positive reactivity. When the reactor power is almost 2.25 times
the initial power Pð0Þ, the power decreases rapidly due to the
negative reactivity inserted by the FASTs. Specifically, the reactor
core begins to be affected by the FAST when it arrives at 1.7 m
height. Since the FASTs insert a large amount of negative reactivity
in the reactor core, the coolant temperature drops suddenly and the
buoyancy acting on the FAST increases. The FAST sinks more to
where the buoyancy is greater than gravity because of the inertia



Fig. 7. Total reactivity for 50 s immediately after the accident. Fig. 8. Absorber height for 50 s after the accident at BOL.
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although buoyancy is greater than gravity. Therefore, the FAST rises
again and inserts the positive reactivity, leaving the active core
region. This FAST movement repeatedly increases and decreases
the reactor power.

During the entire simulation, the reactivity feedback not only
prevents a rapid increase in thermal power at the beginning of the
accident, but also it reduces the amplitude of the thermal power.
The thermal power at EOL rises more steeply because the sum of
reactivity coefficients for EOL is greater than that for BOL. For
example, CTC, which had a negative value in BOL, has a positive
value at EOL. Interestingly, it was observed that the reactor power
does not return to its initial value for 50 s despite the FAST inser-
tion. It means that even if the FAST inserts negative reactivity, the
reactor power is not the same as before. Specifically, Eqs. (16) and
(17) prove that the initial power Pð0Þ cannot be obtained when
the same amount of negative reactivity is added after the positive
reactivity has been inserted. This behavior significantly contrasts
when the reactor core is shut down by the control rod system.
Unlike the control rod system, the FASTcould not reduce the reactor
thermal power to its initial state because it precisely inserts
negative reactivity as much as the positive reactivity inserted by
accident. To lower the reactor power below the initial power, the
FAST should cooperate with other safety systems such as the con-
trol rod system.

The behavior of FAST considerably affects the reactor core po-
wer. Thus, the absorber height was tracked for 50 s because the
absorber height, rather than the FAST height, determines the
reactivity inserted by the FAST. Fig. 8 shows the temporal evolution
of the absorber height for various normalized radial power distri-
butions. As the FASTs are supposedly designed, all FASTs are located
outside the active core region under the steady-state conditions.
The FAST is designed to fall when the coolant outlet temperature
reaches 870 K. Under the given accident conditions at BOL, it takes
approximately 7 s for the coolant outlet temperature to exceeds
870 K in the hottest fuel assembly, where the normalized radial
power is 1.069. After the FAST reaches 1.7 m of the active core re-
gion, a large amount of negative reactivity is inserted. Interestingly,
the FASTs, located where the normalized radial power is less than
0.889, are still above the active core region and cannot contribute to
controlling the reactor thermal power because the coolant tem-
perature is relatively low in normal operation. Secondly, the FASTs
in the hot fuel assemblies cool down the coolant before the other
FASTs in the cold fuel assemblies arrive at the active core region.
The EOL conditions show slightly different FAST behaviors (Fig. 9).
The FAST in the hottest fuel assembly begins to fall about 3 s
following the accident because the coolant outlet temperature is
already 861 K under steady-state conditions. Therefore, if the
coolant rises only 9 K under the steady-state conditions, then FAST
starts to fall. This small temperature margin may allow the FAST to
insert the negative reactivity before the accident occurs. Therefore,
the current FAST density should be reduced to avoid inserting un-
necessary reactivity. On the other hand, the FASTs are still above
1.7 m height, where the normalized radial power is less than 0.972.
In this range, the FAST density should increase to insert negative
reactivity. This result indicates that the current FAST performances
can be improved by adjusting the FAST density depending on its
installed location. Therefore, further study with more focus on
design optimization for the FAST system should be undertaken.

The fuel, cladding and coolant temperature are important fac-
tors as they are the safety criteria of the DBA Class 2 event. Fig. 6
shows that the thermal power is higher than the initial thermal
power even after the thermal power has been stabilized. The
maximum fuel and cladding temperatures show a similar trend
with the reactor thermal power (Figs. 10 and 11). According to the
Fig. 9. Absorber height for 50 s after the accident at EOL.



Fig. 10. Maximum fuel rod temperature in the entire fuel assembly including inner and
outer fuel assemblies.

Fig. 11. Maximum cladding temperature in the entire fuel assembly including inner
and outer fuel assemblies.

Fig. 12. Maximum coolant temperature in the entire fuel assemblies including inner
and outer fuel assemblies.
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safety acceptance criteria for DBA Class 2 event, the fuel rod tem-
perature should be kept below its melting temperature, and the
coolant temperature should be lower than its boiling temperature
[22]. From the data in Fig. 10, the maximum fuel temperature for
Ue7Zr is below its solidus temperature of 1420 K [23]. There is no
significant difference between the fuel and cladding temperatures
owing to the high thermal conductivity of the metallic fuel. The
maximum temperature difference between the fuel and cladding is
only approximately 60 K at BOL and 72 K at EOL. The HT-9 cladding
has excellent resistance to swelling and creep up to 923 K. Mean-
while, the neutron irradiation makes the ductile-brittle transition
temperature increase quickly below 673 K [24]. It means that the
cladding temperature should be between 673 K and 923 K to avoid
the low-temperature irradiation embrittlement and to achieve a
satisfactory creep performance. Even though the peak cladding
temperature exceeds 923 K for 10 s, this exposure time is too short
to develop complete secondary phases in HT-9 cladding [25]. When
it comes to changing the temperature, quickly stabilizing the
reactor power is important because the cyclical thermal loading
coupled with the mechanical loading, such as the turbulent flow of
the coolant and fission products inside the fuel rods, may accelerate
the failure progress. The FAST keeps the reactor stable within 35 s,
giving a low periodic thermal load to the fuel rod.
The results, as shown in Fig. 12, indicate that the FAST alone is

enough to meet the safety acceptance criteria in terms of the
coolant boiling limit temperature of 1156 K at EOL, without any
help of other safety systems. However, once the voids are formed,
the reactor thermal power rises due to positive reactivity insertion
at EOL. The maximum coolant temperature is 1033 K at BOL and
1091 K at EOL respectively. In order to lower the maximum coolant
temperature in an accident, the FAST should reach the active core
region more quickly during an accident. To this end, reducing the
distance of 0.6 m between the absorber and the active core region
can be one of the alternatives to respond quickly to changes in the
reactor thermal power although the boron carbide is more depleted
by neutron absorption.
5. Conclusion

The FAST is a passive safety device used to reduce CVR without
changing the reactor core geometry and to insert negative reac-
tivity under transient conditions. There are a total of 252 FASTs only
in the inner fuel assemblies. Each FAST is located outside the active
core region to reduce neutron leakage under the steady-state
conditions. Moreover, the FAST can insert negative reactivity into
the reactor by gravity in case of LOCA. However, the FAST system
has not been evaluated under transient conditions so that it can be
applied to an actual system. Especially, the actual behavior of the
FAST is unclear under transient conditions increasing the reactor
core power or coolant temperature. Therefore, the previous FASTAC
has been improved to simulate the behavior of the FAST by
considering models for the temperature distribution and reactivity
insertion in the reactor core under the single control rod with-
drawal accident. The implemented models in FASTAC described the
forces acting on the FAST, reactor point kinetics and temperature
distribution in the fuel assemblies with different radial core
powers.

With the previously mentioned analysis models, the current
FAST systemwas simulated at BOL and EOL during an accident. This
study focused on the FAST movement when the coolant tempera-
ture increases, simulating transient conditions in the reactor core.
The accident was assumed to linearly insert a positive reactivity of
68.7¢ for 15 s. Other safety devices or systems were not considered
to assess the performance of the FAST system alone. The increase in
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initial reactor thermal power was restrained by negative reactivity
feedback. Once the FAST reached the active core region, the reactor
thermal power was abruptly reduced by the insertion of negative
reactivity. After the FAST fell, the FAST began to oscillate due to
sudden changes in the buoyancy acting on the FAST. Unlike the
control rod systems, the reactor thermal power could not return to
its initial state because the FAST precisely inserts negative reactivity
as much as the positive reactivity caused by the accident. These
results imply that the FAST system cannot independently shut
down the reactor core. Therefore, it is necessary to use additional
safety devices, such as a control rod system, to reduce the reactor
thermal power below the initial statewhen the positive reactivity is
inserted.

The location of all FAST installed in the inner fuel assemblies was
analyzed for 50 s after the accident. Under EOL conditions, the FAST
in the hottest fuel assembly began to fall quickly in 3 s after the
accident. These results suggested the possibility of unnecessary
insertion of the negative reactivity in normal operation since only a
9 K of temperature margin remains until the FAST begins to move.
On the other hand, FASTs installed at relatively low powers were
not useful while the thermal power increased about 2.25 times
initial power. It is necessary to adjust the FAST density depending
on its installed location to avoid inserting unnecessary negative
reactivity and to make the FAST more useful. To this end, further
study on optimization for the FAST system should be needed under
various accident conditions.

Regarding the safety criteria, the FAST met the safety acceptance
criteria for DBA Class 2 accident mainly based on the pin melting
temperature and coolant boiling temperature. The FAST system
maintained satisfactory temperatures for both the fuel rod and the
coolant. The maximum fuel temperature was 1093 K at BOL and
1161 K at EOL. The cladding temperature reached peak temperature
with the thermal power. Although cladding temperature exceeded
its limit temperature for approximately 10 s at BOL and EOL, it was
not a concerning issue as long as the cladding temperature was
maintainedwithin a satisfactory temperaturewithin a few seconds.
Moreover, the FAST system alone was sufficient to cool the coolant
to temperatures below the boiling temperature of sodium. Based on
the simulation results, the current FAST system showed
outstanding performance in terms of quickly stabilizing the reactor
core under the given transient conditions, without any help of
other safety systems. Besides, the FAST is expected to similarly
operate under other accidents that increase the overall system
temperature. It appears feasible to use the FAST system in iSFR to
satisfy the safety criteria with given accident conditions.
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Nomenclature and units

AF coolant flow area ðm2Þ
Af FAST front area ðm2Þ
AH coolant heated area ðm2Þ
As FAST side area ðm2Þ
C precursors concentration
cp heat capacity ðJ=kg ,KÞ
FB buoyancy ðPa=m2Þ
FD drag ðPa=m2Þ
FG gravity ðPa=m2Þ
FP pressure force ðPa=m2Þ
G mass flux ðm2=sÞ
g gravitational acceleration ðm=s2Þ
h enthalpy ðJ=kgÞ
hv heat transfer coefficient ðW=m2 ,KÞ
Kc loss coefficient for sudden contraction
k thermal conductivity ðW=m ,KÞ
L FAST length ðmÞ
Dl height difference ðmÞ
n neutrons density
P pressure ðPaÞ
P1 fluid pressure at inlet ðPaÞ
P2 fluid pressure at outlet ðPaÞ
P3 fluid pressure at back surface of FAST ðPaÞ
DPa pressure drop by sudden contraction ðPaÞ
DPb pressure drop by friction ðPaÞ
Pd fluid dynamic pressure ðPaÞ
Q coolant volumetric flow ðm3=sÞ
Qe estimated coolant volumetric flow ðm3=sÞ
q00 heat flux ðW=m2Þ
q000 volumetric heat generation ðW=m3Þ
r radius (m)
rF FAST radius ðmÞ
rp pin radius ðmÞ
T temperature ðKÞ
Tc average coolant temperature ðKÞ
Tf average fuel temperature ðKÞ
t time ðsÞ
Dt time step ðsÞ
V FAST volume ðm3Þ
VF FAST velocity ðm=sÞ
Vl fluid velocity at the FAST wall for the Lagrangian

coordinates system ðm=sÞ
Vmax fluid maximum velocity ðm=sÞ
Vz (r) velocity function ðm=sÞ
Greek symbols
L neutron generation time ðsÞ
aAxial axial expansion reactivity coefficient
aCEDL control assembly driveline expansion reactivity

coefficient
aDoppler Doppler reactivity coefficient
aNa sodium temperature reactivity coefficient
aRadial radial expansion reactivity coefficient
b delayed neutron fraction
L prompt neutron generation time ðsÞ
m coolant viscosity ðPa ,sÞ
r density ðkg=m3Þ, reactivity
rab reactivity inserted by the FAST
rc coolant density ðkg=m3Þ
rF FAST density ðkg=m3Þ
rt total reactivity
rF FAST density ðkg=m3Þ
Subscripts
0 initial or steady state
1 inlet
2 outlet
3 back surface of the FAST
c coolant
e estimated
F FAST
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f fuel, front
i, j nodal point in some domain
l Lagrangian coordinates system
n time step
p pin
r radius
s side
t total
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