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ABSTRACT

This paper describes the seismic analysis of a
400-MWe advanced fast reactor under 0.3 g SSE ground
excltation. Two types of analyses are performed -- the
sloshing analysis and the fluld-structure finteraction
In the sloshing analysis, the sloshing fre-

analysis.
The max{mum

quency and wave patterns are calculated.
wave height and the sloshing forces exerted on the sub-
merged components and the primary tank are evaluated.
In the fluid-structure interaction analysis, the max-
imum horizontal acceleration for the reactor core and
the relative displacement between the rcactor core and
UIS are examined. The fluld-coupling phenomena between
various components are Investigated. Scismic stresses
at critical areas are examined.

The rvesults obtained from this study are very
useful to the design of the advanced reactors. Mean-
while, the computer code FLUSTR-ANL has proved to be a
useful analytical tool for assessing the complicated
seismic flufd-structure iInteractions and sloshing in

the fast reactor systems.

INTRODUCTION

This paper describes the sefsmic response of a
400-MWe advanced fast reactor under 0.3-p SSE ground
excitation. The objectives of this study are: (1)
to determine the sloshing response; (2) to assess the
fluid coupling and fluid-structure interaction effccts;
(3) to demonstrate the capability of the computer code,
FLUSTR-ANL (i.e., FLUid-STRucture interactton code,
augmented by Argonne National Laboratory for sefsmic
analysis of reactor components); and (4) to obtatn
useful information for future research needs and code
development.

The 400-}MWe advanced pool-type fast reactor has a
diameter of 39 ft. The reactor plant 1s desligned to he
site-independent .. This paper describes 2 transient
gelsmfic time-history analysfs of the reactor unsing
the FLUSTR-ANL computer code which has been nerd exten-
sively for prediction of seismically-tnduced sloching
and fluid-structure Interactlon responsrs of reactor

systems [1-5]. The ground ZPA varies from 0.2 g to
0.3 g, depending on the site shear-wave velocity (6000
fps to 2000 fps). 1In this study, the site is assumed
to have a shear wave velocity of 2000 fps and the SSE
ground ZPA 1is 0.3 g.

Two types of analyses are performed:
analysis and the fluid-structure interaction analysis.
In both analyses, the excitation motion is a 20-s ac-
celeration time history at the reactor support. The
maximum acceleration level 1is 0.46 g. A 180° sector
of the finite element model {s developed (half of the
reactor). The model contains all the major components
of the reactor. All the deck—mounted components (IHX,
pump, and UIS) are represented by the beam elements,
whereas the reactor vessel and horizontal redan are
simulated by the RSDS (Resultant Stress Degenerated
Shell) elements [6). The sodium coolant is simulated
by either the displacement-based or pressure-based
fluid continunm element. Thin-layer fluid elements are
placed at the fluid-structure Interfaces to simulate
the contact/sliding boundary condition.

Five sections are contalned in this paper. The
introduction 1s given in Section I. Section 11 briefly
describes the methodology used in the coupled fluid-
structure Interaction analysis and the treatment of
free surface. Scction III gives the description of the
reactor, the mathematical model, and the results of the
sloshing analysis. Ia that section, the major concerns
of sloshing are described. The sloshing frequenciles
and wave patterns of the reactor are discussed. The
maximum wave height and sloshing forces excrted on the
deck-mounted components are evaluated. 1In Scction 1V,
the selsmic analysis of the reactor under horizontal
excitation considering fluid-structure iInteractioans Iis
presented. In that section, the lateral vibrational
frequencies of the components and the vessel are
presented. The core design Iimits, i.e., the maximum
horizontal core acceleration and the relative dis-
placement brtween the core and UIS are examined o
assure that contrel rods can be properly Inserted
during scram. The {luld coupling effects on the
submerped  components are  Investlpated. The <elsmic
RFtresses at critical areas are evaluated. Finally, the
conclusions and recommeandations are piven in Section V.

the sloshing



COUPLED FLUID-STRUCTURE INTERACTION ANALYSIS

Fo- A coupled fluid-structure fnteraction analy-
sis, the fluid is represented by fluld finlte elementa,
wherens the reactor vessel and internal components are
modeled by shell elements and beam elements. The seis-
mic response of the reactor system 1Is obtained by
aolving the ecquations of fluld motion and atructural
motfon simultaneously. The governing equations of
fluid dynamics used in the analysis are:

P= P vy (L
pv, = Tij‘j + by (2)
le a - psi,j + u(vi’j + vj,i) R (3)

where n Is the mass density, b Is the body force, p is

the pressure, v 1s the velocity vector of the f(luld
field, and u is the dynamic viscosity. The symhol "eF
denotes the material time derivative, and "," denotes
the spatial derivative. The equation of slructural
motion in matrix form is

(n] {d} + e {3} + (x3 fa} = {p} , (4)

where [m}, [c], and [k] are mass, damping, and stiff-
ness matrix, respectively. {d} 1s the structural dis-~
placement vector, and {P} is the fluld pressure acting
on structures. At the fluid-structure interface, the
fluid velocity normal to the structural surface is
required to be equal to the normal component of the

structural velocity:

vo =4, (5
whereas 1In the tangential directfon of the Fflufd-
gtructure 1interface, the fluid is allowed to slide

freely. The detailled description of FLUSTR-ANL code
can be found in Refs. [7,8]. 1In this paper, only the
treatment of free surface is described.

In the analysis, the 1l1inear sloshing wave Is
assumed, and the wave effects are represented by the
perturbation pressures Py . acting on the normal
direction of the undeformed free-surface and included
explicitly 1in Eq. (4) through the external force
vector. The perturbation pressure is obtained from

Pfs cPe dfs ’ (6
where p {5 the mass density of fluild, g 1s the gravita-
tional acceleration, and deg 1is the free-surface wave

helght.

SLOSHING ANALYSIS

usually contains a large
volume of sodium coolant. Under seismic events, the
coolant will experience sloshing. The sloshing wave
heipht may easily reach several feet in the large-
diameter reactor tanks [5]). If sufficlent space is not
provided above the free surface to accommodate the
sloshing waves, the reactor cover could be damaged by
sloshing impact forces and thermal shocks. It may also
require an increased height of the thermal liners to
protect the IHXs and pumps. Therefore, the sloshing
response should be properly considered in the reactor
design. This section describes the sloshing analysis
of a 400-MWe advanced fast reactor. First, the
configuration of the reactor will he  briefly
described. Then, the sloshing response obtained from
the FLUSTR-ANL gnalys{s will be presented.

A pool-type reactor

Description of the Reactor

rlevatfon views of the
reactor model are shown in Fips. 1 and 2, respective-
ly. The majJor components of the reactor are  the
reactor vessel, deck sglructure, deck-mounted compo-
nents, redan assembly, and reactor core structuares.
The reactor vessel has a diameter of 39 ft and a length
of 47 ft 6 in. The vessel has a 2.5-in-thick cylindri-
cal shell and a 4~in-thick curved bottom head. To
simplify the analysis, a conical-ghaped bottom head is
used. The deck-mounted components include an Upper In-
ternal Structure (UIS) located at the center of the
tank and four IHXs, two pumps, and two cold traps
placed along the inner perimeter of the reactor tank.
The horizontal redan assembly gtructure separates the
coolant into two pools: hot and cold. The sodium
coolant in the cold pool, i.e., underneath tie redan,
fs surrounded by the redan, vessel, and shield barrel.
It has no free surface and can not participate In the
sloshlng motion. The sodfum coolant above the redan
has a free eurface and can underpo the sloshing mo-
tion. The reractor core 1s enclosed by a core barrel
and the shield barrel. It is supported laterally at
the top by the redan assembly structure and vertically
at the bottom core support plates which, {ia turn, are
supported by the core support cylinders and the reactor
bottom head. The physical dimensions of the components
and reactor vessel arée given In Table 1.

The 1soparametric and

Mathematical Model

The mathematical model for the sloshing analysis
is shown in Fig. 3. DOnly the hot pool of the coolant
above the redan 1s modeled. The cold coolant below the
redan is completely trapped; it does not participate in
the sloshing motion and, therefore, 1s omltted. It
1s a 1B0° model representing half of the reactor. The
component at the center represents the UIS; the other
four off-center components represent two IHXs, one
pump, and one cold trap. Thin fluid elements are
placed at the fluid-structure interfaces to simulate
the contact/slidlng boundary condlition. The free-
surface wave height i1s treated by a perturbation method
as a body force of the fluid, as described above. Only
linear sloshfng 18 considered In this study. Since the
sloshing frequency and structural frequency are weil
separated, the components and vessel are assumed to be
rigid in the sloshing analysis.

Of particular interest In the sloshing response
are the sloshing frequenclies, sloshing wave patterns,
wave helght and sloshing pressures exerted on the com-—
ponents and the vessel. They are often overlooked in
the conventional analysis which usually assumed the
tank has no internal component [9,10j.

Results of the Sloshing Analysis

The {input motion at the reactor support is a 20-s
long acceleration time history having a maximum accel-
eration of 0.46 g. A transient time history analysis
is carried out to 40 s. The integration time step is
0.1 s.

The results of the sloshing analysis indicates
that there are three distinct sloshing modes at fre-
quencies of 0.23 Hz, 0.5 Hz, and 0.9 Hz, resprctive-
1y, The frequency of 0.23 lz belongs to the cos?d
tanguvntial sloshing mode in which the coolant flows
along the tangential direction of the tank. The O.5-H=z
frequency belongs to the radial sloshing mode. In thls
mode, the coolant sloshes antisymmetrically betwcen the
UIS and the vessel along the excitation direction. The
frequency of 0.3 Hz belongs te the up-and-down type



of the tank.

wave along the circumferentfal direction
the

The up-and-down sloghing mode occurs malnly fn
fluid regton baunded hy the off-ceater components and
the vessel. The wave patterns of these three modes are
shown In Fig. 4, in which H and L indicate the high and
low lines of the free surface, and O represents a zero
line. A typical calculated sloshing wave (at t=7 s) is
ghown in Fig. 5.

The caleulated maximum wave height ar
locations on the free surface {g shown fn Flg. 6. It
should be noted that the maximum wave heights shown In
Fig. 6 do not occur at the same time. The max{mum wave
height 18 29 in and occurs at 1HX-2 {see Fig. 3). The
time history of the wave helght at that iocation (nnde
1668) 1s shown in Fig. 7, in which the most sipnificant
mode 1s the tangential sloghlng mode at n frequency of
0.23 Hz. The maximum wave heights on the UIS and the
vessel wall are 17 in and 20 in, respectively (see Fig.
6). They occur at 180° Jocatfon. The most significant
modes at varlous 1locations of the f{ree surface are
shown in Fig. 8. It Indicates that the cnsf tangentfal
sloghing mode completely dominates the response with
the exceptiorn of the 0° of the UIS where the rtadial
mode, 0.5 Wz, 1is still the most significant mode.

In addition to the maximum wave hefpht, the slosrh-
ing pressures exerted on the components and the reactor
tank are also of {mportance to the reactor deaipn,
There are five layers of fluid elements in the sloshing
model (see Fig. 3). The sloshing pressurers exerted on
the submerged components and the tank wall at layer 1
(top layer), layer 3 (middle 1ayer), and layer 5
(bottom layer) are discussec below. The pressure Is
calculated at the center of the element.

A typical pressure time history of a fluid element
at the top layer {s ahown In Fig. 9. The sloshing
presgure has two components: a couvective
component which has a longer period of oscillation and
ar impulsive pressure component which varies synchro-
nougly with the input acceleration history. When the
input motion stops, the impulsive pressure component
vanishes and only the convective pressure component

exists. This 1s clearly indicated in Fig. 9. The
a fregquency of 0.23

various

pressure

convective pressure oscillates at
Nz, which 1g the frequency of the tangential sloshing
motion.

The maximum sloshing pressure at different loca-
tions of the three fluid layers ar. shown in Fips. 10,
11, and 12, respectively. It shculd be noted that
they also do not occur at the same time. The maximum
sloshing pressure s 1.3 psi for the reacter tank, 0.50
psi for the UIS, 0.75 psi for the cold trap, N.A6 psi
for the pump, 0.92 psi for IHX-1, and 0.96 psl for IlX-
2. They all occur at the bottom fluid layer.

The pressure time history and FFT plcet at fluid
element 320 on the bottom of 11X-2, where the maximum
sloshing motlon occurs, are shown irn Fig. 13. The FFT
shows that the pressure time history has two distinct
frequenclies: one 1is 0.9 Hz and the other is 0.23 Hz.
The contribution of iImpulsive pressures which have
higher frequencies can also be observed. Flgures 14,
15, and 16 gummarize the most dominant frequency of the
sloshing pressuregs at various locations For the three
fluid layers. On layer 1, the most important mode is
the cosB tangential sloshing which has a frequency of
0.23 Hz. However, the sloshing mode with a frequency
of 0.9 Hz can be found at certaln locations of the
components. As the fluid depth increases from layer 1
to layer 5, the intensity of 1impulsive pressure {n-
creases. This can be seen In Figs. 15 and 16, where
the 0.23-71z sloshing frequency 1in certain arean {s
replaced by Impulsive pressure frequencies of 1.7 iz,
1.9 Hz, and 2.9 Hz and no longer 18 the dominant fre-

quency. It is interesting to note that the magnitude

of the 0.9-Hz sloshing mode alsc 1increases with the
fluid depth. This mode has a pronounced effect on the
tank and the aff~renter components. As a result, the
total pressures * che bottom of the tank are larger
than those near the surface.

The sloshing forces actling on the components and
the tank wall are examined next. On the off-center
components, there are two types of sloshing modes: one
1is the tangential sloshing mode which has a frequency
of 0.23 Hz; the other is the up-and-down type of mode -
having a frequency of 0.9 Ha. It 18 reasonable to
aasume that at certain instances, the pressure acting
on the component has a cos® disgtribution, as shown fn
Fig. 17. 1In other words, one side of the component is
subjected to compressive loads while the other side
ia subjected to tensile loads. It 1s the worst loading
case that a component can be subjected to under seismic
sloshing. As a conservative estimate, the maximum
sloehing pressure of 0.96 psi acting on INX-2 1s used
to calculate the sloshing force acting on the compo-
nents under the most unfavorable conditfon. Tt is
further assumed that the sloshing pressure is uniformly
distributed along the submerged length of the compo-
neat. The resultant force, f, acting on the unit
length of the component (see Fig. 18) 1s

2n
f =] Prcos?8 rdd N
0
or
f = npr , (8)

where P is the maximum sloshing pressure and r fs the
radius of the component. The total sloshing force, F,
acting on the component is

F = fR , (9)
where £ 1s the submerged 1length of the components
neasured from the surface of the sloshing wave.

For the case studied, the IHX-2 has a submerged
length of 14 ft and a lenpth of 10 ft above the free
surface. The maximum sloshing wave lhelpht for THX-2 is
29 in. The diameter of II%-2 1s 6 Tt-10 In. If the
wall thickness of the IHK-2 is assumed to be 1 in, the
maximum bending stress at the base support is only 1

kst.
The sloshing force exerted on the tank wall fc

also quite small. Generally speakinp, the selsmic
stresses due to sloshing is small compared to other
types of stresses.

SEISMIC FLUID-STRUCTURE INTERACTION ANALYS1S

Mathematical Model

This section describes the seismic fluid-structure
interaction analysis of the reactor. Only the horizon-
tal ground excitation 1s consldered in the analysis.
The mathematical model is shown in Figs. 1 and 2. The
model 1includes: the reactor vessel, UIS, cold trap,
one pump, two IHXs, redan assembly, and core struc-
tures. The reactor vessel and redan plate are rep-
resented by the RSDS (Resultant Stress Degenerated
Shell) elements. The componentsg, thermal llner, skirt
extension of the ghield barrel, and core structures
(includinr shield barrel and core-support cylinders)
are rtepresented by the beam elements. Because of the
complexity of the IHX, an equivalent beam with 2 funda-
mental frequency of 3.5 Hz (In-alr frequency of IHX) 1s
used. The beams representing the IHXs and ULlS are sus-
pended from the deck. The beams representing the



shroud of the povmp and cold trap are supported on the
redan plate. The beam representing the core structures
is laterally supported by the redan at the tep of the
core and by the reactor bottom head at the bottom of
the core.

The model consists of 3290 nodal points, 351
displacement-based fluid elements, 1331 pressure-bosed
fluid elements, 463 RSDS shell elements, and 57 beam
elements. It 1s a very detailed reactor model. The
horizontal {input motion is the same acceleration time
history used 1In the sloshing analysis. It has a
duration of 20 s and a maximum acceleration of 0.46 g,
which occurs at t = 8.1 s. Since the maximum accel-
eration occurs within the firgt 10 s of ground motion,
the time history analysis is carried only to 12 s. The
integration time step is 0.005 s. Three percent (3%)
of the structural damping is used.

Under horizontal seismic excitation, the maximum
horizontal acceleration of the reactor core and the
relative iateral displacement of the core and UIS nare
of particular importance. The design 1imits of the
reactor core under SSE conditions are 3.5 g for
horizontal core acceleration and 2.2 in for relative
displacement between the top of the core and the bottom
of the UIJS. In addition to the core response, the
fluid coupling effects between components and selsmic
gstresses at critical areas are also {mportant con-

cerns.

Results of Seismic Fluid-structure Interactlon Analysisg

The analysis indicates that there are three sig-
nificant lateral modes. The first is the THX Tateral
vibrational mode which has a frequency of 5.67 Uz. The
second 1s the vessel-core-redan mode which has a fre-
quency of 9 Hz. The third Ta the UIS lateral mode
which has a frequency of 12.5 Hz.

The dfsplacement time history and
bottem of the UIS and top of the core are showun fn
Figs. 19 and 20, respectively. They Indicate that the
max{mum displacement of the UIS and the core s 0.047
in and 0.070 in, respectively. They occur at the same
time, l.e¢., t = 8.15 s. The sum of the abealute value
of the two displacements 1s only 0.117 1in, which {is
well boelow the design limit of 2.2 in. The displace-
ment time history and FFT of the UIS (sece Fig. 19)
indicate that the UIS has a vibrational frequency of
12.5 Hz. Also shown in Fie. 19 are the other signif-
icant modes. One has a frequency of 5.67 Hz and the
other has a frequency of 0.23 Hz. The 5.67-liz fre-
quency 1s caused by the vibration of the I1UX which is
transmitted to the UIS by the fluid coupling effect.
The 0.23-Hz frequency 1s the sloshing frequency trans-—
mitted to the UIS by the lateral sloshing force. The
other peaks observed in the FFT plot belong to the
input motion. The {influence of the INX on the core
response can also be found In the FFT of the core (sece
Fig. 20).

The displacement response and FFT at the bottom of
INMX-1 and IHX-2 are shown in Figs. 21 and 22, respec-—
tively. The maximum lateral displacements of THX-1 and
IHX-2 are 0.32 in and 0.36 In, respectively. Both THXg
vibrate at a frequency of 5.67 Hz. It is noted that
the in-air frequency of the IHX {s 3.5 Hlz. The
Increase in frequency {s due to the influence of the
vessel vibration on the 1HXs. This Influence can be
geen from the plots of FFT of the IHX (sece Figs. 21 and
22).

FFT at  the

The displacement response and FFT at the hottom of
the vessel, the top of the pump well, and the top of
the cold trap are shown In Figs. 23, 24, and 25, re-
spectively. Basically, the vessel, core, pump well,
and cold trap move in unison, having a Ffrequency of

The effects of the IHX vibration of 5.67 Hz fre-

9 Hz.
The

quency are clearly shown in Figs. 23, 24, and 25.
maximum lateral displacement and the first (fl) and
second (f;) dominant frequencfes at various lecations
are pummarfized 1in Table 2. The second dominant fre-
quency, fj, represents the fluid coupling effects. The
maximum acceleration of the core, a, can be obtained

from
a = de{2nf)2 (10)

in which d and f are the maximum displacement and the
frequency of the core, respectively. For the case
studied here, d = 0.086 ir and f = 9 Hz, the maximum
acceleration at the core is 0.7 g. It is much smaller
than the allowable core acceleratfon under SSE comdi-
tions, i.e., 3.5 g. In general, the seismic stresses
are small. The maximum bending stress fs only 2.3 ksi
at the base of the UIS.

CONCLUSIONS AND RECOMMENDATIONS

Seismic analysis has been performed for a pool-
type advanced fast reactor with a diameter of 39 ft.
The analysis considers the sloshing and fluid-structure
i{nteractions under horizontal seismic excitation. Much
valuable fnformation has been obtained. It can be used
as a design reference for future reactors. The conclu-
sions and recommendations drawn from this study are
summarized below.

1. The most significant mode of the reactor is the
core-vessel lateral vibratton mode which has a fre-
quency of 9 lz and which fs considerably higher than
that of a large-diameter reactor. The other two sig-
nificant modes are the IHX lateral vibration mode,
5.6 Hz, and the UIS lateral vibratfon mode, 12.5 MHz.
Because  of  hiplhh  frequencles, the overall scismic
response of the reactor is small. The maximum hori-
zontal aceeleration of the reactor core s 0.7 g, and
the maximum relative displacement of the UIS and re-
actor core, i.e., the displacement of the top of the
reactor core with respect to the bottom of the 1S,
is only O.117 {in. They are considerably lower than
the core design limits. The maximum core horizontal
acceleration 1limit is 3.5 g, whereas the maximum dis-—
placement limit between the UIS and the reactor core 1s
2.2 in. The seismic stresses are also small.

2. Strong interaction (fluid coupling) exists between
the IHXs and the vessel. As a result, the IHX fre-
quency 1increases to 5.6 Hz. Note that the in-air 18X
frequency 1s only 3.5 Hz. On the other hand, the
vessel~core response has also been strongly influenced
by the vibration of the INXs. This is also true for
the UIS. It is strongly influcnced by the vibration of

the INX.

3. In the sloshing analysis, three sloshing modes
have been identified. They are the cos® tanpgential
sloshing mode which has a frequency of 0.23 Hz, the
radfal sloshing mode which has a frequency of 0.5 Hz,
and the up-and-down tangential sloshing mode which has
a frequency of 0.9 Hz. The sloshing response is domi-
nated by the cosh tangential sloshing mode In which the
sodium ccolant flows along the tangential directlon of
the tank. The radial sioshing mode Is confined in the
fluid repion betwcen the UIS and the vessel along the
excitntfon direction. The wp-and-down tangential
sloshing mode occurs mainly in the fluld reglon bounded
by the off-center components and the vesscl. This mode
has a pronounced effcet on the sloshing pressure as rhe
fluid depth Increases from the surface.



&, The maximum sloshing wave hefght is 29 in, which
oecurs at the IHX-2 location. The maximum slocshing
pressure exerted on the submerged components fs less
than 1 psi. The bending stress at the component base
due to the sloshing pressure 1s not significant.
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Table 1. Fhysical Dimensions of the Components
and the Vessel
Radiuvs (in) Thickness (in)
UIs 40 1
Cold Trap 29 0.75
Pump Well 40 2.5
16X 41 *
Shield Barrel 90 2
Shield Barrel Skirt 92 1
Redan - 3
Vessel - Cylinder 220 2.5
4

Vessel - Bottom Head -

*Equivalent Beam

Table 2. Maximum Lateral Displacement and Dominant
Frequencles at Various Locatlons

Hax{imum f1 fa

Disp. (in) (uz) (liz)
Bottom of UlS 0.047 12.5 5.67
Top of Core 0.070 9.0 5.67
Bottom of Core 0.086 9.0 5.67
Bottom of IHX-1 0.32 5.67 9.0
Bottom of IHX-2 0.3% 5.67 9.0
Top of Pump Well 0.078 9.0 5.67
Top of Cold Trap 0.083 2.0 5.67
Redan 0.068% 9.0 5.67

*Maximum displacement at base of pump well and
cold trap
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Fig. 3. Mathematical Model for Sloshing Analysis

Fig. 1. 1Isoparametric View of Reactor M.thematical
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Fig. 7. Sloshing Wave Height

Fig. B. Frequency of the Dominant Modes at Different
Locations on the Free Surface
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Fig. 9. Pressure of Fluid Element 501 at Free Surface
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7ig. 4. Frequency of Domfnant Modes of Sloshing Pr:ssure on Layer 1

Fig. 16. Frequency of Dominant Modes of Sloshinpg Pressure on Layer ©
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Fig. 17. Distribotton of Sloshing Pressures un 2 Fig. 18. Sloshing Force on a Submerged Component
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