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ABSTRACT

This paper describes the seismic analysis of a
400-MWe advanced fast reactor under 0.3 g SSF. ground
excitation. Two types of analyses are performed -- the
sloshing analysis and the fluid-structure Inlcr.irl Inn
analysis. In the sloshing analysis, the sloshing fre-
quency and wave patterns are calculated. The max I mum
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 mid
the relative displacement between the reactor core nnd
UIS are examined. The fluid-coupling phenomena between
various components are Investigated. Seismic stresses
at critical areas are examined.

The results obtained from this study are very
useful to the design of the advanced reactors. Mean-
while, the computer code FLUSTR-AOT, has proved to be a
useful analytical tool for assessing the complicated
seismic fluid-structure Interactions and sloshing in
the fa6t reactor systems.

INTRODUCTION

This paper describes the seismic response of a
400-MWe advanced fast reactor under 0.3-g SSF. ground
excitation. The objectives of this study are: (I)
to determine the sloshing response; (2) to assess the
fluid coupling and fluid-structure Interaction effects;
(3) to demonstrate the capability of the computer code,
FLUSTR-ANL (i.e., FLUld-STRucture Interaction code,
augmented by A_rgonne Rational JLaboratory for seismic
analysis oF reactor components); and (4) to obtain
useful information for future research needs and code
development.

The 400-HWe advanced pool-type fast reactor has ,n
diameter of 39 ft. The reactor plant Is designed to he
Bite-independent. This paper describes a transient
seismic time-history analysis of the rrartor using
the FLUSTR-ANL computer code which has bi-i-n usrH PKlrn-
slvely for prediction of scl snilc.il 1 y-1 ndur<v! singling
and fluid-structure interaction responses of reactor

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

Two types of analyses are performed: tlie sloshing
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 Is 0.46 g. A 180° sector
of the finite element model is 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 continuum element. Thin-layer fluid elements are
placed at the fluid-structure interfaces to simulate
the contact/sliding boundary condition.

Five sections are contained in this paper. The
Introduction is given In Section I. Section II briefly
describes the methodology used in the coupled fluid-
structure interaction analysis and the treatment of
free surface. Section III gives the description of the
reactor, the mathematical model, and the results of the
sloshing analysis. In that section, the major concerns
of sloshing are described. The sloshing frequencies
nnd wave patterns of the reactor are discussed. The
maximum wave height and sloshing forces exerted on the
deck-mounted components are evaluated. In Section IV,
the seismic analysis of the reactor under horizontal
excitation considering fluid-structure interactions Is
presented. In that section, the lateral vibrational
frequencies of the components and the vrssel are
presented. The core design limits, I.e., the maximum
horizontal core acceleration and the relative dis-
placement between the core and UIS are examined To
assure that control rods cp.n ho properly inserlfd
during srr.im. The fluid coupling effects on t he
submerged components are investigated. The seismic
ftrcssi"; at rrltica! areas are evaluated. Finally, ! ho
conclusions and recommendations are given 1n portion V.



COUPLED FLUID-STRUCTUKE INTERACTION ANALYSIS Descr_Ip_Lion of tj'Ĉ Jienĵ tor

Fo" fl coupled f luld-Rt rue turn 1 nt r r.-wt ( un jin.ily-
s l a , the fluid is represented by fluid f i n i t e element i ,
whereas the reac tor vessel nnd Jntprii.il r<iin|>on.Ml;: am
modeled by Bhell elements and beam elements. The neifi-
mlc response of the reac tor system Is obtained by
solving the equations of f luid motion mid ntnicLur.il
motion s imultaneously. The governing equations of
f lu id dynamics used In the analys is a r e :

"1,1 (1)

(2)

(3)

where P is the mass density, b is the body force, p Is
the pressure, v is the velocity vector nf the fluid
field, and u is the dynamic viscosity. The symbol
denotes the material time derivative, and "," denotes
the spatial derivative. The equation of structural
motion in matrix form is

[m] {d| + [c] |df + [k] )d} = (p) , CO

where [m], [cj, and [k] are mass, damping, .ind stiff-
ness matrix, respectively. {d} Is the structural dis-
placement vector, and {P} is the fluid 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:

v = d , (5)
n n ' v '

whereas in the tangential direction of the fluid-
structure interface, the fluid is allowed to slide
freely. The detailed description of FLUSTR-ANL code
can be found In Refs. [7,8]. In this paper, only the
treatment of free surface Is described.

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

r f s P g d fs ' (6)

where P is the mass density of fluid, g Is the gravita-
tional acceleration, and dr Is the free-surface wave
height.

SLOSHING ANALYSIS

A pool-type reactor usually contains a large
volume of sodium coolant. Under seismic events, the
coolant will experience sloshing. The sloshing wave
height may easily reach several feet In the large-
diameter renctor tanks [5J. If sufficient spare 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 Ilneri to
protect the IHXs and pumps. Therefore, the sloshing
response should be properly considered In the renrtor
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 analysis will be presented.

The isoparametric and elevation views of »ho
reactor model are shown in FJf»n. 1 and 2, rcBp^rH ve-
ly. The major component R of the rendnr are t!ir*
reactor vessel, deck structure, deck-mounted compo-
nents, redan assembly, and reactor core structure!;.
The reactor vessel has a diameter of 39 ft and a length
of 47 ft 6 in. The vessel has a 2.5-ln-thlck cylindri-
cal shell and a 4-in-thick curved bottom head. To
simplify the analysis, a conical-shaped 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, nnd two cold traps
placed along the Inner perimeter of the reactor tank.
The horizontal redan assembly structure separates the
coolant into two pools: hot and cold. The sodium
coolant In the cold pool, I.e., underneath til" redan,
fs surrounded by the redan, vessel, and shield barrel-
It has no free surface and can not participate Jn the
sloshing motion. The sodium coolant above the redan
has a free surface and can undergo the sloshing mo-
tion. The reactor core Is 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, In turn, are
supported by the core support cylinders and the renctor
bottom head. The physical dimensions of the components
and reactor vessel are given In Table 1.

Mathematical Model

The mathematical model for the sloshing analysis
Is shown in Fig. 3. Only the hot pool of the coolant
above the redan is modeled. The cold coolant below the
redan Is completely trapped; it does not participate In
the sloshing motion and, therefore, Is omitted. It
is a 180° 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/sliding boundary condition. The free-
surface wave height Is treated by a perturbation method
as a body force of the fluid, as described above. Only
linear sloshing is considered in this study. Since the
sloshing frequency and structural frequency are well
separated, the components and vessel are assumed to be
rigid in the sloshing analysis.

Of particular interest In the sloshing response
are the sloshing frequencies, sloshing wave patterns,
wave height 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, nnd 0.9 Hz, respective-
ly. The frequency of 0.23 Hz belongs to the cosH
tangential sloshing mode In which the coolant flows
along ttie tangential direction of the tank. The 0.5-Hz
frequency belongs to the radial sloshing mode. In this
mode, the coolant sloshes antisymmetrically between the
UIS and the vessel along the excitation direction. The
frequency of 0.9 Hz belongs to the up-and-down typo



wave along the ci rcumferent tal direction of tlic tank.
The up-and-down sloshing mode occurs mainly fn the
fluid region bcwmlrd l>y the off-center components and
the vessel. The wave patterns of these three modes a m
shown In Fig. 4, in which II and t indicate thr high and
low lines of the free surface, and 0 rnprcinniq a zero
line. A typical calculated sloshing wave (at 1-7 s) is
shown In Fig. 5.

The calculated maximum wave height it various
locations on the free surface Is shown In Fig. ft. It
should be noted that the maximum wave heights shown in
Fig. 6 do not occur at the same time. The maximum wave
height is 29 In and occurs at IHX-2 (see Fig. 3). The
time history of the wave height at that location (node
1668) is shown In Fig. 7, In which the most significant
mode Is the tangential sloshing mode at n frequency of
0.23 Hz. The maximum wave heights on the UIS ant] the
vessel wall are 17 In and 20 In, respectively (see Fig.
6). They occur at 180° location. The most significant
modes at various locations of the free surface are
shown in Fig. 8. It indicates that the ens" tangential
sloshing mode completely dominates the response with
the exception of the 0° of the UIS where the radial
mode, 0.5 Hz, Is still the most signifIrani irnrfn.

Tn addition to the maximum wave hefght, the SIOKII-
ing pressures exerted on the components and I he m.iotor
tank are also of Importance to the reactor design.
There are five layers of fluid elements in the sloshing
model (see Fig. 3). The sloshing pressures! exerted on
the submerged components and the tank wall at layer 1
(top layer), layer 3 (middle l^yer), and layer 5
(bottom layer) are dlscusseci below. The pressure Is
calculated at the center of the element.

A typical pressure time history of a fluid element
nt the top layer Is shown In Fig- 9. Tire sloshing
pressure has two components: a convcct I vc pressure
component which has a longer period of oscillation and
an Impulsive pressure component which varies synchro-
nously with the input acceleration history. When the
input motion stops, the impulsive pressure component
vanishes and only the convectlve pressure component
exists. This Is clearly indicated in Fig. 9. The
convective pressure oscillates at a frequency of 0.23
Hz, which is the frequency of the tangential sloshing
motion.

The maximum sloshing pressure at different loca-
tions of the three fluid layers ar. shown in Figs. 10,
11, and 12, respectively. It should be noted that
they also do not occur at the same time. The maximum
sloshing pressure is 1.3 psi for the reactor tank, 0.50
psl for the UIS, 0.75 psl for the cold trap, O.f>f> |>s{
for the pump, 0.92 psi for IIIX-1, and 0.96 psl for 11IX—
2. They all occur at the bottom fluid layer.

The pressure time history and FFT plot at fluid
element 320 on the bottom of IHX-2, where the maximum
Bloshing motion occurs, are shown lr. Fig. 13. The FFT
shows that the pressure time history has two distinct
frequencies: one Is 0.9 Hz and the other Is 0.23 Hz.
The contribution of Impulsive pressures which have
higher frequencies can also be observed. Figures 14,
15, and 16 summarize the most dominant frequency of the
sloshing pressures at various locations for the three
fluid layers. On layer 1, the most important mode is
the cos9 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 certain locations of the
components. As the fluid depth increases from layer 1
to layer 5, the intensity of impulsive pressure in-
creases. This can be seen In Figs. 15 and 16, where
the O.23-Hz sloshing frequency in certain areas Is
replaced by Impulsive pressure frequencies of 1.7 Hz,
1.9 Hz, and 2.9 Hz and no longer is the dominant fre-
quency. It Is interesting to note that the magnitude

of the 0.9-llz sloshing mode also increases with the
fluid depth. This mode han a pronounced el feet on the
tank and the off-e»nter components. As a result, tlio
total pressures • die bottom of the tank are larger
than those near the surface.

The sloshing forces acting on the components and
the tank wall are examined next. On tlie off-center
components, there are two types of sloshing modes: one
is the tangential sloshing mode which linn n frequency
of 0.23 Hz; the other is the up-and-down type of mode
having a frequency of 0.9 Hz. It is reasonable to
assume that at certain instances, the pressure acting
on the component has a cosO distribution, as shown in
Fig. 17. In other words, one side of the component is
subjected to compressive loads while the other side
is subjected to tensile loads. It is the worwt loading
case that a component con be subjected to under seismic
sloshing. As a conservative estimate, the maximum
sloshing pressure of 0.96 psi acting on IHX-2 is used
to calculate the sloshing force acting on the compo-
nents under the most unfavorable condition. It is
further assumed that the sloshing pressure Is uniformly
distributed along the submerged length of the compo-
nent. The resultant force, f, acting on the unit
length of the component (see Fig. 18) Is

f = / P-cos20 rdO
0

f = Tipr ,

(7)

(8)

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

f-e , (9)

where i Is the submerged length of the components
measured from the surface of the sloshing wave.

For the case studied, the IHX-2 has a submerged
length of 14 ft and a length of 10 ft above the free
surface. The maximum sloshing wave height for IHX-2 Is
29 in. The diameter of IIIX-2 is 6 ft-10 in. If the
wall thickness of the ISIX-2 Is assumed to be 1 in, the
maximum bending stress at the base support Is only 1
ksl.

The sloshing force exerted on the tank wall Is
also quite small. Generally speaking, the seismic
stresses due to sloshing Is small compared to othe.r
types of stresses.

SEISMIC FLUID-STRUCTURE INTERACTION ANALYSIS

Mathematical Model

This section describes the seismic fluid-structure
interaction analysis of the reactor. Only the horizon-
tal ground excitation is considered in the analysis.
The mathematical model Is shown In Figs. 1 and 2. The
model includes: 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 components, thermal liner, skirt
extension of the shield barrel, and core structures
(Includlnr shield barrel and core-support cylinders)
are represented by the beam elements. lier.-uise of the
complexity of the IHX, an equivalent beam with a funda-
mental frequency of 3.5 Hz (Jn-air frequency of IHX) is
used. The beams representing the IHXs and UIS are sus-
pended from the deck. The beams representing the



shroud of the pump nnd cold trap arc supported on the
redan plate. The benm representing the core st riit-tures
Is laterally supported by the rednn at the tup nf 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 presr.nrr-bnsod
fluid elements, 463 RSDS shell elements, and 57 beam
elements. It Is a very detailed reactor model. The
horizontal Input motion is the samp acceleration time
history used In 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 first 10 s of ground motion,
the time history analysis Is carried only to 12 s. The
integration time step is 0.005 a. Three percent (3%)
of the structural damping is used.

Under horizontal seismic excitation, the maximum
horizontal acceleration of the reactor core and the
relative lateral displacement of the core and IJIS nre
of particular importance. The design limits 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 UJS. In addition to the core response, (lie
fluid coupling effects between components and seismic
stresses at critical areas are also important con-
cerns.

Results of Seismic Fluid-structure Interaction Analysis

The analysis indicates that there nre three sig-
nificant lateral modes. The first is the IIIX Intern]
vibrational mode which has a frequency ol~ 5.67 llz. The
second Is the vessel-core-redan mode which ha-* a fre-
quency of 9 Hz. The third Is the M S lntcr.nl mode
which lias a frequency of 12.5 Hz.

The displacement time history nt\<\ !• I1 T af f he
bottom of the UIS and top of the corn :i n* nlmtjn fn
Figs. 19 and 20, respectively. They I ml Ir.-i I e ib.it i he
maximum displacement of the UIS and the i-or<> I r. 0.047
in and 0.070 in, respectively. They occur 'it I he B.nnp
time, i.e., t = 8.15 s. The sum of the nh'iohire vnlue
of the two displacements Is only 0.117 In, which is
well below the design limit of 2.2 in. 1 lie displace-
ment time history and FFT of the UIS (see 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 Mz and the
other has a frequency of 0.23 Hz. The 5.67-llz fre-
quency Is caused by the vibration of the IHX which 1B
transmitted to the UIS by the fluid coupling effect.
The 0.23-Hz frequency Is 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 TMX on the core
response can also be found In the FFT of the core (see
Fig. 20).

The displacement response and FFT at the bottom of
IHX-1 and IHX-2 are shown in Figs. 21 and 22, respec-
tively. The maximum lateral displacements of TUX—1 and
IHX-2 are 0.32 In and 0.36 in, respectively. Both IIIXs
vibrate at a frequency of 5.67 Hz. It is noted that
the In-air frequency of the IHX Is 3.5 Hz. The
increase in frequency Is due to the influence of the
vessel vibration on the IHXs. This influence can be
seen from the plots of FFT of the IHX (see Figs. 21 and
22).

The displacement response and FFT at the bottom 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 frequency of

9 Hz. The effects of the IHX vibration or 5.67 Hz fre-
quency are clearly shown jn Figs. 23, 24, and 25. The
maximum lateral displacement and the first Cfj J and
second (I2) dominant frequencies at various locations
are summarized In Table 2. The second dominant fre-
quency, {2, represents the fluid coupling effects. The
maximum acceleration of the core, a, can be obtained
from

a = d-(2:rf)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 in and f " 9 Hz, the maximum
acceleration at the core is 0.7 g. It Is much smaller
than the allowable core acceleration under SSE condi-
tions, i.e., 3.5 g. In general, the seismic stresses
are small. The maximum bending stress is only 2.3 ksi
at the base of the UIS.

CONCLUSIONS AND REC0MHENDATI0HS

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-structiire
Interactions under horizontal seismic excitation. Much
valuable Information 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 vibration mode which has a fre-
quency of 9 Hz and which Js considerably higher than
that of a large-diameter reactor. The other two sig-
nificant modes are the IHX lateral vibration node,
5.6 Hz, and the UIS lateral vibration mode, 12.5 Hz.
Because of high frequencies, the overall seismic
response of the reactor is small. The maximum hori-
zontal acceleration of the reactor core Is O.7 g, nnd
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 HIS,
Is only 0.117 In. They are considerably lower than
the core design limits. The maximum core horizontal
acceleration limit is 3.5 g, whereas the maximum dis-
placement limit between the UIS and the reactor core Is
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 Increases to 5.6 Hz. Note that the in-alr IHX
frequency is only 3.5 Hz. On the other hand, the
vessel-core response has also been strongly influenced
by the vibration of the TIIXs. This Is also true for
the UIS. It Is strongly Influenced by the vibration of
the IHX.

3. In the sloshing analysis, three sloshing modes
have been identified. They are the cosO tangential
sloshing mode which has a frequency of 0.23 Hz, the
radial sloshing mode which has a frequency of 0.5 !!z,
and the up-and-down tangential sloshing mode which has
a frequency of 0.9 Hz. The sloshing response Is domi-
nated by the cosO tangential sloshing mode In which the
sodium coolant flows along the tangential direction of
the tank. The radial sloshing mode Is confined in tiie
fluid region between the HIS nnd the vessel along the
excltntlon dlrertion. The np-nrxl-dnwn tanpnntlal
sloshing mode occurs mainly In the fluid region hounded
by the off-center components and the vessel- Tills mode
has a pronounced effect on the sloshing pressure as the
fluid depth Increases from the surface.



4. The maximum sloshing wave height is 29 in, which
occurs at the IHX-2 locution. The maximum sloshing
pressure exerted on thp submerged components !q l^ss
than 1 psl. The bending stress at the component base
due to the sloshing pressure is not significant.
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Table 2. Maximum Lateral Displacement and Dominant
Frequencies at Various Locations

Maximum

Dlsp. (in)

0.047

0.070

0.086

0.32

0.36

0.078

0.083

0.068*

r l
(11?.)

12.5

9.0

9.0

5.67

5.67

9.0

9.0

9.0

f2
(Hz)

5.67

5.67

5.67

9.0

9.0

5.67

5.67

5.67

Bottom of UIS

Top of Core

Bottom of Core

Bottom of IHX-1

Bottom of IHX-2

Top of Pump Well

Top of Cold Trap

Redan

*Maximum displacement at base of pump well and
cold trap



Fig. 1. Isoparametric View of Reactor M.. thrmat leal
Model
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Fig. 3. Mathematical Model for Slonhlng Analysis

0

MODE 1

TANGENTAl. MODE
RADIAL

ANTISrMMETRlC MODE

UP-AHD-DOUH

WAVE MODE

Fig. 2. Elevation View of Reactor Mnthrmatlcnl Model Fig. I*. SloBhing Wave Patterns
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F i g . 5. Sloshing Wave at t = 7 s

H MAXIMUM WAVE HEIGHT (In.)

F i g . 6. Maximum Wave Height ( i n ) at Free finrfam

Z-D1SPUCEMENT (AROOHD IHX-2 - NODE 165S)A

TMAX.AMAX TMIN,AMIN= 12.00 28.9596 10.00 -79.695G

0.0 10.0 70.0

TIME IN SEC

J I / J T / / • / . : ^
23 -23 .23 • '° • « .23

Fig. 8. Frequency of the Dominant Nodes at Different

Locations on the Free Surface

PRESSURE - FLUID ELEMENT 501

TMAX.AMAX TMIN.AMIN= 10.SO 0.5346 8 .10-0 .7927

10.0 20.0

TIME IN SEC

Fig. 9. Pressure of Fluid Element 501 at Free Surface

Fig. 7. Sloshing Have Height



PRESSURE (PSI)
-1.0 -0.3 0.0 0.5

Tr

.60 —

S . S -

PRESSURE (PA)

-i

0

AMPLITUDE
0.00 0.03 0.10 0.13

•

: |

o I I

z o
•o • c

-• o
o 12



- .23

::/ - r
?3 --.

. n

r3 ' «o' ™ V \u \\ \ x' ;j..

\ \ \A
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F i g . 17 . D i s t r i b u t i o n of S l o s h i n g I ' r i ' s ^ n ™ mi
Component

F i g . 1 8 . S l o s h i n g Force on a Submerged Component

X-DISFL. UIS (NODE 1971)

TMAX.AMAX TMIN,AMIN = 8.OB 0.0<70 B.I6 -0 .0439

X-DISPL. »IS (NODE 1971)

MAX. FREOUENCY,AMPUTUDE= l?.5O 0.0015

o o

TIME IN SEC
0.0 9 D 10

i
.0

k
FREQUENCY IN HZ

F i g . 19- Hor izonta l IM "•]<} .-'rrrn'Mit Time H i s t o r y and T'e'T nt tile Bottom of tho UIS



X - 0 I 5 P L . TOP Or C D . C ^.Dr I C i ' 0

TMAX.AMAX TUIN.MJIN^ n.OB O.O ' . ' I n t ' . n n n n

X-DISPL. TOP OF C.B. (NODE 1055)

MAX. rDtOUf.NO.AMPLIIUDL-- 9 . 0 0 0 . 0 0 3 0

f '- III I'Kiiifjl
, :l'•"",.'

0.0 3.0 i.O 8.0
TIME IN SEC

1Q.D 13.0 0.0 S.O 10.0 15.0
FREQUENCY IN HZ

F i g . 2 0 . DlBplacpincMir Time I H s m r y and FFT a t tlie Top of t h e R e a c t o r Core

X - O I S P L . I H X - 1 AT BOTTOM (NODE 16Z5)X - D I 5 P L . I I I X - 1 AT BOTTOM (HOUE 1C7f)

TMAX.AMAX TMIN,AMIN= 8 .29 3 . 2 9 6 5 B.37 - 0 . 3 MAX. fREOUENCr,AMPLITUDES S.67 0.0105

0.0 3.0 *.D fl.O B0 1(1.0 1J.0
TIKE IN SFC

0.0 S.O 10.0 1S.0
FREQUENCY IN HZ

F i g . 2 1 . D i s p l m v m c i i f T l i w I l i ^ l o r y , ind FFT a t t h e B o t t o m o f I H X - 1

20.0 33.0

20.0 23.D

X-DISPL. IHX-2 AT BOTTOML (HOPE It l is)

TKAX.AHAX TMIN,AM?N= 9.38 0.3637 9.47 -a..5566

Ml ?'•''•>

i

Mill

ifii

X-DISPL. IHX-2 AT BOTTOML (NODE 1815)

MAX. FREOUENCY,AMPUTUDE= 5.67 0.0467

5.0 10. D 15.0 50.0 35.0
FREQUENCY IN HZ

F i g . 2 2 . D t R p l n r r - n . - n t I I i ry and FFT at tbr Bottom of IHX-2



X-DISPL. BOJ_T£M OF^.D. (NODE B49)

TMAX,AMAXTMIN,AMIN = 8.09 0.0673 B.15 -0 .0065

X-DISPL. BOTTOM OF C.8. (NODE B<9)

MAX. FREOUENCY,AMPLITUDE= 9.00 0.0037

0.0 1.0 0.C1 I?.O 0.0 3.0 IO.O 19.0
FREQUENCY IN HZTIME IN SEC

F i g . 2 3 . D i s p l a c e m e n t Time M f - s t o r y and FFT a t t h e B o t t o m o f t h e V e s s e l

X - D I S P L . TOP OF PUMP WELL (NODE 1751)

TMAX.AMAX TMIN,AMIN= 8 . 0 8 0 . 0 6 0 8 8.15 - 0 . 0 7 S D

X - D I S P L . TOP OF PUMP WtLL (NODE 1251)

MAX. FREQUENCY,AMPLITUDE= 9 . 0 0 0 . 0 0 3 *

r H f i ir
0.0 J.O 4.0 o.o s.o 10.D 13.0

FREQUENCY IN HZ

Ffg. 24. Displacement Time History and FFT at the Top of the Pump Well

X-D'SPL. TOP Of COLO TBAP (NODE 1367)
X-DISPLM_0P orCOLDTRAP (NODE 1567)

TMAX,AMAXTMIN,AMIN= 8.08 0.0641 H.lri O.nnjn
MAX. rREOUENCY.AMPUTUDE= 9.00 0.003S

3o.o as.o

1

i
V

30.0 79.0

0.0 2.0 4.0 S.O
TIME IN SEC

n.o IO .O i7.o 0.0 S.O 10-D 13.0
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20.0 33.0

Fig. 25. Displacement Tfmo IHntory and FFT at the Top of the Cold Trap


