RECEIVED BY OSTI APR 4Y 198%

CONF~850670~-14 )
DE8S 010499

Analysis of Seismic Sloshing of Reactor Tanks Considering
Submerged Components and Seismic Isolation

D. C. Ma and Y. k. Chang
Reactor Analysis and Safety Division
Argonne National Laboratory
9700 South Cass Avenue
Argonne, I1linois 60439, U.S.A.

Submitted to
1985 ASME PYP Conference
to be held at
New Orleans, LA
June 23-28, 1985

The submitted manuscrint has teen authored
by a contractor of the U. 5. Governnient
under contract  No. W-11-103 ENG-38.
Actordingly, the U. S. Government retans a
nonexclusive, royalty-free lLicense (o putiish
or reproduce the published form of this
contnbution, or allow others 10 do so, for
U. 5. Government purposes.

DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the United States
Government. Neither the United States Government nor any agenzy thereof, nor any of their
employees, makes any warranty, express or implied, or assumes any legal liability or responsi-
bility for the accuracy, completencss, or usefulness of any information, apparatus, praduct, or
process disclosed, ur represents that its use would not infringe privately owned rights. Refer-
ence herein to any specific commercial product, process, or service by trade nam:, trademark,
manufacturer, or otherwisc does not necessarily constitute or imply its endorsement, recom-
mendation, or favoring by the United States Government or any agency thereof. The views
and opinions nf authors expressed herein do not nccessarily state or reflect those of the
United States Governirent or any agency thereof.

i

,.y.‘);ﬂf N [:J( ({, 17/“ o /L{a

OISTRIBLTICN OF THIS COCUMENT (S UNLIMITED

.”)\/?Qi



(XD FR-5

ABSTRACT
' A study of the saismic sloshing response of a

l large pool-type reactor tank with several deck-mounted
.- components is presentad. The main objective of the

- study 1s to investigate the effects of internal compo-
- nents on the sloshing response and to determine the
sloshing loads on the componentS. The study shows that
the presence of interral components can significantly
change the dynamic characteristics of the sloshing
motion. The sloshing frequencies of a tank with inter-
~ nal components are considarably higher than those of a
. tank withcut internals. The higher slcshing frequen-
- ¢les reduce the sloshing wave h2ight on the free sur-
face but the dynamic pressures of the fluid are in-
creased. The effects of seismic isolation on sloshing
response are also presented.

" INTRODUCTICN

Large-diameter Liquid Meta) Fast Breeder Reactor
{*MFBR) tanks contain large volume of sodium coolant
and mny submerged components. A reactor tank of 70 ft
in diameter contains 5,000,000 1bs. of sodium coolant.
Since most reactor components are submerged in the
sodium coolant, the fluid-structure interaction during
seismic disturbances plays an important role in the
dynamic response of reactor system. This is especially
true for those large-size components such as [HXs and
pumps which are mounted on the reactor cover head
(deck) and submerged into the coolant. The sloshing
loads and free-surface wave height are of jmportant
concern in the design of those components.

Sloshing behavior of liquid-containers has been
studied extensively by analytical methods [1-7] and
experimental tests [8-13]. Those studies, howaver, are
limited to the containers which have no internal compo-
nents. Because they dc not consider the existence of
internal components, their tormulations are2 rather
simple and can be readily applied to reactor tanks. At
the present time, the slashing response of reactor
tanks is determined from a simple design procedure as
outlined in [4]. Since those methods do not provide
calculations for internal components, sloshing loads on
internal components ara totally ignored in the current

design practice. The sloshing waveheight preiicted by
those methods which consider no internal components can
not be used directly to reactor tanks that have many
Internal components.

Tnis paper presents a method on seismic sloshing
analysis of reactor tanks considering the presence of
the submerged components., The effects of scismic iso-
lation on sloshing is also described. Since frequen-
cles of coolant sloshing and structural vibraxjons are
well separated, the tank wall and internal conponents
can be assumed to be rigid in the sloshing aralysis.
For comparison purpose, both cylindrical and rectangu-
lar tanks are studied. In the study, the slcshing
loads exerted on the components are determined., The
effects of the submerged components on sloshing fre-
quencies, wave patterns, and wave height are investi-
gated. The analysis is performed by a finite-element
computer program, FLUSTR-ANL deveioped at Argonne
National Laboratory.

Six sections are curtained in this paper. The
matrix equations of fluid motion based on finite-
element spatial discretation and the methodology to
treat the free-surface effects are describea in Section
2., The sloshing response of the ¢ylindrical and rec-
tangular tanks are presented in Sections 3 and 4,
respectively. The effects of seismic isolation on
sloshing response 1s discussed in Section 5. The con-
clusions are given in Section 6.

EQUATIONS OF MOTION AND TREATMENTS OF FREE-SURFACE
EFFECTS

The matrix equations of fluid motion and treat-
ments of free-surface effects are briefly described in
this section., For detailed finite-element formulation,
interested readers should refer to Refs. 14 aid 15.

The matrix equations of motion for small-displacement,
inviscid fluid under seismic excitation can be ex-
pressed as

Med+Keod=F, (1)

where Mc and "¢ are mass and stiffness matrices of
fluid, respectively, and f is the external force
vector., d is the displacement. A superscript dot des-
ignates time (t) derivatives.



If the free-~surface wave 1s small, the wave
effects can ba represented Dy the perturbation pres-
sures P acting on the normal diraction of the unde-
forded gree-surface and included explicitly in Eq. (1)
through the external force vector. The perturbation
pressure is obtained from

Peg = P 0 dpg s (2)

where o is the mass density of fluid, g is the gravita-
tional acceleration, and dg, is the free-surface ais-
placement in the direction of gravity. Following the
standard finite-alement method, the perturbation pres-
sures can bs assembled to external force vector acting
on the free-~surface elements.

The free-surface wave effects can also be included
implicitly in Eq. (1) through the free-surface spring
elements as

Mg d + (K¢ +Kfs) d=f, (3)

where Ko fs the stiffness of the spring. Kgg 15 de-
term1ne§ by

Kfs =P gA,, (3)

in which A, is the free-surface area of element "e”,
The seismic loads can also be included in the ax~
- tarnal lYoad vector as

f = -Mf dg . (s)
in which 4_ is the seismic =xcitation in terms of
ground accg1eration time history. Equation (1) is
integrated by the predictor-corrector integration
scheme [14,15]. The fluid cynamic pressure P is
obtained from the penalty fcrmulation

o2 =) d'i.i . (6)

where X and d; y are the paralty parameter and dis-
placement divergence, respectively,

SLOSHING RESPONSE OF REACTOR TANKS WITH INTERNAL COMPO-
NENTS

The sloshing response of reactor tanks with no
internal components has baen studied by Ma, et al. [l6-
20). This section describes a study performed on the
sloshing of the reactor tanks with interndl components.
The finite-element model and dimensions of the tank and
components used in the study is shown in Fig, 1, which
represents the fluid in the upper part of the
commercial-size LMFBR reactor tank that will partici-
pate in sloshing, The fluid in the lower part of the
tank is completaly trapped; it does not participate in
sloshing motion and, therefore, is omitted. The compo-
nent at the center of the tank represents an upper
internal structure (UIS); the other six off-center
components represent thresa intermediate heat exchangers
(IHXs) and three pumps, which will normally appear in a
large pool-type reactor. The tank and components are
assumed to be rigid, The fliid is simulatad by the
displacement-based continuum elements. Only linear
sloshing is considered, The free-surface wave effect
is treated by the perturbation pressure approach as
mentioned in the previous section. The input motion is
a 10-s acceleration time histery having a maximum
acceleration of 1 g. After 10 s, the seismic ground
motion is assumed to have terminated. However, analy-
sis of sloshing motion is carried out to 50 s, since
stoshing 15 2 long-duration motion. For comparison
purpose, a similar analysis is also performed on a

reactor tank which has a UIS pbut no off-center compo-
nents. The mathematical wodel of that reactor is shown
in Fig. 2. .

The computed free-surface wave patterns of these
two cases at Instant of t = 15 s are shown in Figs. 3
and 4. As can be seen, the sloshing wave height of the
tank with UIS only (see Fig. 3) has a cos® distribution
in the circumferential direction of the tank. The cir-
cumferential wave patterns of the tank with UIS and
other components (see Fig. 4) is, however, quite dif-
ferent, It no longer has a distinct cos6 distribution
in the circumferential direction of the tank. Because
of tha presence of internal companents, the free sur-
face exhibits many peaks, 1.,e,, up-and-down wave pat-
terns when the coolant sloshes. This is c¢learly demon-
strated in Fig. 4. Also, thc presence of the jnternal
components, i.e., IHXs and pumps, affects the sloshing
frequencies significantly., In the case of no off~
canter component, the sloshing response {s dominated by
two sloshing modes, one in the radial direction (anti-
symmetric) and the other in the tangential direction.
The modal shapes of these two modes are shown in Fig, §
in which H and L indicate the high and low 1ines of the
free~surface, and 0 represents a zero line. The free~
surface wave height in the radial antisymmetric mode is
primarily caused by fluid flowing in the radial direc=
tion of the tank, whareas the wave height in the
tangential mode 1s mainly caused by fluid flowing in
the circumferential direction of the tank. The radial
antisymmetric mode {: the first radial mode which has a
Sloshing frequency of 0.28 Hz that can be clearly
observed from the calculater save-height time history
and the corresponding Fourie spectrum at the fluid-
tank interface at 8 = 0% shown in Fig., 6. The fre-
quency of the tangential mode is found to be 0.74 Hz,
which is the first tangential mode and can be identi-
fied from the wave-height history and the Fourier spec-
trum at the fluid-UIS interface at 6 = 0° in Fig. 7.

It 1s in“eresting to note that the first sloshing fre-
quency c¢¢ a rectangular tank with a fluid depth of 6.09
m (20 ft) and a tank width of 8.84 m (29 ft) (see Fig.
8) 1s 0,29 Hz, which is very close to that of the
radial antisymmetric mode, The tank width of the
rectangular tank is equivalent to the radial distance
between e UIS and tank wall., Figure 9 shows the
areas of the free surface which are dominated by the
two sloshing modes. Apparently, when coolant sloshes,
the sloshing motion in the region close to the tank
wall is dominated by the radial antisymmetric wode of
the radial fluid flow, whereas the sloshing response
adjacent to the UIS is dominated by ithe tangential mode
of the tangential fluid flow. The maximum wave height
in the 50 s time duration is 172 cm (68.2 in.) which
occurs at the fluid-tank interface at 6 = 0° (see Fig,
6), The maximum wave height at fluid-UIS interface (8
= 0°) 1s 116 cm (46 in., see Fig. 7).

In the case of the tank with of f-center compo-
nents, the sloshing response is dominatea by four
sloshing modes., They are the radial antisymmetric
(0.46 Hz) and tangential (0.72 Hz) modes of the fluid
which 1{es between the UIS and the of f~center compo-
nents, and the tangential (0,90 Hz) and radial anti-
symmetric (0.96 Hz) modes of the fluid between the of f-
center components and the tank. The distribution of
these four modes on the free surface is shown in Fig,
10. The first two modes are similar to those of the
case withnut off-center component as previously
mentioned. The frequency of the radial antisymmetric
mode, however, is increased from 0.28 Hz to 0.46 Hz,
The increase of frequency is attributed to the decrease
of thz effective width of an equivalent rectangular
tank. For the case studied, the effective width de-
creases from 8.84 m (the radial distance between the



UtS and the tank) to 4.87 m (the radial distance be-
tween the UIS and the off-center components), The
classical fundamental sloshing frequency [4] of a
rectangular tank with 6.09-m (20-ft) depth and 4.87-m
(16-ft) width (see Fig. 3} is 0.40 Hz., The frequency
of the tangential mode, however, is not affected by the
off-center component,. This is because the tangential
fluid flow mainly occu-s {:. the area adjacent to the
UIS as praviously mentioned. 7TYhe frequency of these
two modes can pa identifiec from the time history of
the wave-height plot and the corresponding Fourier
spectrun of the fluid between the off-center components
and the UIS. The :aird (0.9 Hz) and fourth (0,96 Hz)
sloshing modes are caussd by the fluid flowing between
the off-center components and the tank wall, Again, it
is interesting to know that if the distancz batween
off-cents:; component and tank wall, i.e., 0.93 m (36
in.), is used as the effective tank width, the classi-
cal sloshing frequency is 0.33 Hz.

The maximum wave heignts at varicus locations for
the case with off-center components are shown in Fig.
11. It is noted that the maximum wave heights shown in
Fig. 11 do not occur at tne same time. As indicated in
Ffig. 11, the maximum wave haight of the rase with off-
center components is 101 c¢m (40 in.), which occurs at
ule off-cantar component and 15 primarily caused by the
radlal fluid flow between the UIS and tne off-center
components, The maximum wave height {40 in.) is
smaller than that of the case without off-center compo-
aents (68.2 in.).

The calculated fluid oressure history of fluid
element 1 [at coolant-tank wall interface at 9= 0°
{see Fig. 1)] for the case with off-center components
is shown in Fig. 12, As can be Seen, the pressurz in
the first 10~s period of time consists of both impul-
sive and convective (sloshing) pressures. After ten
seconds, only the sloshing pressure remains active,

The impulsive pressure vanishes because of the termina-
tion of the ground disturbance. Since the objective of
this study ic to find the maximum sloshing pressure
acting on the submerged in-tank components, the calcu-
lation is continued to fifty seconds of time. The
maximum sloshing pressure of fluid element 1 is found
to be 0.0055 MPa (0.8 psi} which occurs at twenty-five
seconds after ine start of the ground motion or fifteen
seconds after the cease of the ground motion.

The maximum sloshing pressures at tank top and
midheight for the case with off-center components are
shown in Fig. 13. Again, those maximum slashing pres-
sures do not occur at the same time. As can be seen in
Fig. 13, the maximum sloshing pressure acting on the
components is 0.0275 #Pa (4.0 psi). The off-center
components are subjected to two different types of
sloshing modes, one site with a frequency of 0.46 Hz
and the o%her side with a frequency of (.3 Hz., Since
both sloshing modes have a cos? distribution, it is
reasonable to assume that at certain instances the
sloshing pressure acting on the component will have a
cos® distribution as shown in Fig. 14, In other words,
one side o7 the component will b® subjected to compres-
sive loads, while the other side will be subjected to
tensile loads. This is the worst loading case for a
component subject to seismic sloshing. For a conserva-
tive estimate, we use the maximum sloshing pressure of
0.0J4 MPa (5 psi) to calculate the maximun stresses on
the component. Furthermore, it is assumed that this
maximum pressure s uniformly distributed along the
sutmerged length of the component. If the component is
represented by a stick model which is usually the case
in the conventional component analysis, the resultant
frrce f per unit length acting on the component {see
Fig. 14) is

2n 2
fa [ P -cos“Brde, (n
0 .
or

faxpr, (8)

where p is the maximum sloshing pressure and r i¢ the
radius of the component., The total force F acting on
the component is given by

Faft, (9)

where 2 is the submerged length of the component plus
the maximum wave height,

The bending stress at the support of a component
due to the sloshing loading described above is 48,2 MPa
(7 ks1), {if the component is assumed to have a 1,04-m
(10~ft) dlameter, 2,54-cm (1-in} thickness, and 10.66-m
{35 ft) long component with a submerged length of 6.09
m {20 ft). This stress should be added to other
stresses for the design of reactor components.

SLOSHING RESHUNSS OF A RECTANGULAR TANK WITH A COMPO-
NENT

Tris section presents the results of a sloshing
study performed on a rectangular tank with an internal
component. The rectangular tank reoresents a portion
of the reactor tar' ‘0 = 50°~180°) as shown in Fig.
“l. The obj2ctives of the study are to investigate the
basic sloshing phenomena of rectangular tank with
components and to compare its “esponse with that of the
cylindrical tank. For comparison purpose, the sloshing
resporise of an identical rectangular tank with no
interns1 component is also analyzed. The finite-
element mcdels »f the rectangular tank with and without
a conmpunent are shown in Fig., 15. Due to the symmetric
condition, only half of the component is considered.
The inrut motion is ideatical to that used in the
cylindrical tank study. It is a 10-s acceleration time
histcry having a maximum acceleration of 1 g. After
ten seconds, tha input motior is terminated. The
seismic analysis, however, is carried out to thirty
seconds.

Duc to the nature of two-dimensional fluid-flow,
the sloshing motion in a rectangular tank with no
internal components subjected to horizontal seismic
excitation is quite simple. The sloshing response is
primarily dominatad by the fundamental antisymnetric
mode with contributions from higher modes. The first
and second antisymmetric modes can be observed from the
computed sloshing waves as shown ir Fig. 16. The
sloshing frequencies of these two modes are C.28 Hz and
0.48 Hz, raspectively, The maximum wave height in the
30-s period of time is 132 cm (52 in.), which occurs at
the edge of the tank,

The free-surface wave patterns of sloshing in a
rectangular tank with a component are much more compli-
cated, A typical free-surface wave pattern is shown in
Fig, 17. Basically, the presence of the compunent
serves as a barrier which approximately divides the
tank irto two pools., There are two distinct anti-
symme tric modes. The fluid in the small pooi slaoshes
with a frequency ot 0.73 Hz (see Fig, 17), whereas the
fluid 1n the large pool has a sloshing frequency of
0.63 Hz.

The sloshing waves at the interval of every two
seconds are shown in Fig, 18, As can be secen, ¢he
free-surface waves at the narrow corner location be-
tween the component and the tank are higher tha) those
at other locations. This is attributed to the fact
that the fluid flows primarily in the direction paral-



lel to the axis of excitation. Therafare, when fluid
passes the narrow path between the component and the
tank, the sloshing wave heigit increases. The compari-
son of the maximum wave heights at various locations
between the rectangular tank and cylindrical tank is
shown in Fig. 19. The maximum wave height of the
rectangular tank is 110 cm (43.2 in,) which, as
mentioned before, occurs at the narrow corner location
between the component and the tank. The wave height of
the cylindrical tank at the same location is only 85.7
cm (18 in.}. The reduction of wave height in the
cylindrical tank is mainly due to the fact that fluid
is allowaed to flow in the circumferential direction of
the tank. It is noted that the wave heights in a tank
with internal components are generally smaller than
those in a tank without internal components, For the
cases studied here, the maximum wave height is 132 cm
{52 in.) for the case without components and 110 cm
{43.2 in.) for the case wita components.

The maximun sloshing pressures at mid-haight of
the fluid for the rectangular and cylindrical tanks are
shown in Fig. 20. The mazinum sloshing pressure is
0.038 MPa (5.5 psi) for the rectangular tank and 0.020
MPa (3.0 psi) for the cylindrical tank. The higher
pressures in the former case are attributed to the
higher wave haights,

This study indicates that the flow patterns in a
rectangular tank under horizontal seismic excitation
are quite different from the.e in a cylindrical tank.
The fluid in the rectangular tank mainly flows in the
plane parallel to the axis or the excitation. As the
fluid sloshes passing the narrow path between the
component and the tank, it has to move quickly. This
results in higher wave height and larger sloshing pres-
sure at that location. For the cylindrical tank, the
fluid 1s allowed to flow in the circumferential direc-
tion of the tank. That will reduce the wave height and
thereby the sloshing pressure at the cornsr location
between the component and the tank. As a result, the
maximum wave height and pressure for the cylindrical
tank occur at different locations from those of the
rectangular tank.

SLOSHING RESPONSE IN THE NUCLEAR PLANT WITH SEISMIC
ISOLATION

This section describes the sloshing response of a
reactor tank in a nuclear plant with seismic isolation
devices. The seismic isolated plant is usually
designed through the use of isolators which have a very
Tow funcdamental frequency, usually below 1 Hz. The
concept appears very attractive, because the low funda-
mental frequency of the plant is outside the frequency
range of strong ampiification region of the s2ismic
motions (usually between 2 ~ 10 Hz). However, the low-
frequency isolation device may carse some probleams to
sloshing which is also characterized by the low funda-
mental frequency., For this reason, a preliminary
analysis of the effects of seismic isolation on
sloshing response are cnnducted. The analysis is
separated into two steps. In the first step, the
seismic motion at reactor support is calculated based
on a simple mathematical model which represents the
reactor building by a stick and the se=ismic isolator by
spring-damper-Ffriction plate, In the second step, the
sloshing response is calculated with a finite element
model. The stick model is shown in Fig. 21 together
with the 1solator spring-damper-friction plate model.
The pertinent data of the stick modal and the seismic
isolator is given in Table 1. Four cases are studied
in which the r2actor building is assumed to have a
fundamental frequency of 1, 0.8, 0.6 (with isolator)
and J Hz (with no isolator), respectively, A 10-s

duration E-H component of E1 Centro acceleration time
history having a maximum acceleration of 0.3 g, 1s
applied to the base of the model. The acceleration
time history at the top of tha model where the reactor
tank 1s assumed to be suppovrted is computed using a
seismic 1solation computer program, This acceleration
history 15 then used as input motion for computing the
seismic response of a flexible-wall reactor tank which
has a thickness of i in., a diameter of 70 t, and a
height of 60 ft. The fluid depth of the reactor tank
is 50 ft. To simplify the study, the tank 1s assumed
to be bottom-sypported and having no internal compo-
nent. Tha fundamental sloshing frequency is 0.25 Hz.
The computed results of the four cases studied are
shown in Table 2. As can be seen, the responses (maxi-
mum relative displacement at tank-top, maximun pres-
sures at tank-top and mid-height) of the cases with
seismic isolator are significantly reduced compared to
thosa of the case with no {solator, A reduction factor
of S 1{s obtained. The maximum wave height of the cases
with {solator, however, is substantially increased.
The increase 1s more pronounced when the fundamental
frequency of the plant with isolator is c¢lose to that
of the sloshing., For example, the maximum wave height
is increased from 20.8 in. for the case of no isolator
to 37.5 in. for the case of having a 0.6-Hz isolator.
The wave height is increased 1.8 times even though the
maximum acceleration at reactor suppart is decreased
{see Table 2),

TONCLUSIONS

A study on the sloshing of reactor tanks subjected
to horizontal seismic excitation is presented, consid-
ering the effects of internal components aand seismic
isolation, Emphasis is on the slcshing loads exerted
on the submarged components and the effects of the
components and seismic isolation on the sloshing
response. The conclusions drawn from this study are:

1. The sloshing loads exerted on the s:bmerged
components c¢ould be significant. Fecr the
case studied, the maximum sloshing pressure
exerted on the off-center component is 0,034
MPa (5 psi). It can produce a bending sirass
of the magnitude of 48.2 MPa (7 ksi) on the
deck-mounted components, This additional
stress should be added to other stresses
obtained from the conventional component
seismic analysis which does not consider
sloshing 1oads on the components.,

2. The presence of submerged components signif{i-
cantly change the dynamic characteristics of
sloshing motion. The sloshing frequencies of
the tank with off-center components are
higher than those of the tank without off-

. center companents, The sloshing wave haight
in tanks with off-center components are
smaller. The prediction of maximum wave
hefght based on the conventional method which
does not consider the prasence of off-center
components is too conservative. Therefors,
it should not be used in reactor designs.

3. In the rectanqular tanks, the fluid mainly
flows in the plane parallel to the axis of
seismic excitation, whereas in the cylindri-
cal tanks, the fluid flows in both the radial
and tangential directions of the tank, The
sloshing frequency of the radial iluid-flow
motion can be approximately calculated fron
the clussical solution of rectangular tank
with an equivalent tank width,

4. The seismic isclator significantly reduces
the seismic response of reactor tanks. How-




—

ever, the sloshing wave height is substan—
tially increased. For the case studiet, the
wave height is increased 1,8 times, if the
plant has a fundamental frequency of 0.6 Hz.
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Table 1. Pertinent Data of Stick Model

M1, M4 166 K-sec?/ft

2, M3 332 X - sect/ft

2.58 x 10 7 K/t

39478 K/ft (1 Hz plant frecuency)

Kpad 25266 K/fv (0.8 Hz plant frecuency!

14212 x/ft (0.6 Hz plant frequency)

Friction coefficient 0,2

Critical damping (1) 5




Table 2.

Maximum Response of Various Cases

1) 2} (3} (4)
o 1 H 0,8 Hz 0.6 Hz [LY]
Isolator lsolator lsolator  lsalavar 1)
Reactor Support
2,y (9} 0.14 0.225 0.215 0.212 62t
Tank=tip
dqx (t00) 0.215 0,052 0.049 0.044 208
Tank~tap
Py (P81} 4t 112 1.0 0.89 2
Tank-eldheight
Py (Pst) 12,4 1.0 2.9 2.6 23
Rax, Mave
Hetght (1n.) 20.8 25,1 2.8 1.5 1902
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Fig. 6. wave-Height History at Fluid-Tank Interface and
. Lorresponding Fourier Spectrum {Without Off-
Center Component)
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Fig. 7. Wave-Helight History at Fluid-UIS Interface and
Corresponding Fourier Spectrum (Without Off-
Center Component)
RECTANGULAR TANK
Fig. 8. First Sloshing Mode in a Rectangular Tank
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Fig. 9. Dominant Sloshing Frequency (Hz) {Without Off-
Center Component)
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Fig. 10.

Dominant Sloshing Frequency (Hz) (With Off-
Center Components)

# LOCATION OF waAXIEUW
WAYE NEXNT

Fig. 11.

Maximum Wave Heights (in.) (With Off-Center
Components)
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Fig, 12. Pressure History at Fluid-Tank Interface (With
Off-Center Component)
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Fig. 13. Sloshing Pressure (psi) at Tank-Top and Mid-

height (With Off-Center Components)

Sloshing Pressure Distribution on the
Component
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Fig. 19, Maximum Wave Heights {tn,) of the Rectangular
and the Cylindrical Tank With Component

Fig. 17. Sloshing Wave Pattern at t = 30 s -
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Fig. 20. Maximum Sloshing Pressures (psi) of the
Rectangular and the Cylindrical Tanks With
Internal Component
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Fig. 18, Sloshing Response at Various Time
Fig. 21. Stfck Model and Base Isolation



