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ABSTRACT
r " •

i A sttrty of the seismic sloshing response of a
| large pool-type reactor tank with several deck-mounted

components is presented. The main objective of the
- study Is to Investigate the effects of Internal corapo-
- nents on the sloshing response and to determine the

sloshing loads on the components. The study shows that
"•' the presence of internal components can significantly

change the dynamic characteristics of the sloshing
• motion. The sloshing frequencies of a tank with inter-
im nal components are considerably higher than those of a
. tank without Internals. The higher sloshing frequen-
- cies reduce the sloshing wave height 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.

. INTRODUCTION

Large-diameter Liquid Metal Fast Breeder Reactor
CMFBR) tanks contain large volume of sodium coolant
and many submerged components. A reactor tank of 70 f t

. 1n diameter contains 5,000,000 l b s . of sodium coolant.
Since most reactor components are submerged in the

- sodium coolant, the f lu id -s t ruc tu re interact ion during
seismic disturbances plays an important role in the
dynamic response of reactor system. This is especial ly
true for those large-size components such as IHXs 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 important
concern In the design of those components.

Sloshing behavior of l iqu id-conta iners has been
studied extensively by analyt ica l methods [1-7] and
experimental tests [8-13] . Those studies, however, are
l im i ted to the containers which have no internal compo-
nents. Because they dc not consider the existence of
Internal components, their formulations ars rather
simple and can be readily applied to reactor tanks. At
the present t ime, the sloshing response of reactor
tanks is determined from a simple design procedure as
outl ined In [ 4 ] . Since those methods do not provide
calculat ions for internal components, sloshing loads on
Internal components are t o t a l l y Ignored in the current

design pract ice. The sloshing waveheight pre i ic ted by
those methods which consider no in te rna l components can
not be used d i r ec t l y to reactor tanks that have many
In te rna l components.

This paper presents a method on seismic sloshing
analysis of reactor tanks considering the pretence of
the submerged components. The e f fec ts of seismic Iso-
la t ion on sloshing i s also described. Since frequen-
cies of coolant sloshing and s t ruc tura l v ibrat ions are
well separated, the tank wall and In te rna l conponents
can be assumed to be r i g i d i n the sloshing analysis.
For comparison purpose, both cy l i nd r i ca l and rectangu-
la r tanks are studied. In the study, the s ^ h i n g
loads exerted on the components are determined. The
effects of the submerged components on sloshing f r e -
quencies, wave pat terns , and wave height are i n v e s t i -
gated. The analysis i s performed by a f in i te-e lement
computer program, FLUSTR-ANL developed a t Argonne
National Laboratory.

Six sections are coitalned in t h i s paper. The
matrix equations of f l u i d motion based on f i n i t e -
element spat ia l d iscreta^ion and the methodology to
t reat the free-surface ef fects are describee* in Section
2. The sloshing response of the c y l i n d r i c a l and rec-
tangular tanks are presented in Sections 3 and 4,
respect ively. The ef fects of seismic i so la t i on on
sloshing response I s discussed 1n Section 5. The con-
clusions are given In Section 6.

EQUATIONS OF MOTION AND TREATMENTS OF FREE-SURFACE
EFFECTS

The matrix equations of f l u i d motion and t rea t -
ments of free-surface ef fects are b r i e f l y described 1n
this sect ion. For detai led f in i te -e lement formulat ion,
Interested readers should refer to Refs. 14 aid 15.
The matrix equations of motion for small-displacement,
Inviscid f l u i d under seismic exc i ta t i on can be ex-
pressed as

Mf d Kf d f . (1)

where Kf and Ke 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.



I f the free-surface wave Is small, the wave
effects can be represented by the perturbation pres-
sures P*s acting on the normal direction of the unde-
for(i*»d free-surface and included expl ic i t ly 1n Eq. (1)
through the external force vector, The perturbation
pressure 1s obtained from

p g dfs (2)

where f> is the mass density of f l u id , g is the gravita-
tional acceleration, and d f s Is the free-surface dis-
placement 1n the direction of gravity. Following the
standard finite-element method, the perturbation pres-
sures can be assembled to external force vector acting
on the free-surface elements.

The free-surface wave effects can also be Included
Implicitly 1n Eq. (1) through the free-surface spring
elements as

Mf d + (K f +K fs) d • f . (3)

where Rr, is the st i f fness of the spr ing. K f s is de-
termine

• f s '
d by

v fs P g A
e •

(4)

In which Aft 1s the free-surface area of element "e".
The seismic loads can also be Included 1n the ex-

• ternal load vector as

f = -Hf dg .

1n which d is the seismic "xdtat ion In terms of
ground acceleration time history. Equation (1) is
Intrgrated by the predictor-corrector Integration
scheme [14,15]. The fluid Cynamic pressure P is
obtained from the penalty fcrmulation

(5)

- X d.
1.1

(6)

where * and d^ ^ are the peralty parameter and d is -
placement divergence, respect ive ly .

SLOSHING RESPONSE OF REACTOR TANKS WITH INTERNAL COMPO-
NENTS

The sloshing response of reactor tanks with no
Internal components has Seen studied Dy Ma, et a l . [16-
20] . This section describes a study performed on the
sloshing of the reactor tanks wi th in ternal components.
The f in i te -e lement model and dimensions of the tank and
components used in the study is shown in Fig. 1 , which
represents th? f l u i d in the upper part of the
commercial-size LMFBS reactor tank that w i l l p a r t i c i -
pate 1n s loshing. The f l u i d in the lower part of the
tank 1s completely trapped; i t does not par t ic ipate In
sloshing motion and, therefore, i s omit ted. The compo-
nent a t the center of the tank represents an upper
Internal s t ructure (UIS); the other six of f-center
components represent three Intermediate heat exchangers
(IHXs) and three punps, whlc"i w i l l normally appear in a
large pool-type reactor . The tank and components are
assumed to De r i g i d . The Fl l id i s simulated by the
displacement-based continuum elements. Only l inear
sloshing is considered. The free-surface wave e f fec t
is treated by the perturbation pressure approach as
mentioned in the previous sect ion. The input motion is
a 10-s accelerat ion tfne history having a maximum
accelerat ion of 1 g. After 10 s, the seismic ground
motion i s assumed to have terminated. However, analy-
sis of sloshing motion Is c a r r i e j out to 50 s, since
sloshing 1s a long-duration motion. For comparison
purpose, a s imi la r analysis Is also performed on a

reactor tank which has a UIS but no off-center compo-
nents. The mathematical model of that reactor Is shown
1n 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 cose distr ibution
In the circumferential direction of the tank. The c i r -
cumferential wave patterns of the tank with UIS and
other components (see Fig. 4) 1s, however, quite d i f -
ferent. I t no longer has a dist inct cose distr ibution
In the circumferential direction of the tank. Because
of the presence of internal components, the free sur-
face exhibits many peaks, I .e., up-and-down wave pat-
terns when the coolant sloshes. This 1s clearly demon-
strated 1n Fig. 4. Also, the presence of the Internal
components, I .e., IHXs and pumps, affects the sloshing
frequencies signif icantly. In the case of no off-
center component, the sloshing response 1s dominated by
two sloshing modes, one 1n the radial direction (anti-
symmetric) and the other 1n the tangential direction..
The modal shapes of these two modes are shown 1n F1g. 5
In which H and L Indicate the high and low lines of the
free-surface, and 0 represents a zero l ine . The free-
surface wave height In the radial antisymmetric mode 1s
primarily caused by f lu id flowing in the radial direc-
tion of the tank, whareas the wave height In the
tangential mode Is mainly caused by f lu id flowing in
the circumferential direction of the tank. The radial
antisymmetric mode 1J the f i r s t radial mode which has a
sloshing frequency of 0.28 Hz that can be clearly
observed from the calculator wave-height time history
and the corresponding Fourii spectrum at the f lu id -
tank Interface at e = 0" shown 1n F1g. 5. The fre-
quency of the tangential mode Is found to tw 0,74 Hz,
which Is the f i r s t tangential mode and can be Identi-
fied from the wave-height history and the Fourier spec-
trum at the fluid-UIS interface at 8 = 0* in F1g. 7.
I t Is Interesting to note that the f i r s t sloshing f re-
quency cc a rectangular tank with a f lu id depth of 6.09
m (20 f t ) and a tank width of 8.84 m (29 f t ) Isee F1g.
8) 1s 0.29 Hz. which 1s very close to that of the
radial antisymmetric irode. The tank width of the
rectangular tank 1s 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 Mode of
the radial f lu id flow, whereas the sloshing response
adjacent to the UIS Is dominated by the tangential mode
of the tangential f lu id 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 9 = 0" (see F1g.
6). The maximal wave height at flu1d-UIS interface (9
= 0") is 116 cm (46 I n . , see Fig. 7).

In the case of the tank with off-center compo-
nents, the sloshing response is dominated by four
sloshing modes. They are the radial antisymmetric
(0.46 Hz) and tangential (0.72 Hz) modes of the f luid
which lies between the UIS and the off-center compo-
nents, and the tangential (0.90 Hz) and radial ant i -
symmetric (0.96 Hz) modes of the f lu id between the off-
center components and the tank. The distr ibution of
these four modes on the free surface 1s shown In Fig.
10. The f i r s t two modes are similar to those of the
rase without 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 ths 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



UIS and the tank) to 4.87 m (the rad ia l distance be-
tween t i e IUS and the of f -center components). The
classical fundamental s iosh^g frequency [4] of a
rectangular tank with 6.09-m (20- f t ) depth and 4.87-m
(16- f t ) width (see F1g. 3) Is 0.40 Hz. The freauency
of the tangent ial mode, however, 1s not affected by the
off-center component*. This 1s because the tangential
f l u i d flow mainly occirs v" : the area adjacent to the
UIS as previously mentioned. The frequency of these
two modes can be ident i f ied from the time history of
the wave-height plot, and the corresponding Fourier
spectrum of the f l u i d between the of f -center components
and the UIS. The ;n1rd (0,9 Hz) and fourth (0.96 Hz)
sloshing modes are caustd by the f l u i d flowing between
the of f -center components and the tank wa l l . Again, i t
is in terest ing to know that i f the d i s t a n t between
off-center component and tank w a l l , i . e . , 0.93 m (36
1n.) , Is used as the ef fect ive tank width, the d a s s i -
eal sloshing frequency Is 0.93 Hz.

The maximum wave heights at various locations for
the case with off-center components are shown 1n F1g.
11. I t is noted that the maximum wave heights shown in
Fig. 11 do not occur at tne same time. As indicated in
F1g. 11, the maximum wave height of the case with o f f -
center components is 101 cm (40 i n . ) , which occurs at
tile o f f -centsr component and Is pr imar i ly caused by the
radial f l u i d flow between the UIS and tne off-center
components. The maxinun wave height (40 1n.) is
smaller than that of the case without o f f -cent f f compo-
nents (68.2 i n . ) .

I The calculated f l u id Dressure history of f l u i d
element 1 [ a t coolant-tank wall in ter face a t 9 = 0°
(see F ig . 1) ] for the case with of f -center components
Is shown in F ig . 12. As can be seen, the pressure in
the f i r s t 10-s period of time consists of both impul-
sive and convective (sloshing) pressures. After ten
secondJv only the sloshing Dressure remains act ive.
The Impulsive pressure vanishes because of the termina-
t ion of the ground disturbance. Since the objective of
this study 1 ; to f ind the maximum sloshing pressure
acting on the submerged 1n-tank components, the calcu-
la t ion is continued to f i f t y seconds of time. The
maximum sloshing pressure of f l u i d element 1 is found
to be 0.0055 MPa (0.8 psi) which occurs at twenty-five
seconds a f ter me start of the ground motion or f i f teen
seconds a f te r the cease of the ground motion.

The maximum sloshing pressures at tank top ano
midheight for the case with of f -center components are
shown in F ig . 13. Again, those maximum sloshing pres-
sures do not occur at the sans t ime. As can be seen in
F ig . 13, the maximum sloshing pressure acting on the
components i s 0.0275 MPa 14.0 p s i ) . The off-center
components are subjected to two d i f f e ren t types of
sloshing modes, one s i le with a frequency of 0.46 Hz
and the other side with a frequency of 0.3 Hz. Since
both sloshing modes have a cos--1 d i s t r i b u t i o n , i t 1s
reasonable to assune that at cer ta in instances the
sloshing pressure acting on the component w i l l have a
cos9 d i s t r i bu t i on as shown In F1g. 14. In other words,
one side o.r the component w i l l b» subjected to conpres-
s1ve loads, while the other side w i l l De suojected to
tensi le loads. This is the worst loading cas* for a
component subject to seismic s loshing. For a conserva-
t ive est imate, we use the maxi-ium sloshing pressure of
0.034 MPa (5 psi) to calculate the naximun stresses on
the component. Furthernore, i t 1s assumed that th is
maximum pressure Is uniformly d is t r ibu ted along the
submerged length of the component. I f the component 1s
represented by a stick model which is usually the case
1n the conventional component ana lys is , the resul tant
frrce f per un i t length acting on the component (see
Fig. 14) is

or

2n
f - / P • cos 8 rd8 ,

0

f » * p r

(7)

(S)

where p 1s th<! maximum sloshing pressure and r Is the
radius of the component. The to ta l force F act ing on
the component is given by

F = f (9)

where I 1s the submerged length of the component plus
the maximim wave he ight .

The bsnding stress at the support of a component
due to the sloshing loading described above is 48.2 MPa
(7 k s i ) , 1f the component is assumed to have a 3.04-m
(10- f t ) diameter, 2.54-cm C1-1 n) th ickness, and 10.66-m
(35 f t ) long component with a submerged length of 6.09
m (20 f t ) . This stress should be added to other
stresses for the design of reactor components.

SLOSHING RESt-ONSS OF A RECTANGULAR TANK WITH A COMPO-
NENT

TMs section presents the resul ts of a sloshing
study performed on a rectangular tank with an Internal
component. The rectangular tank reoresents a port ion
of the reactor ta17' ', n = ib0"~100°) as shown in F ig.

" 1 . The object ives of the study are to Invest igate the
basic sloshing phenomena of rectangular tank with
components and to compare i t s -esponse with that of the
cy l indr i ca l tanK. For comparison purpose, the sloshing
response of an iden t i ca l rectangular tank with no
Intern? 1 component i s also analyzed. The f i n i t e -
element models of the rectangular tank with and without
a conponent are shown in F ig. 15. Due to the symmetric
condi t ion, only ha l f of the component 1s considered.
The inrut motion i s ident ica l to that used in the
cy l indr ica l tank study. I t is a 10-s accelerat ion time
his t o n having a maximum acceleration of 1 g. After
ten seconds, th« input motion 1s terminated. The
seismic analysis, however, is carr ied out to t h i r t y
seconds.

Ouc to the nature of two-dimensional f l u i d - f l o w ,
the sloshing motion 1n a rectangular tank with no
internal components subjected to hor izontal seismic
exci tat ion i s qui te simple. The sloshing response i s
pr imari ly dominated by the fundamental antisymmetric
mode with contr ibut ions from higher modes. The f i r s t
and second antisymmetric modes can be observed from the
computed sloshing waves as shown in F i g . 16. The
sloshing frequencies of these two modes are C.28 Hz and
0.48 Hz, respect ive ly . The maximum wave height In the
30-s period of time i s 132 cm (52 i n . ) , which occurs at
the edge of the tank.

The free-surface wave patterns of sloshing in a
rectangular tank wi th a component are much more compli-
cated. A typical free-surface wave pattern is shown in
Fig. 17. Bas ica l ly , the presence of the compune.it
serves as a bar r ie r which approximately divides the
tank it to two pools. There are two d i s t i n c t a n t i -
symmetric modes. The f l u i d in the small pool sloshes
with a frequency of 0.73 Hz (see F ig . 17), whereas the
f l u i d in the large pool has a sloshing frequency of
0.63 Hz.

The sloshing waves at the in te rva l of every two
seconds are shown in F ig . 18. As can be seen, <:he
free-surface waves at the narrow corner locat ion be-
tween the component and the tank are higher tha.i those
a t other locat ions. This 1s a t t r i bu ted to the fact
that the f l u i d flows pr imar i ly in the d i rec t ion para l -



l e i to the axis of exc i ta t ion . Therefore, when f l u i d
passes the narrow path between the component and the
tank, the sloshing wave height increases. The compari-
son of the maximum wave heights a t various locations
between the rectangular tank and cy l i nd r i ca l tank 1s
shown in F1g. 19. The maximum wave height of the
rectangular tank 1s 110 cm (43.2 i n . ) which, as
mentioned before, occurs at the narrow corner location
between the component and the tank. The wave height of
the cy l indr ica l tank i t the same locat ion i s only 45.7
Cm (18 i n . ) . The reduction of wave height in the
cyl indr ica l tank 1s mainly due to the fac t that f l u i d
I s allowed to flow in the c i rcumferent ia l d i rect ion of
the tank. I t i s 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 raximum wave height 1s 132 cm
(52 in . ) for the case without components and 110 cm
(43.2 1n.) for the case wit.i components.

The maximum sloshing pressures a t mid-height of
the f l u id for the rectangular and cy l i nd r i ca l tanks are
shown in F ig . 20. The maxinum sloshing pressure i s
0.038 MPa (5.5 psi) for the rectangular tank and 0-020
MPa (3.0 psi) for the cy l indr ica l tank. The higher
pressures In the former case are a t t r i bu ted to the
higher wave heights.

This study Indicates that the flow patterns in a
rectangular tank under horizontal seismic exci tat ion
are quite d i f f e ren t from th'.^e In a cy l indr i ca l tank.
Ths f l u i d in the rectangular tank mainly flows 1n the
plane para l le l to the axis of the exc i t a t i on . As the
f l u i d sloshes passing the narrow path between the
component and the tank, i t has to move quickly. This
results 1n higher wave height and larger sloshing pres-
sure a t that loca t ion . For the cy l i nd r i ca l tank, the
f lu id is allowed to flow in the circumferent ia l d i rec-
t ion of the tank. That w i l l reduce the wave height and
thereby the sloshing pressure a t the corner location
between the component and the tank. As a resu l t , the
maximum wave height and pressure for the cy l indr ica l
tank occur a t d i f fe ren t 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 Isolat ion
devices. The seismic isolated plant is usually
designed through the use of i so la to rs which have a very
low fundamental frequency, usually below 1 Hz. The
concept appears very a t t rac t i ve , because the low funda-
mental frequency of the plant is outside the frequency
range of strong ampl i f icat ion region of the seismic
motions (usually between 2 ~ 10 Hz). However, the low-
frequency i so la t ion device may cai'se sone proolems to
sloshing which Is also characterized by the low funda-
mental frequency. For this reason, a preliminary
analysis of the ef fects of seismic i so la t ion on
sloshing response are cnnducted. The analysis Is
separated into two steps. In the f i r s t step, the
seismic motion at reactor support i s calculated based
on a simple mathematical model which reoresents the
reactor bu iMing by a stick and the seismic isolator by
spring-damper-fr ict ion plate. In the second step, the
sloshing response is calculated wi th a f i n i t e element
model. The st ick model is shown in F ig . 21 together
with the iso la to r spr ing-danper- f r ic t ion plate model.
The pert inent data of the stick model and the seismic
Isolator is given in Table 1. Four cases are studied
In which the reactor building 1s assumed to have a
fundamental frequency of 1, 0.8, 0.6 (with iso lator)
and 3 Hz (with no i so la to r ) , respect ive ly . A 10-s

duration E-W component of El Centro accelerat ion time
his tory having a maximum accelerat ion o f 0.3 g, I s
applied to the base of the model. The accelerat ion
time history a t the top of the model where the reactor
tank Is assumed to be supported i s computed using a
seismic Iso la t ion computer program. This accelerat ion
history 1s then used as Input motion for computing the
seismic response of a f l ex ib le -wa l l reactor tank which
has a thickness of 1 I n . , a diameter of 70 f t , and a
height of 60 f t . The f l u i d depth of the reactor tank
i s 50 f t . To s impl i fy the study, the tank 1s assumed
to be bottom-supported and having no In te rna l compo-
nent. The fundamental sloshing frequency I s 0.25 Hz.

The computed resu l t s of the four cases studied are
shown 1n Table 2. As can be seen, the responses (maxi-
mum re la t i ve displacement a t tank-top, maximum pres-
sures at tank-top and m1d-he1ght) of the cases with
seismic Iso lator are s i gn i f i can t l y reduced compared to
those of the case wi th no I so la to r . A reduct ion factor
of 5 1s obtained. The maximum wave height of the cases
with Iso la tor , however. Is substant ia l ly Increased.
The Increase i s more pronounced when the fundamental
frequency of the p lant with iso la tor i s close to that
of the sloshing. For example, the maximum wave height
Is Increased from 20.8 1n. for the case of no iso la tor
to 37.5 i n . for the case of having a 0.6-Hz i so la to r .
The wave height i s Increased 1.8 times even though the
maximum accelerat ion a t reactor support I s decreased
(see Table 2 ) .

tONCLUSIONS

A study on the sloshing of reactor tanks subjected
to horizontal seismic exc i ta t ion 'is presented, consid-
er ing the ef fec ts of in te rna l components and seismic
i s o l a t i o n . Emphasis I s on the sloshing loads exerted
on the submerged components and the e f fec ts ol" the
components and seismic i so la t i on on the sloshing
response. The conclusions drawn from th i s st"dy are:

1 . The sloshing loads exerted on the submerged
components could be s i g n i f i c a n t , f c r the
case s tud ied , the maximum sloshing pressure
exerted on the of f -center component i s 0.034
MPa (5 p s i ) . I t can produce a bending stress
of the magnitude of 48.2 MPa (7 ks i ) on the
deck-mounted components. This add i t iona l
stress should be added to other stresses
obtained from the conventional component
seismic analysis which does not consider
sloshing loads on the components.

2. The presence of submerged components s i g n i f i -
cantly change the dynamic charac te r i s t i cs of
sloshing motion. The sloshing frequencies of
the tank wi th of f -center components are
higher than those of the tank wi thout o f f -
center components. The sloshing wave height
In tanks wi th of f -center components are
smaller* The predict ion of maximum wave
height based on the conventional method which
does not consider the presence of o f f -center
components Is too conservative. Therefore.
I t should not be used in reactor designs.

3. In the rectangular tanks, the f l u i d mainly
flows 1n the plane para l le l to the axis of
seismic e x c i t a t i o n , whereas 1n the c y l i n d r i -
cal tanks, the f l u i d flows in both the radia l
and tangent ia l d i rect ions of the tank. The
sloshing frequency of the rad ia l f l u i d - f l ow
motion can be approximately calculated f r c i
the c lass ica l solut ion of rectangular tank
with an equivalent tank wid th .

4 . The seismic Iso la to r s i g n i f i c a n t l y reduces
the seismic response of reactor tanks. How-



ewr. the sloshing wave height Is substan-
i tU l l y Increased. For the case studied, the

wave height Is Increased 1.8 times, 1f the
plant has a fundamental frequency of 0.6 Hz.
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Table 1. Per t inent Data of St ick Model

H I . H4

ta, m

X

"pad

Friction

Critical

coefficient

damping ( I )

166 K-sec2/ft

332 K

2.58 j

39478
2S266
14212

0.2

5

- sec2/ft

< 10 7 K/ft

K/ft (1 Hi plant freouercy)
K/ft (O.a Hz plant frequency)
K/ft (0.6 Hr plant frequency)



Table 2. Maximum Response of Various Cases

(1) (2) (3) (4)
Ko 1 Hi 0 ,8 Hz 0.6 Hz (« l

isaUtar Isolator Isolator Isolator II)

Btictor Support

T«nk-«p

Tink-top

"tax Ipsi)

T«nk-nldh5lght

Hix. »ve

Haljht (In.)

0.34

0.215

4.1

12.*

20.B

0.225

0.052

1.12

3.0

25.1

0.215

0.049

1.0

2.9

27.a

0.212

0.044

0,39

2.6

37.5

en

20*

221

2U

1301

Fig. 3. Free-Surface Wave at t - IS s (Without Off-
Center Component)

Fig. 1 . Reactor Tank and
Internal Components

p —-̂—

Fig. 4. Free-Surface Wave at t = 15 s (With Off-Center
Component)

Fig. 2. Reactor Tank (Without
Off-Center Componert)

TANGENTIAL MODE
HAOIAL
ANTISYMMETRIC MODE

F1g. 5. First Tangential Mode and F i rs t Radial
Antisymratric Mode
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Fig. 6. Wave-Height History at Fluid-Tank Interface and
Corresponding Fourier Spectrum (Without Off-
CerUer Component)
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F1g. 9. Dominant Sloshing Frequency (Hz) (Without Off-
Center Component)
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Fig. 7. Wave-Height History at Fluid-UIS Interface and
Corresponding Fourier Soectrum (Without Off-
Center Component)
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RECTANGULAR TANK

8. F i r s t Sloshing Mode In a Rectangular Tank

F i g . 10. Dominant Sloshing Frequency (Hz) (With Off-
Center Components)
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Fig . 11 . Maximum Wave Heights {in.) (With Off-Center
Components)
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F1g. 12. Pressure History at Fluid-Tank Interface (With
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Fig. 13. Sloshing Pressure (psi) at Tank-Top and Mid-
height (With Off-Center Components)

P • C O S ' 8

Fig. 1 * . Sloshing Pressure Distribution on the
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I Fig. 19. Maximum Wave Heights t in.) of the Rectangular
and the Cylindrical Tank With Component

17. Sloshing Wave Pattern at t = 30 s
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Fig. 20. Maximum Sloshing Pressures (ps1) of the
Rectangular and the Cylindrical Tanks With
Internal Component

fRICTlON
PLATE

Kpgd

X g l i )

Fig. 18. Sloshing Response at Various Time

F1g. 21. Stick Model and Base Isolation


