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SUMMARY

This paper describes the dynamic response to simulated tornadic forces of a nuclear
reactor building mounted on a floating platform, moored within a protective breakwater.
The stringent safety requirements for floating nuclear power plant structures, against ex-
treme dynamic loads of low probability of occurrence, necessitate a reasonable and accurate
determination of the response to vibratory loads associated with tornadoes. Since the flow
direction in a tornado varies with time, the force-velocity relationship for a slender bluff
body is used in which the density of the fluid, the fluid particle velocity, local (temporal)
acceleration and the instantaneous projection width of the structure in the direction of the
velocity (or acceleration) are considered. The time-histories of wind forces are simulated
considering the size and layout of the floating nuclear plant (FNP) at several different
heights. Due to the strong up-draft and steep pressure gradient at the core of the tornado,
the inertial force, usually negligible in winds caused by large scale storms, plays a dom-
inant role in the conversion of wind speed to wind force. Serious underestimation of the
wind forces would result if this inertial effect is not considered.

The structure considered is a floating platform with the reactor containment shell
mounted on it. The platform consists of a layered rectangular gridwork of bulkheads, and
the reactor building is a cylindrical shell with a hemispherical dome. Two kinds of models
are considered for the floating platform: 1) A rectangular box grid made up of individual
equivalent orthotropic plates, 2) The entire grid assembly replaced by a single equivalent
thick plate. The reactor building for both cases is idealised as a uniform shear-bending
beam with lumped masses, the properties of which are based on frequency equivalence
with the actual containment structure.

The eigenvalues and eigenvectors are determined for the platform—building assembly
(assumed elastically supported) moored in a basin formed by a rubble mound breakwater.
The linear elastic mooring system with known strut stiffnesses, is idealised using beam
elements. Hydrodynamic effects of the sea water in the basin are included, in view of their
significant effect on the response. The fundamental frequency values obtained from plane
strain and three-dimensional modelling agree well with those reported by earlier invest-
igators. A time-domain response analysis considering the combined inertia and dynamic
effects is carried out for tornadic forces applied directly to the reactor building. The
dynamic magnification factor is determined based on the static deflection at the top due
to uniform wind speed. The severity of the response indicates the need for further work
taking into account nonlinearity, including plastic deformation.



1. TNTRODUCTION

Studies of offshore siting of nuclear power plants date back to the mid-sixties (1).
Due to stringent safety requirements, the floating nuclear plant (FNP) has to be designed
for tornadoes meeting criteria similar to those for a land based nuclear power plant. The
platform motions due to a tornado are discussed in Ref. 3, and the inertial and damping
coefficients, which are dependent on the frequency of excitation of the platform, have
been determined by Ref. 4. The objectives of this paper are to present i) modeling techni-
ques for an integrated floating platform supporting a nuclear reactor building, ii) a
procedure for simulating tornadic wind loading, iii) a finite element analysis of the struc-
tural response, and iv) a comparison of the effects of tornadic and non-tornadic winds of
the nuclear reactor building.

2. FLOATING NUCLEAR PLANT
2.1 Structural Configuration

The offshore nuclear power plant shown in Fig. 1, similar to the one proposed for the
Atlantic Generating Station, is chosen for the example problem. The important components
of the floating nuclear plant complex are: floating nuclear plant, mooring caisson, main
breakwater (including caissons and dolosse), closure breakwater and mooring struts (Ref. 5).
The platform is approximately 400 ft. long, 378 ft. wide and 40 ft. deep with a plant dis-
placement of 150,000 short tons. Full depth bulkheads in the longitudinal and transverse
directions constitute the platform grid. The bulkhead spacing is at regular intervals of
37 ft. 9in. along the 378 ft. width and varies from 47 ft. to 82 ft. along the 400 ft. length
Thus, the platform structure is basically a large rectangular box type orthogonally inter-
connected stiffened welded plate system (Fig. 2). The main dimensions of the reactor con-
tainment building are assumed to be the same as those given in Ref. 6. The internal platform
structure,including the subdivision bulkheads, deep girders and plate panel stiffeners, is
constructed in accordance with the rules for ocean going vessels.

3. MODELING OF FNP AND THE REACTOR BUILDING
3.1 Structural and Hydrodynamic Idealisation

Owing to the nonavailability of detailed dimensions, the plate beam structure is
idealised similar to the actual structure in a ship compartment consisting of plating,
deck, side and bottom girders (7, 8). The elastic properties of the plates reinforced with
stiffening ribs are computed by using anisotropic plate theory as described in Ref. 9. The
reactor containment building is idealised as a uniform shear-bending beam with lumped masses,
the properties of which are based on frequency equivalence with the actual containment
structure (6). The effect of buoyancy on the FNP is idealised with the use of one-dimen-
sional axial stiffness boundary elements representing the supporting action of the sea
water in the basin. The mooring system is simulated with beam elements. The hydrodynamic
effects of the sea water in the protective basin are represented by frequency-independent
added masses (14).
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An approximate finite width plane-strain model, and a three-dimensional thick plate
model are analysed.

3.2 Plane Strain Formulation

The postulated plane strain model (termed a substructure) is a segmented part of the
whole platform; its thickness is assumed equal to the reactor building diameter plus twice
the platform depth to account for the load dispersion. The in-plane shearing forces
(reactive shears) at the segmented ends are determined from the analysis of the whole plat-
form, which is assumed to be a beam of unlimited length with a deflection profile symmetric
about the building centre-line. These in-plane shears are simulated as concentrated loads
by boundary elements of appropriate axial stiffness at the platform cross-sections. The
rectangular box grid, made up of individual equivalent orthotropic plates, is finite
elemented as shown in Fig. 3a. The two east-west mooring struts are represented by a
single strut of equivalent axial and bending stiffness at the right-end, and the two north-
south struts by another equivalent strut at the left end.

3.3 Three-Dimensional Modeling

The flexural and torsional rigidities per unit thickness of the rectangular box grid
are determined using orthotropic plate theory along the two directions (12). The thickness
of the equivalent idealised thick plate is obtained based on the rigidities computed along
the 400 ft. direction (N-S) of the platform. The platform is then discretized using the
variable-number-nodes thick shell and three dimensional isoparametric elements (Fig. 3b).
Three translational degrees of freedom are assigned to each node (13). The mooring struts,
restraining the platform to the mooring caissons, are idealised by identical beam elements
at their actual Jocations (11).

4,  SIMULATION OF TORNADIC FORCES
4.1 Modeling of the Tornado Wind Field

Since the tornado is fast moving with an unpredictable course, the study of tornadic
wind load by direct measurement tends to be difficult. Therefore, analytical modeling
seems to be the most viable method for gaining insight into the probiem. A recent theo-
retical solution (15) gives a comprehensive description of the winds in the vortex boundary
layer which compare favorably with Taboratory tests (16) and field observations (17). A
schematic representation of Kuo's solution (Ref. 15) is shown in Fig. 4a. The boundary
Tayer thickness is given by

slrt) = 8,01 - exp(-0.5 r?)] (1)
in which r = 3'
" max
where
r' = radial distance,
Thax = radial distance from the center to the maximum tangential

velocity location above the boundary layer
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and

§, = the thickness when r >> 1,

0
Above the boundary layer, the velocity components are given by

v
Tnor) = £(r) = 1.4 2% [1.0 - exp (-1.256r7)]

R(nar) =0
and 3

W(n,r) = 93r wp(—w)vmx (2)
in which

Vmax = the maximum tangential velocity above the boundary layer,
and Lz

n=s
where

z = the height above the ground Tevel.

Within the layer,the velocity components are essentially modifications of Eqn. 2 by the
Ekman-Tlayer type profiles; thus,

T(n,r) = £(r) [1-e”™" cos(2bm)]

R(n,r) = f(r) {0.672 ™™ sin [(b+1)mn]}

and
g{r) [1 - e™ cos (2bmn)] (3)

4

W(n,r)
in which

b(r) = 1.2 e 0-8"

Egs. 1 through 3 specify the wind field completely with only three parameters max’

Vmax’ and 60, which can be suitably chosen according to the basic characteristics of a

tornado such as its size, intensity, etc.

4.2 Dynamic Tornadic Wind Forces

Eqs. 1 through 3 have been used by Wen (18) for the study of dynamic tornadic Toads
on tall buildings. For a slender bluff body, the force-velocity relationship can be
approximated by the Morison type equation

1 2 dU
R(t) = 50 Cp D UJU| + %-p ¢, 0" @ (4)
in which
R(t) = the total resistance force per unit length,
CD and Cm = the drag and inertia coefficients,
p = the density of the fluid,
and D = the projection width of the bluff body.

Since the flow direction in a tornado varies with time, Eqn. 4 can be transformed to the
following form:
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U 1
Qx(z,t) = %-CD D(a) p U2(z,t) cos o + %-Csz(a') p-%f-cos o',
and
0 (2:8) = 5 ¢ D(a) o V(z,t) sina+ FC0%(a') p S sin o (5)
in which

Qx and Qy = forces in the X and Y directions (Fig. 4b) on a building at a height z,
U and %% = the magnitudes of the velocity and acceleration vectors,

a and o' = velocity and acceleration directions varying with time,

D(a) = b cos |a] + a sin |a

_~ the instantaneous projection width of the building in the direction of
the velocity (for acceleration, o is replaced by o')

Two coordinate systems are used: 1) a Eulerian Cartesian system (fixed) with the origin at
the center of the building (x, y, z and u, v, w are the spatial variables and velocity
components); and 2) a Lagrangian polar coordinate system moving with a velocity, V; the
origin is at the center of the vortex {v, 8, z and T, R, W are the corresponding variables).
The mathematical formulation has been presented in Ref, 18.

4.3 Generation of Force Time Histories

Data (18)

CD = 1.1, Cm = 1.0, V ax - 300 ft/sec., r ax = 200 ft., V¥ = 40 mph, 8 = 1,500 ft.

m I

The reactor building, idealised by a square cross section 100 ft. x 100 ft., is assumed to
be Jocated on the path of the tornado center (D = 0 and 8 =0). Hence, the X and Y direc-
tions correspond to the radial and tangential directions in the tornadic wind field. The
total tornado loads on the building are computed based on the assumption that the plant
and breakwater do not affect the free field pressure distribution. The time histories of
wind forces at three different heights are obtained by a computer program developed by

the authors, and plotted in Figs. 5a and 5b.

5. ANALYSIS

The responses, assumed decoupled in the two directions, are determined by the Mode
Superposition method from SAP-IV (13) with the time histories of the tornadic loads
obtained above constituting the load input. The wind loading on the reactor building is
simulated by concentrated nodal loads at the Tumped mass locations. In the plane strain
model, only the radial component of the loading is considered, while the three dimensional
model 1includes both the tangential and radial Toad components. The CPU times for the
plane strain model (432 degrees of freedom) and three-dimensional formulation (150 degrees
of freedom-less than 432 only because of the coarser mesh!) are 114 sec. and 59 sec.
respectively.
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6.  RESULTS AND DISCUSSION

Typical values of the frequencies and mode shapes determined for the integrated platform
building assembly, are presented in Figs. 6 and 7. The fundamental frequency values obtained
from plane strain and three-dimensional modeling (Table II) agree well with the only avail-
able data (as far as the authors' knowledge goes) reported in Ref. 3. The typical displace-
ment time-history at the top of the building, and surge, sway, and heave motions of the
platform, determined for assumed 5% critical damping, are shown in Figs. 6 and 7 The
dynamic magnification factors for deflection and stress are obtained based on the static
values at the top and bottom respectively due to a uniform wind speed of 300 ft. per sec.
The combined effect of drag and inertia forces gives magnification factors of 1.55 (deflec-
tion) and 1.24 {stress) (Tables III and IV). The maximum dispiacements and stresses appear
to be relatively small, since tornadic loading only acting on the nuclear reactor building
is considered; moreover, the maximum tangential velocity above the boundary layer and
the translational velocity used in this investigation are also relatively small. The
maximum displacements and stress at typical sections of the reactor building due to tornado
loading are approximately 20 percent higher than those computed by the three-dimensional
formulation. The plane strain modeling can be improved by taking into account i) the
distributed nature of the load transfer to the elastically supported platform, ii) the
finiteness of the platform (not unlimited length) for computing the in-plane shears on the
cross-sectional face of the plane strain model, and iii) the distributed nature of the in-
plane shear over the platform depth based on the theory of elasticity. It can be readily
seen from Fig. 5 and Table III that serious underestimation of tornadic wind forces would
result if the inertial effect, which is usually negligible in winds caused by large-scale
storms, is not considered.

A more exact computation of tornado load time histories can be made by subdividing
the entire exposed area of all the FNP components and computing the pressures on each
area individually. The time histories of tornado Toading must be developed for a series
of potential tornado paths and translational velocities. When yielding and large-
amplitude plastic deformation is expected, the response analysis should take into account
material nonlinearity. The procedure used in this investigation can be refined as more
theoretical evidence concerning wind-force relationships and tornado-structure interaction
becomes available. For an essentially square floating platform in close proximity to the
other structures of the FNP complex, the three-dimensional nature of the basin must be
considered in evaluating the added mass and damping. The response analysis may then be
performed using these more accurate hydrodynamic force coefficients.
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TABLE Il MAXIMUM DISPLACEMENTS AND STRESSES
TIME HISTORY  TYPE OF MAXIMUM  DISPLACEMENT (ft.) /1)
OF TORNADO  MODELING ‘TOR BUILDING)
LOCATION  SURGE sway HEAVE
LoAD OF REGION  (u) {v) {w) Tx Ty
) TOP OF
L PLANE sTRAN BEACTOR 0009628 0-02758 2850
(115 ELEMENTS} b)TOP RIGHT
EDGE OF 00002742 0-001084
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F 0) TOP OF
INCLUDED TR D0064TI DOOG28I  D0003NE
2. THREE BUILDING 248 2:40
?IMENSIONAL CENTREOI
16 ELEMENTS) DGERIG” 00002511 DOOOIBSS  0-0000934
EDGE OF
PLATFORM
| PLANE STRAIN 2001854  0-00527
(IS ELEMENTS) 05800
20000565 0-000202
FORCE
TOP OF
ONLY REASTOR 000210  DO03673 30002222
e W
BICENTREOI 4 0-4859
(16 ELEMENTS) JOP RIGHT 00000603 00001096 100002134
PLATFORM

TABLE IV RATIO OF DISPLACEMENTS AND STRESSES
OF THE STRUCTURE

NATURE OF LOADING DYNAMIC MAGNFICATION
FACTOR
TYPE STATIC RTIA
oF UDED)
MODELING S(sttif i
") EFLECTION ¥) JFLECTION STRESS DEFLECTION
DOTTOM OF |
JEACTOR L - O
RrLOme)} BUILDING}
LPLANE STRAIN 233 000632/ 28800 0009628 |24 158
{113 ELEMENTS)
2. THREE
DIMENSIONAL 233 00053963 240 000629 103 7

(16 ELEMENTS)
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