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Design of connecting mechanism and 5
motion response analysis on nuclear ®
power platform

LI Xiang, LI Hongxia', HUANG Yi
School of Naval Architecture Engineering, Dalian University of Technology, Dalian 116024, China

Abstract: [ Objectives | To ensure marine nuclear reactor safety in deep—water ice regions, this paper proposes a de-
sign for an ice region nuclear power platform and spring damper connecting mechanism. [ Methods ] The platform and
connecting mechanism simulation model is established using the three—dimensional potential theory and rigid—body dy-
namics. The spring and damper force is calculated, then connecting mechanism stiffness and damping coefficients are
analyzed and the best scheme selected. The discrete element method is used to simulate ice load. The accuracy of the
method is verified by calculating ice load on the experimental conical structure. Platform motion response is calculated
under environmental loads of combined wave, wind and current, or ice, wind and current. [ Results] The ice region
load—bearing platform can resist ice load. The nuclear reactor supporting platform can resist a Fukushima nuclear acci-
dent maximum tsunami wave height and level 17 super typhoon combination under the action of the connecting mecha-
nism and mooring system. Under the 10 000—year return—time storm action in the North Sea, the ratio of horizontal dis-
placement to water depth, heave and pitch response and vertical acceleration of the nuclear reactor supporting platform
are all smaller than those of an offshore floating nuclear plant (OFNP). [ Conclusions | This design for a nuclear power
platform and connecting mechanism can ensure nuclear reactor safety and stability in deep—water ice regions.
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0 Introduction

As global warming accelerates the melting of arc-
tic sea—ice, regular navigable waters have emerged
in the summer. In the context of economic globaliza-
tion and deepening regional integration, the value of
the North Pole in strategic, economic, scientific re-
search, environmental protection, shipping routes,
and resources has been rising. The development and
utilization of arctic shipping routes and resources
can have a huge impact on China's energy strategy
and economic development. As the foundation for
the polar region development and the important engi-

neering equipment for energy supply, the nuclear
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power platform in the ice region can provide suffi-
cient and stable energy . Although nuclear energy
may have potential safety risks, it is one of the most
economical and environmentally friendly available
energy sources with an unreplacable role "*. There-
fore, it is of great significance to improving the safety
and reliability of nuclear power platforms. The appli-
cation prospect of nuclear power platform is broad,
and its related problems have become the hot spot of
research in the world. Therefore, it is of great signifi-
cance to carry out technical reserves.

At present, four types, including barge, gravity ba-
sic structure, sunken structure, and cylindrical struc-

ture, have been put forward for the offshore nuclear
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power platform. The first two are applied to the shal-
low water near the shore, and the second two are ap-
plicable to the water depth of 100 m. In this regard,
Russia has already taken the lead in the world. In
2007, the construction of its barge—type nuclear pow-
er station "Lomonosov" began, which is the world's
first offshore nuclear power station. It is expected to
start supplying power to the Russian Far East at the
end of 2019. South Korea has developed a nuclear
power plant of gravity basic structural type, and
France has developed a nuclear power plant of Flex-
blue sunken type “. Massachusetts Institute of Tech-
nology (MIT) proposed the concept of offshore float-
ing nuclear power platform (OFNP), which is fixed
on the shore by mooring devices to avoid the impact
of earthquakes and tsunamis ", and its safety in the
corresponding marine environment has also been
evaluated ®'. However, none of the above contents
has made an in-depth study of the nuclear power
platforms in a deep—water ice region.

This paper will design the hull lines, general ar-
rangement, and the mooring system of a nuclear pow-

* with internal and external separation

er platform '
that can be used in deep—sea ice regions. The influ-
ence law of the change of the stiffness coefficient
and damping coefficient of the connecting mecha-
nism between the internal and external platforms on
the motion response of the platform is emphatically
studied. Then the optimal scheme is selected accord-
ingly to weaken the impact of the motion of the envi-
ronmental bearing platform on the nuclear reactor

support platform.

1 Fundamental theory

Based on the three—dimensional potential theory
and the rigid body dynamics, a theoretical prediction
method for the motion response of the nuclear power
platform in the ice region and spring damper connect-
ing mechanism under complex environmental loads

is established. The

gree—of—freedom motion of the nuclear reactor sup-

equation of the six—de-
port platform is as follows.
(M +5M) Xy + Fo (X1,1)+
(K1 +Kr) X1 =F1+Fu+Fq (1)
The equation of the six—degree—of—freedom mo-
tion of the environmental bearing platform is as fol-
lows.
(M, +(5M2)X2 +Fe (Xz,t)+
K>X> + Fyoor = F2+ Fio + Fep (2)
where the subscripts 1 and 2 represent the internal

and external platforms respectively; M and 6M are

the mass and additional mass matrixes of the plat-
form respectively; Fc(X,t) is the damping coeffi-
cient matrix; K is the static water restoring stiffness
matrix; Ky is the tension leg mooring stiffness matrix
of the internal platform, Kv=diag (0, 0, ks, ki, kus,
0), which only provides three—degree—of—freedom
stiffness outside the horizontal plane (heave, roll,
and pitch); Fyoor is the mooring force of the external
platform system, Fuoor = (fi(X2, 1), £(X2, 1), fi(Xa, 1),
fiXo, 1), fi(Xo, D), fi (Xo, 1)), With the multi—point
mooring method and the concentrated mass method,
the mooring force of the composite cable at each de-
gree of freedom can be calculated; X, X, X are the
six—degree—of—freedom displacement, velocity, and
acceleration of the two platforms respectively; F is
the environmental load force, including the wave in-
cident force and diffraction force, wind force, current
force, and ice force, and the masking effect of exter-
nal platform on the internal platform is considered
here; Fi=(fu, fio, /12,0, 0, 0)" and F.=(f.\, fos, f5, 0, 0, 0)',
are the spring force and damping force of three de-
grees of freedom (surge, sway, and heave) of the two
platforms respectively, and the influence of spring
damping force on the motion response of degrees of
freedom (roll, pitch, and yaw) is ignored here. The
constraint on the nuclear power platform is the limita-
tion of nuclear reactor acceleration. The acceleration
limit of the floating nuclear reactor is broader than
that of the land—based nuclear reactor. With the ref-
erence to Westinghouse SMR, the acceleration limit
of the nuclear reactor is 0.25 g "', which is even more

stringent.

2 Scheme design

2.1 Design of nuclear power platform

The separated nuclear power platform in the ice re-
gion is composed of a nuclear reactor support plat-
form and an environmental bearing platform. The en-
vironmental bearing platform is designed as an hour-
glass structure, and the lower—cone bevel can well re-
sist the ice load. When a large ice field moves, the
ice around the platform climbs upward and breaks
during the climb, which has a good ice-breaking ef-
fect. The upper design can effectively increase the
deck area to meet the use requirements. During the
ice period, the phenomenon of sea ice climbing can
be effectively reduced. During the ice—free period,
the green water phenomenon can be reduced. The nu-

clear reactor support platform floats on the sea,
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which acts as a natural giant radiator and a shield
against radiation. Nuclear reactors are designed be-
low the waterline to be quickly flooded in the event
of an emergency, which can minimize the damage.

The general layout of the platform adopts the mod-
ular assembly method, and the annular partitioned
compartments are shown in Fig. 1. The main func-
tional areas include a nuclear reaction area, a boiler
area, a turbine area, a safe house, a spent fuel pool, a
central control room, a security room, a living area, a
maintenance hall, a storage area, an apron, etc. Us-
ers can replace modules regularly according to their
needs, so as to ensure the continuous supply of ener-
gy and the recycling of modules.

The nuclear power platform operates in an ice re-

gion with a water depth of 1 000 m. The internal plat-
form is moored with tension legs, which mainly lim-
its the movement of three degrees of freedom (heave,
roll, and pitch) outside the horizontal plane. By the
four tension legs installed symmetrically at bottom of
the platform, the buoyancy of the platform would be
much greater than its own gravity, which would make
the motion outside the platform's horizontal plane
small and close to rigid. The external platform
adopts a semi-tensioned four—point mooring system,
which restricts the motion of three degrees of free-
dom (surge, sway, and yaw) in the horizontal plane.
Four groups of 12 three—segment composite cables
are selected for semi—tensioned mooring, with an an-
gle of 90° between the groups and an angle of 5° be-

tween the cables. The chock is located at the lower
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edge of the platform, with a mooring radius of 1 850 m,
a pre—tension of 1 980 kN, and a pre—tension dip an-
gle of 42.9°. The specific mooring cable parameters
are shown in Table 1. In the table, £ is the elastic
modulus of the material, and A is the cross—sectional

area of the mooring cable.

Table 1 Parameters of mooring cable

meter/ DIy weight/  Breaking

; Dia
Ingredient i (kgm™) load/ky EA/KN Length/m
R4s Chain
(High sea bottom) 84 13132 7980 620340 140
Polyester
(Middle section) 160 56.20 8140 235200 1500
Rds Chain 13132 7989 620340 480

(Offshore bottom) 84

2.2 Design of connecting mechanism

The connecting mechanism is designed as four
groups of springs and dampers, which are symmetri-
cally installed in the middle of internal and external

platforms (Fig. 2). The spring length is designed to

General layout of nuclear power platform in the ice region

be 7 m; the material is stainless steel wire used for
spring; the shear modulus is 73 x 10° MPa; The elas-
tic modulus is 195 x 10° MPa; the operating tempera-
ture is —200—-+290 °C. The material has strong prop-
erties and a wide temperature range, and the spring
designed by this material can satisfy a wide range of
stiffness. Both ends of the spring are fixed to the in-
ternal and external platforms by washers. There are
guide holes at both ends of the washers, into which
the spring can be put to maintain stability. The two
ends of the damper are hinged with the main struc-
ture of the internal and external platform through the
welding support of the steel structure. The connect-
ing mechanism mainly limits the motion of the inter-
nal platform at the degrees of freedom of surge, sway,
and heave but has little effect on other degrees of
freedom.

Four groups of springs are connected to the inter-
nal and external platforms, and the equivalent stiff-
ness and spring force of platforms are deduced ac-

cording to the principle of equal deformation energy
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(a) Position diagram of connecting mechanism in platform

(b) Detail diagram of connecting mechanism

Fig.2 Schematic diagram of connecting mechanism

of the elastic elements. It is assumed that the origi-
nal length of each spring is /y; the stiffness is k; the
relative displacement of internal and external plat-
forms is I; the displacement projected to X, Y, and Z
axes is respectively x, y, and z. Then spring deforma-

tion energy in the surge degree of freedom is

4

Ux =Y Ux,=Us,+Ux, =ka? = 1/2kx%, o the
i=1

equivalent stiffness in the surge degree of freedom is

ky = 2k. In the same way, the spring deformation en-

ergy of sway and heave degrees of freedom can be

4
calculated as UY=ZUY,~=UY2+UY4=ky2=1/2kY)’2.

i=1

4
and Uz=

Uz,=Uz +Uz,+Uz,+Uz, =2k*=1/2kz2*,
i=1

and the equivalent stiffness of sway and heave de-

grees of freedom is ky=2k and k;=4k. Then the spring

forces of surge and sway of internal platform and the

spring force of heave of the external platform can be

expressed as follows:

fiur = —kxx = =2kx (3)
Sr1z = —kyy = -2ky (4)
fios = kzz =4kz (5)

The calculation of damping force is similar to that
of spring force, so it is not repeated here.
As an important part of the nuclear power platform

in the ice region, the connecting mechanism plays a

role in vibration reduction, and its parameters have a
great influence on the motion response of the nuclear
reactor support platform. Considering the wave inci-
dent at 45° (see the wave parameters in Table 2 for
once—in—ten—thousand—year sea condition), the in-
fluence of the damping coefficient ¢ of the damper of
the connecting mechanism and the stiffness coeffi-
cient k of the spring on the combined displacement
with significant values of surge and sway of the inter-
nal platform is studied, and characteristics of the
connecting mechanism are measured accordingly.
The simulation results are shown in Fig. 3, and the

corresponding cloud image is shown in Fig. 4.

Table 2 List of sea conditions for calculation

Average wind

Significant ~ Spectrum Fl f
Levei‘ptf €@ wave height peak period speejl /8}:.?;
condition m Is /(m's™)
Level 4 1.88 8.8 8.88 0.50
Level 5 3.25 9.7 11.45 0.50
Level 6 5.00 12.4 17.53 0.50
Extreme sea
condition ~ 23.00 193 70.00 2.76
Once-in-ten-
thousand-yearls] 16.84 17.7 39.82 0.96
34

—a— =500 (kN-s)/m

—o— ¢=1 000 (kNs)/m
—— ¢=1 500 (kN-s)/m
—»— ¢=2 000 (kN-s)/m

320 wce =2 500 (kN's)/

2.8
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Fig.3 Effect of damping and stiffness coefficients on combined
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Fig.4 Effect contours of damping and stiffness coefficients on

combined displacement

The combined displacement of the internal plat-
form decreases gradually with the rise of the damp-

ing coefficient, and the decrease is more and more

downloaded from www.ship-research.com
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slow. This is because the increase in damping will re-
duce the dynamic amplification coefficient, thus lim-
iting the motion response of the platform. The com-
bined displacement decreases first and then increas-
es with the rise in the stiffness coefficient. This is be-
cause the increase in stiffness reduces the static dis-
placement, which further limits the motion response
of the platform. After reaching a certain value, the
natural frequency of the nuclear power platform is
close to the concentrated energy frequency of the ex-
ternal wave load, which generates resonance, so the
response of the platform increases.

Now, the damping coefficient ¢ =2 000 (kN - s)/m
is taken to calculate the natural frequency of the nu-
clear power platform when the stiffness coefficient is
k =25-250 kN/m. Considering only the surge degree
of freedom, without considering the influence of
damping and external force, the internal and external
platforms constitute a two—degree—of—freedom sys-

tem. The vibration equation can be expressed as fol-
my +omy 0 X +
0 my +omy 5 %)

s R
»n| |0 (6)

—k1 k1 +k2
where m and d0m are the mass and additional mass in

lows.

the surge degree of freedom of two platforms; k; is
the equivalent spring stiffness in the surge degree of
freedom; k, is the stiffness in the surge degree of free-
dom of the mooring system; x and X are respectively
the displacement and acceleration of two platforms
in the surge degree of freedom. The first—order and
second-order frequencies are obtained as shown in
Table 3. Due to the symmetry of the platform, the nat-
ural frequency in the sway degree of freedom is con-
sistent with that of the surge. The wave force spec-
trum of the nuclear power platform is analyzed, and
the frequency range of energy concentration is
0.34-0.56 rad/s. According to data in the table,
when the stiffness is greater than 100 kN/m, the sec-
ond-order frequency of the nuclear power platform is
close to the concentrated frequency of wave force en-
ergy, and the response amplitude increases.
Considering the influence of the damping and stiff-
ness coefficient on the internal platform comprehen-
sively, the damping coefficient of the damper of the
connecting mechanism is selected to be 2 000 (kN+s)/m
and the spring stiffness coefficient is 100 kN/m
based on the engineering practice experience. The vi-

bration damping effect of this scheme is quite good, and

Table 3 Effect of stiffness coefficient on platform

frequency
. Combined First-order Second-order
Stiffness displacement frequency frequency
/(KN-m™) response/m /(rad-s™) /(rad-s™)
25 2.98 0.0619 0.147 8
50 291 0.062 9 0.2057
75 2.72 0.063 2 0.250 8
100 2.68 0.063 3 0.288 9
125 2.72 0.063 4 03226
150 2.79 0.063 5 0.3531
200 2.90 0.063 6 0.407 2
250 2.98 0.063 7 0.4550

1 1
the vibration mode is ®1= [ 0.94 }’ D, = [ —0.27 ]

Considering the coupling motion of all degrees of
freedom of the nuclear power platform, the degrees of
freedom (surge, sway, heave, roll, pitch, and yaw) of
the platform supported by the nuclear reactor are re-
spectively the first six degrees of freedom, and each
degree of freedom of the environmental bearing plat-
form is the last six degrees of freedom, which consti-
tute a twelve—degree—of—freedom system. The natu-
ral frequency of the system and the corresponding
mode are shown in Fig. 5.

Due to the symmetry of the system, it is easy to
know that the natural frequencies and modes of roll
and pitch, surge, and sway are the same. By analyz-
ing the natural frequency and mode, we can be found
that the first-order and second-order vibration
modes are characterized by the coupling of surge and
sway of the external and internal platforms, and the
motion directions are the same. The first-order and
second—order frequencies are the first—order natural
frequency of surge and sway degrees of freedom, re-
spectively. The fourth—order and fifth—order vibra-
tion modes are characterized by the coupling of
surge and sway of the internal and external plat-
forms, and the motion directions are opposite. The
fourth—order and fifth—order frequencies are the sec-
ond—order natural frequency of surge and sway de-
grees of freedom, respectively. The third—order vibra-
tion mode is characterized by yaw motion of the ex-
ternal platform and is relatively weakly coupled with
other degrees of freedom. The third—order frequency
is the first—order natural frequency in the yaw degree
of freedom. The sixth—order vibration mode is charac-
terized by yaw of the internal platform, and is ex-
tremely weakly coupled with other degrees of free-

dom. The sixth—order frequency is the second—order
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Fig.5 Natural frequency and vibration mode of nuclear power platform

natural frequency in the yaw degree of freedom. The
seventh—order and eighth—order vibration modes are
characterized by the coupling of surge and pitch as
well as that of sway and roll of the external platform.
The seventh—order and eighth—order frequencies are
respectively the first-order natural frequency of the
coupling of surge and pitch and that of sway and roll.
The tenth—order and eleventh—order vibration modes
are characterized by the coupling of surge and pitch
and that of sway and roll of the internal platform.
The tenth—order and eleventh—order frequencies are
respectively the second—order natural frequency of
the coupling of surge and pitch and that of sway and
roll. The ninth—order vibration mode is characterized
by the coupling of heave of the external and internal
platforms, and the direction of motion is the same.
The ninth-order frequency is the first—order natural
frequency of the heave degree of freedom. The
twelfth—order vibration mode is characterized by the
coupling of heave of the internal and external plat-
forms, and the direction of motion is the opposite.
The twelfth—order frequency is the second—order nat-
ural frequency of the heave degree of freedom.
Considering that the natural frequency of surge ob-
tained under the coupling of 12 degrees of freedom

is close to that obtained by only considering the

surge degree of freedom in Table 2, but due to more
comprehensive considerations, it is closer to the actu-
al situation. The response amplitude operator (RAO)
for each degree of freedom corresponding to the 45°
wave direction of the nuclear power platform is
shown in Fig. 6.

The peak value of yaw RAO on the internal and
external platforms is slightly less than 0.245 8 rad/s
of the first—order natural frequency of yaw, which is
caused by system damping and the result is reason-
able. Heave RAO of the external platform has a very
narrow peak RAO bandwidth (about 1.5)
0.3 rad/s. On the two sides of RAO, however, there is

a sharp decline. On the side with a lower frequency,

around

the heave response is relatively stable. On the side
with higher frequency, heave RAO increases rapidly
from the minimum value to the second peak value
(about 0.2) and then decreases slowly. The external
platform is an hourglass floating body, and the natu-
ral period of heave is designed to be far away from
the peak area of wave energy, so the platform has a
relatively good performance of heave. The peak val-
ue of roll and pitch RAO of the internal and external
platforms is located near 0.2 rad/s, which is slightly
smaller than the second—order natural frequency of

surge and sway, which is 0.248 rad/s. The second
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Fig.6  RAOs of nuclear power platform

peak of roll and pitch RAO of the internal and exter-
nal platforms is located near 0.9 and 0.4 rad/s re-
spectively, which is close to the first-order energy
concentration frequency of the wave, requiring spe-

cial attention.

3 Motion response

The nuclear power platform in the ice region is
moored at a depth of 1 000 m in the Arctic Ocean,
which can avoid the impact of tsunami, but the effect
of wind, wave, current, ice, and other environmental
loads should be considered. According to the data of
wind speed and wave height in the Arctic Pole, we
select the sea conditions of levels 4-6 for calcula-
tion by comparing with the sea condition table. Con-
sidering the extreme situation, the significant wave
height is determined by reference to the maximum
tsunami wave height of the Fukushima nuclear leak-

age accident (23 m). The wind load is selected by ref-

erence to OFNP calculation, which is a level 17 su-
per Other based
once—in—a—thousand—year condition in
South China Sea.

OFNP can withstand 10 000-year return—time

typhoon. data  are on

the

sea

storm in North Sea . The same environmental condi-
tions are selected, as shown in Table 2. Wind and
current loads are considered as steady load, and the
random wave load is simulated by JONSWAP spec-
trum. The ice load is simulated by the discrete ele-
ment method, and the simulation model is estab-
lished by means of the arrangement mode of the hex-
agonal close—packed structure . The environmental
load acts along the direction of 0°, 45°, and 90°. The
nuclear power platform in the ice region is divided
into two conditions, the ice—free period and the ice
period. The corresponding environmental loads are
the combined effect of wave, wind, and current with

ice, wind, and current, respectively.

Table 4 Maximum motion response for combined action of wave, wind, and current

Nuclear reactor support platform

Environmental bearing platform

fogggrgf Level 4 Level 6 Extreme sea condition Level 4 Level 6 Extreme sea condition
0° 0° 0° 45° 90° 0° 0° 0° 45° 90°
Surge/m 0.897 2.671 10.315 8.640 0.197 1.037 3.726 10.795 8.955 0.203
Sway/m 0.134 0.149 0.140 7.770 11.185 0.188 0.196 0.153 8.235 11.845
Heave/m 0.001 0.003 0.049 0.054 0.054 0.227 0.615 6.054 8.834 8.838
Roll /(°) 0.004 0.004 0.012 0.117 0.155 0.561 0.588 2.050 7.247 9.460
Pitch/(°) 0.007 0.027 0.129 0.112 0.001 0.542 1.907 8.354 5.860 0.868
Yaw /(°) 0.003 0.003 0.027 0.143 0.028 0.013 0.014 0.039 0.296 0.118




LI X, et al. Design of connecting mechanism and motion response analysis on nuclear power platform 79

3.1 Combined effect of wave, wind, and
current

The data in Table 4 give the maximum response
result of the combined effect of wave, wind and cur-
rent when the maximum wind and current are com-
bined, namely, the wind direction is 90° and the flow
direction is 90°. The wave direction is shown in Ta-
ble 4, where surge, sway, and heave are the
steady—state motion amplitude.

As can be seen from Table 4, surge, sway, and
heave responses of the internal platform are relative-
ly small, indicating that the connecting mechanism
has achieved the expected function. In the extreme
sea condition, the six—degree—of—freedom response
of the internal platform is still small, revealing that
the design of the connecting mechanism and the
mooring system enables it to withstand the severe
wave height and wind speed encountered in the Fu-
kushima nuclear leakage accident, thus ensuring the
safety of nuclear reactor. Under the action of level 17
super typhoon, OFNP can ensure that roll and pitch
response is less than 5°; the vertical acceleration is
less than 0.1g '*; the maximum response value of roll
and pitch of the nuclear reactor support platform is
0.155° and 0.129° respectively; the maximum verti-
cal acceleration is 0.028 m/s*(0.003g). It shows that
its performance is better.

OFNP can withstand a 10 000—-year return—time

151

storm in North Sea "'. Table 5 shows the maximum re-

sponse under the combined effect of wave direction
of 0°, 45°, 90°, wind direction of 90°, and flow direc-
tion of 90° subjected to the same environmental
load. It can be seen from the table that the ratio of
horizontal displacement to the water depth of the nu-
clear reactor support platform, heave and pitch re-
sponses, and vertical acceleration are all less than
those of OFNP.

Table 5 Maximum motion response for extremely rare

storm
Ratio of horizontal Vertical
Platform  displacementto  Heave/m Pitch/(°) acceleration
water depth/% /(m's™)
OFNP ¥ 9.25 10.14 8.40 0.75
Nuclear reactor
support platform 0.89 0.04 0.11 0.02
Environmental
bearing platform 1.12 7.47 6.56 0.68

Considering that the nuclear reactor support plat-
form rotates and the linear acceleration values at dif-
ferent points are varied, the acceleration of reactor
cabin at the furthest point from the center of gravity

of the platform is taken as the evaluation basis. The

maximum acceleration at this point is calculated to
be 0.029g at level 4, 0.053g at Level 6, and 0.193g,
0.154g, and 0.158g in the wave directions of 0°, 45°,
and 90°, respectively, which satisfies the accelera-
tion limitation of the land—based nuclear reactor.
Fig. 7 shows the time history of nuclear reactor accel-
eration when the ultimate sea condition is 0° wave di-
rection. Considering comprehensively, the nuclear
power platform in the ice region can guarantee the
nuclear reactor safety under the combined effect of

wave, wind, and current.
201

15F

1.0

0.5

Acceleration /(m-s2)

0 ummmﬂm. mmmmmmuu LMHJ.MM:.M llL i
0 3 600 7 200
Time/s

10 800

Fig.7  Acceleration time trace of nuclear reactor

3.2 Iceload calculation

The structural ice coating will have a great impact
on the overall stability, structural integrity, moon

™ so the research on ice load is par-

pool, and so on
ticularly important. IceDem software jointly devel-
oped by Dalian University of Technology and Ameri-
can Bureau of Shipping (ABS) is used for ice load
simulation. It can simulate the contact forms of ships
and marine structures with flat ice, crushed ice, pres-
sure ridge, and other types, which can provide refer-
ence for the design of the ice resistant structure. Ver-
tebral structure is a common design form of ice re-
gion structures, and the ice breaking effect is good.
Therefore, the experimental data of vertebral struc-
ture is the preferred choice to verify the accuracy of
numerical program. In this paper, a series of test da-
ta of Irani on hexahedral vertebra ' are selected, and
the scale ratio of test model is 1: 50, as shown in
Fig. 8. The internal connecting diameter at the water-
line of six—sided vertebral body is 30 m. The slope of
each side is 5: 6, and the internal connecting diame-
ter of the upper vertical structure is 10 m. In order to
prevent the accumulation of crushed ice, we set a
transition zone with a slope of 2: 1 on each side be-
tween the main structure and the upright structure of

the vertebral body.
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Fig.8 Numerical simulation model of hexahedral vertebral

In order to verify the accuracy of the simulation
program, qualitatively, we make a comparison be-
tween the experimental conditions of C_006 and the
time history of ice force obtained by numerical simu-
lation under the same conditions (Fig. 9). The results
show that the two are similar in ice force variation
trend and fluctuation amplitude, which indicates that
the results of simulation program are consistent with

the experimental data qualitatively.

—Test value

0.30 —Simulation value

0.25
0.20
0.15
0.10

Horizontal ice force/kN

0 5 10 15 20 25 30 35

Time/s

Fig.9 Comparison of ice force time traces between experiment
and simulation
In terms of quantification, the simulation values of
C_003, C_004,
C_005, and C_006, are selected and compared with

the corresponding experimental values. Since the

10 working conditions, such as

maximum load and minimum load are instantaneous
concepts, the interaction between sea ice and the
structure is full of randomness, resulting in uncer-
tainty of the timing and value of maximum and mini-
mum values, thus losing its statistical significance.
Mean load and peak load are statistical concepts,
where peak load is defined as the sum of the mean
value of ice—force time history and the standard devi-
ations of 1.5 times the ice—force time history in the
same time period in the stable stage. It can eliminate
the slightly high data points generated by the vibra-
tion of the test model and comprehensively reflect
the average maximum load in the interaction be-
tween the structure and ice load, which is the key da-
ta to be paid attention to in the study of ice load.

The simulation data are used as the x axis and the
experimental data as the y axis. The data points are
linearly fitted, and Fig. 10 is drawn (in the figure, R

is the linear correlation coefficient). Through calcula-

tion and observation, it can be seen that the linear
degree of horizontal mean load, peak load, vertical
mean load, and peak load is relatively high, and the
data points are distributed near the y = x line. It can
be considered that the numerical simulation has high
accuracy. In general, the simulation program has cer-

tain accuracy, which can be further calculated and

analyzed.
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Fig.10 Comparison of ice load between experiment and

simulation

The study of ice load has been widely used in the
ice—resistant safety performance of ships and marine
structures. After consulting the ice—condition data in

101 \we believe that all the sea ice

the polar region
acting on the external platform is flat ice, and the
structure and sea—ice related parameters are deter-
mined as shown in Table 6.

We can obtain the time history data of horizontal
and vertical ice forces by simulating the interaction
between the nuclear power platform in the ice region
and the flat ice with the thickness of 1 m and drift ve-
locity of v = 0.2, 0.35, and 0.5 m/s. Figs. 11-12 take
ice drift velocity of 0.5 m/s as an example to give the

distribution of crushed ice and time history of ice



LI X, et al. Design of connecting mechanism and motion response analysis on nuclear power platform

81

Table 6 Related parameters of sea ice and structure

Parameter Value Parameter Value
. . 1 i
Diameter at waterline D/m  93.36 s‘t:reegggllp;-i% 1.5
Diameter at top surface Dym 77 || Elastic modulus E/Gpa 1.0
Cone angle of ) )
platform a/ (°) 60 Poisson ratio v 0.3
Angle between crushed ice .
and horizontal plane g/(°) 33 Porosity e 03
Friction angle of crushed 49 Cohesion ¢/ kPa 24
ice ¢/(°) Specifi .

Ice-structure friction 03 pecific gravity 10 176.12
coefficient 4 . of Watery ‘ .
Ice-ice friction 0.1 Spemﬁc grgwty 9045.44
coefficient Mi ofice Vi

Ice thickness A/m 1 |[Ice drift velocity v/(m's™) 0.2~0.5
Ice bending Ice-structure contact
strength of/MPa 1.0 width B/ m

load, respectively.

Since the initial position of the structure is not in
contact with the ice field, the ice load is 0. With the
interaction between the ice field and the platform,
the ice force gradually increases. When the cut—in
depth of the ice field exceeds the platform radius,
the ice load tends to be stable, which can be regard-
ed as a stable stage. At the later stage of the stability
stage, a new peak may appear due to the accumula-
tion of crushed ice until the end of the simulation.
Under the three kinds of ice velocities, 250, 150,
and 100 s are taken into the stable stage respective-

ly, and the mean load and peak load of the horizontal

(a) =0's (b) =100 s

Fig.11

NN W
wn O
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Vertical ice force/MN

and vertical ice forces are calculated, as shown in
Fig. 13.

As can be seen from Fig. 13, with the increase in
ice drift velocity, the ice load rises obviously. The
reason is that the nuclear power platform is a
large—scale structure. With the increase in ice drift
velocity, the accumulation of crushed ice becomes
more serious, resulting in the increase in total mass
and impact force as well as the decrease in action
time, which leads to the rise in sea ice force. The ac-

cumulation of crushed ice is shown in Fig. 14.

3.3 Combined effect of ice, wind, and
current

We can obtain the time history of heave, roll, and
pitch responses by applying ice forces of time histo-
ries obtained by numerical simulation to the environ-
mental bearing platform (Fig. 15). Then we calculate
by coupling the time history with wind and current
loads. The wind load is taken as wind speed of level
6 and the wind direction is 90°. The selected flow ve-
locity of the current load is consistent with the ice
drift velocity and the flow direction is 0°. Under the
driving of sea ice, wind, and current loads, as well as
the constraints of connecting mechanism and moor-

ing system, the nuclear power platform deviates from

(c) =200 s (d) =700 s

Simulation of interaction between ice load and environmental bearing platform (ice drift velocity is 0.5 m/s)

300 400 500 600 700
Time/s
(b) Vertical ice force

0 100 200

Fig.12  Time history of horizontal and vertical ice force (ice drift velocity is 0.5 m/s)
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(a) Less accumulation of crushed ice at ice drift velocity of 0.2 m/s

(b) Heavy accumulation of crushed ice drift at ice velocity of 0.5 m/s

Fig.14 Crushed ice accumulation
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Time history of motion response of nuclear power platform (ice drift velocity of 0.5 m/s)

Table 7 Maximum motion response for combined action of ice, wind, and current

Nuclear reactor support platform

Environmental bearing platform

Degree of
freedom V=02 m/s V=035 m/s V=0.5 m/s V=0.2 m/s V=0.35 m/s Vv=0.5 m/s
Surge /m 1392 1.525 2.480 1.651 1.670 3.070
Sway /m 1282 1355 1.685 1334 1.405 1766
Heave /m 0.004 0.007 0.017 0.057 0.078 0.131
Roll /(°) 0.001 0.001 0.002 0.138 0.126 0.170
Pitch /(%) 0.008 0.014 0.027 0.310 0.407 1.409
Yaw /(°) 0.002 0.016 0.019 0.008 0.011 0.053

the initial position to reach a new equilibrium posi-
tion and finally continues to oscillate, obtaining the
maximum motion response subjected to the com-
bined effect of ice, wind, and current, as shown in Ta-
ble 7.

From the calculation results, it can be seen that
the environmental bearing platform has a small mo-
tion response under the combined effect of 1 m—thick
flat ice, wind, and current loads, and has a good per-
formance of ice resistance. The connecting mecha-
nism can weaken the impact of the external platform
on the internal platform and ensure the safety of the
nuclear reactor. Under the combined effect of ice,
wind, and current, the maximum acceleration of nu-
clear reactor is 0.000 7g, 0.000 9g, and 0.002 3g re-
spectively, which meets the limitation requirements
on acceleration of land—based nuclear reactor.

Nuclear reactors, which release a large amount of
heat when they are working properly, need a steady
stream of seawater to cool them down, so there is lit-
tle chance that moon pools will freeze during an ice
period. If the reactor is shut down, the moon pool

could freeze. It is assumed that there is no relative

velocity between the internal and external platforms
due to icing, which leads to the failure of the damp-
er, and then the ice load can restrict the relative
movement in the horizontal plane of two platforms.
In addition, because the external platform is de-
signed as a vertebral structure with excellent ice re-
sistance, its motion response amplitude under ice
load is small, so there is no need to worry about the
movement of the internal platform under this situa-

tion.

4 Conclusions

In this paper, the concept of a new separated ice
region marine nuclear power platform is presented.
The design of connecting mechanism of the platform
is introduced, and the motion response of the plat-
form under combined effect of wave, wind, and cur-
rent with ice, wind, and current is analyzed. The
spring damping force on the platform is calculated.
Moreover, the damping coefficient of the connecting
mechanism and characteristics of the spring stiffness
coefficient are studied, and the optimal damping stiff-

ness scheme is selected to limit the motions in the
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surge and sway degree—of—freedoms of the platform
and to reduce vibration. The main conclusions are as
follows:

1) In this paper, the concept of a new offshore nu-
clear power platform in the separated ice region is
proposed, especially the spring—damped connecting
mechanism, which has a good hydrodynamic perfor-
mance and can resist the combined effect of the max-
imum tsunami wave height and level 17 super ty-
phoon in the Fukushima nuclear leakage accident.
Moreover, under the action of a 10 000-year re-
turn—time storm in the North Sea, the ratio of horizon-
tal displacement to the water depth, heave and pitch
responses and vertical acceleration of the platform
supported by the nuclear reactor are all smaller than
those of OFNP platform proposed by the research
team of MIT.

2) The nuclear power platform has good ice resis-
tance capability, and the environmental load bearing
platform can resist the ice load well. The design of
the connecting mechanism can well limit the surge
and sway of the internal platform and play a role in
reducing vibration. The external platform acts as a
barrier to the marine dynamic environment, greatly
improving the motion performance of the platform
supporting the nuclear power plant and making its
six—degrees—of—freedom motion response relatively
small.

3) The design scheme of the pure mechanical con-
necting mechanism reduces the impact of the roll
and pitch of the external environment bearing plat-
form on the internal nuclear reactor support platform
and effectively guarantees the safety of the nuclear
reactor. This mechanism adopts the pure mechanical
method, with good motion control, energy saving, en-
vironmental  protection, and cost—effectiveness,
which can provide technical reserve for related re-

search.
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