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PART I : Model Development of Distributed Mass / Discrete
Floe Model

Abstract

A new mode], named 'Distributed Mass / Discrete Floe model", is proposed for
practical computations of mesoscale pack ice rheology. This mode] possesses the advantages
of both the continuum and the discrete element ones: it can express the discrete nature of pack ice
which is difficult for a continuum model to treat, and can realize much shorter computation time
than a discrete element model. The pack ice is divided into ice floe bunches in which the floes,
assumed to be distributed uniformly, are modeled as inelastic circular disks and/or rectangles
floating on the water. The ice interaction forces are formulated from the relation between the
impulse on the bunch and the variation of the bunch momentum. The ocean flow is calculated
by a multi-layer model simultaneously with the ice floe movement.

Nomenclatures

A; Total surface area of floes in a bunch

bcy  Center position of floe bunch in x-direction
bcy  Center position of floe bunch in y-direction
bl, Icebunch length in x-direction

bly  Icebunch length in y-direction

Ca Friction coefficient between air and ice

Ca Friction coefficient between air and water
C,,  Friction coefficient between water and ice
C; Ice concentration (ratio of ice area to bunch area)
dlic  Diameter of the circular disk floe ‘
dlix  Rectangle floe size in x-direction

dliy  Rectangle floe size in y-direction

Ej Eddy viscosity

f Coriolis parameter, 2wsin¢

g Acceleration of gravity

hi Ice thickness

k Unit vector in depth direction

M; Ice bunch mass



Nix  Number of floes in a bunch in x-direction
Niy  Number of floes in a bunch in y-direction

Sx Distance between floes in x-direction
Sy Distance between floes in y-direction

v a Wind velocity at a height of 10 m

Vi Ice velocity

Vw Water velocity

n Water surface elevation

7 Water surface elevation due to ice displacement effect

W Ice/ice friction coefficient

Pa Density of air

p; - Density of ice

p,,  Density of water

Th Shear stress acting on bottom of layer
T; Shear stress acting on top of layer

¢ Latitude of mterest

w Angular velocity of earth rotation

1. Introduction

When movement of pack ice is simulated, it is very important to evaluate the mteraction
among the fragments of pack ice and those among the fragments and a solid body such as a
coastline or an ocean structure. So far, researchers involved with such problems have treated
the pack ice as a continuum. Several continuum models have been proposed and applied to

long-term and wide-area predictions' " 9320

, and short-term and narrow-area predictions
However, since the pack ice has discrete features, such models have certain limitations. On the
other hand, Serrer” and Frederking & Sayed® proposed a discrete element model approximating
each ice floe by a circular disk.  Although this approach is interesting, practical applications of it
might be difficult because it requires much computation time.

A Distributed Mass / Discrete Floe (DMDF) model is a new model for numerical
simulation of mesoscale pack ice rheology. It has the advaﬁtages of both a continuum model
and a discrete model. It can express the discrete nature of pack ice which is difficult for a

continuum model to treat. It can treat larger number of floes in much shorter computation time
compared to the discrete element model.
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The pack ice 1s divided into rectangular bunches in which the floes, all of equal size, are
assumed to be distributed uniformly. The ice interaction forces are formulated from the relation
between the impulse on the ice bunch and the variation of the bunch momentum. The floes are
modeled as inelastic circular disks or rectangles floating on the water. The equations of bunch
motion are formulated from momentum conservation law, taking into account the Coriolis force,
the sea surface inclination force, the interaction forces among the floe bunches and the stress due
to the wind and water current. A semi-Lagrangian ice mass transport procedure is adopted. A
multi-layer model is used in simulating the flow of sea water simultaneously with the ice floe
movement to account for the surface flow more accurately. Finite difference formulations of
the sea water flow have been done using the MacCormack predictor-corrector scheme. Figure
1 shows the computational procedure of this model.

[ Boundary Condition, Computation Parameter |
I
[nitial Condition ( Pack Ice, Sea Water )|

>

1
| Atmospheric Condition | ‘
Sea Water I Pack Ice
Water Velocity, | Forces on Bunch|
Water Surface Elevation| |Movement and Deformation of Bunch |
1
| Redistribution |
]
Tmax

Fig. 1 Computational procedure of DMDF model

2. Ice Model

In the present model, where the orthogonal coordinate system is adopted for the ice
floes movement computation, the pack ice is divided into rectangular ice bunches in which the
floes, all of equal area and thickness, are assumed to be distributed uniformly. The floes are

modeled as inelastic circular disks or rectangles.



Ice bunch Computational mesh

Pack ice

Fig. 2 Pack ice, computational mesh and ice bunch

dy

Centef of Mesh

|l
el
-

(a) Bunch = Computational mesh (b) Bunch # Computational mesh

Fig. 3 Bunch and computational mesh

A bunch is characterized by the values of its center position, area and ice concentration



which 1s a ratio of the ice covered area to the bunch area:

A.
= bl M
blxbly
Ai=NixN iyzz_d_l% for circular disk (2-1)
Ai= NixNiydlixdliy for rectangle (2-2)

where, C; denotes the ice concentration of a bunch, A; is the total surface area of floes in a
bunch, bl.bly is the bunch area, Ni Niy is the number of floes in a bunch, dl;. is the diameter
of circular disk floe and dl;xdl;y is the surface area of a rectangle floe. Figure 4 shows two

such bunches with 9 elements.

(a) Circular disk floe bunch (b) Rectangle floe bunch

Fig. 4 Floes and bunch
3. Equations of Bunch Motion

Ice floe movement with a relatively short time-scale (of the order of several days at
most) can be numerically well simulated with a dynamic model where the Coriolis force, the sea-
surface inclination force, the interaction forces among the floe bunches and the stress due to the
wind and water current are taken into account, neglecting ice growth and ablation.

The momentum change of the ice floe bunch in a time interval of dr can be expressed by
the following equation:



MG =5 = [ AT+ A%, — MgV 40 M, fE X T+ Fr)de 3)
where, |

M;=p;hiCiblxbly 4

To=P,CalV o=V o= 1) )

Tw =Py Culiw—5{Fw =71 (6)

M; is the bunch mass while 7, and 7, denote the shearing forces acting on the bunch due to
the wind and the sea current respectively. —MgV(n+17) is the force due to the inclination of the
sea surface. M fk X v is the Coriolis force which acts in the right-hand direction
perpendicular to the bunch movement in the Northern Hemisphere.  f; denotes the ice internal

force, i.e. the interaction force of floes in a bunch and between bunches. This is the force due
to the mutual collision and separation between the floes.

4. Ice Interaction Force

4.1 Axial ice interaction

The axial interaction forces are formulated from the relation between the impulse on the
bunch and the variation of the bunch momentum, the ice floes being treated as rigid bodies.
Two ice bunches are considered in figure 5. The velocity of bunch A relative to bunch B is
expressed by,

vs=viA—vF (6)
In case that vdf —dl—(S% + SB)/2 is positive (d! is the spacing between bunches. S$4 and 2
denote the distance between floes in x-direction of the bunch A and the bunch B, respectively),
the bunch A collides with the bunch B within one time step of df. The number of ice floes in a
bunch A, which take part in the collision with the neighboring bunch, is an integer n# satisfying
~ the inequality, '

(A -1)S4<y,dt—dl—(54+5B)/2<nfst @)
nd=0,if n? becomes less than 1. Letting n4 Ng, be the number of them to collide with the
neighboring bunch B, the axial momentum change of the bunch A due to the collision is
expressed by,

t+dt _ .

|7 Findt=mpwi—vty @®

v;=M ©)
mf+mP

mft =T (10)
Ni

where, mf is the mass of the floes taking part in the collision.



Bunch A Bunch B

After dt

Fig. 5 Axial collision between bunches

4.2 Lateral expansion of floes
An ice bunch moving against a fixed boundary is considered in Figure 6 in which four
rows of floes in the bunch collide with the fixed boundary. From the force equilibrium, the

interaction forces between floes are expressed by following equations,
, Fp(sinf— p;cosb)

12_ -
Fi 2(cosB + p;sin6) (11-1)
FBoFI2, Fp(sinf — p1;cos8) (11-2)

" 2(cos6 + p;sin6) )
Fp(sin6 — p1;cos8)

34_ 523,

Fi=Fi 2(cosf + ;sin 6) (11-3)
Fp(sinf — p.cosf)

4B_ 34, : _

Fim=F; 2(cos6 + p;sin ) (11-4)

where F} is the body force on afloe, p; is the friction coefficient between floes and 6 is the

angle between the direction of progress of a floe and the collision direction with another floe.
The angle of 8 is a function of the ice concentration and floe shape. Itis larger than 30° for the
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case of a circular disk floe and it becomes zero for the case of a rectangle floe. In the DMDF

model, the shape of the floes is taken into consideration as the value of the angle of 6.
y

Boundary

(a) Collision (b) State of equilibrium
Fig. 6 Lateral expansion of floes

Due to the interaction forces, the floes break away from the group sequentially. First,
the ice floes 1 and 3 (Figure 7 (a)) depart with an impulse F}.dt{ given by, '
F2.df0=(F 1?4+ F?+ F?*)(sin 6 —L; cos 8)-dt{
- (A+243)Fp(sinf — p;cosb)
T 2(cosf+ p;sin6)
where dt{ is the time taken by the floe 1 and 3 to depart from the group. Second, the floes 2
and 4 (Figure 7 (2)) do the same with a combined impulse Ff.dtf given by,
F$.dif=(FP+ FPLF*+ F#P)(sin 61 cos 0)-d1f '
(14+2+3+4)Fp(sinf — p;cos6)
- 2(cosf + (1,510 6)
where dtf is the time taken by the floes 2and 4 to depart after the floe 1 and 3 departed. Third,
the ice floes 1' and 3’ depart with the impulse F.dt§ followed by 2' and 4', thus repeating the

drs | (12)

are (13)

sequence. A half of ice floes to collide with the boundary, move to the right side of the bunch
and the others move to the left side. This lateral movement is called "Lateral Expansion of
Floe". Expressing the number of floe rows to collide with the fixed boundary in y-direction as
niy, the number of floes which move to right side is niyNix/2 and the total expansion

momentum directed to the right side of the bunch is expressed as follows,
FR dt=Fdit{+F&.dif+ F§.dt3+F§.dts+----+F§dt® jo+F&dts ;o (14)



(a) The First step (b) The Second step

Fig. 7 Procedure of floe expansion

where
dt=dt]+di{+dt3+dt5+ - -+dt}, o+dty, /o (15)
) {1 +2+--—+(ﬁiy—1)}Fb(sin9 — ;cos8)
Fo= 2(cosB + f1;5m ) (16)
. {1 +2+--+ ngy}Fb(sinQ — H;cos6)
Fa= " 2(cos8 + 14,50 6) an
Assuming that
dtf=dt{=dtj=dt5=-----=dt}; jo=dt},_ ,2:]% . (18)

the expansion momentum directed to the right side becomes
dt niy-niy-Fp(sin€ — p;cos6)
FR 4t—(F9 1+ F¢)\—— !
edt=(Fit P Hcosb+ snd) < (19)

The equation (18) is justified because the phenomenon is periodical in x-direction. Since the
total mass of the floes which expand to the right side is Mi-niy /Niy/ 2, the acceleration of them
becomes F §e /(Mi-niy/Niy/ 2)=2F §6-Niy /(Mi-niy). Thus, the right edge moves to the right
side with a distance F §6-N,-y.dt2 /(Mi-niy) in the time interval of dr. The left edge moves to
the left side with the same distance. As a result, after the time step of dt the x-direction length
of the bunch becomes
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RN
bll+dt bll + 2 lee le dt2 (] 9)
i*Niy

N VN 1+ dt

—_— <

X

S,t

(@) t=t | (b) t=t+dt
Fig. 8 Movement and deformation of bunch

5. Movement and Deformation of Bunch

The bunches move following the above equations and change shapes due to the
mnteraction. In the present model, the bunch movement and deformation are expressed by the
movement of the four edges of bunch. One bunch whose size and velocity at the time ¢ are
blfxblﬁy and V! respectively, is considered m Figure 8. The bunch collides with the
neighboring bunch within one time step of dr. The axial interaction force exerted on the edge
of Bis FE.

The y-direction lateral expansion force exerted on the edge of N and S are expressed
by, FN FS nix- FE(sin6 — p;cosH)

4 Niy(cosb + p1;sin6)

(20)

Assuming that the force exerted on the floes except the interaction force is 7, the velocity of the

edges of the bunch at time #+dt are expressed as,

E dt-
V;_Ex’t‘*.dtzvg’t_’(&—Fbx'Nzy}—& (21)
Nix M; 1
yWoitdi= Wit . led;]; ix (22)
2F} dt-N;
Vll;f = N, r+( 1:' +Fpy N Mlly (23)
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S

2F; dt-N;
vg;t+d1_v[yt+( ly+Fby NLx) y

M;

Assuming that the velocity of the edges varies linearly, the moving distances of the
edges are determined by the following equations,
N dt-dt

(24)

E
AxF=vE ’dz—(—~——F,,x Ny =

T (25)
Ni, dt-dt
AXI“/: tdI+Fbx le MIX 3 (26)
- FE(sin@ — p.cos6) Niydt-dt
AyN=y Nt a4 Nix* i L e 27
Vi TV’ 2Niy- Niy(cosB + 11;sin6) Ty Nix M; 2 @n
- FE(sin6 — p1.cosB) Niydt-dt
AvS=yS,td— Mix " L' jx i )y— 28
y’ Vi (ZNiy‘Niy(COSG‘*'AuiSine) FoyNex M; 2 )
and the size of the bunch changes as follows:
E Ny dt-dt
bl = pIt — Fix Nix (29)
nie Mi 2
- FE(sin@ — .cosB) dt-dt
pigpet =y + 2 (B9~ 1;0050) (30)

M;-Niy(cosO+ ;sinf) 2
6. Redistribution of Pack Ice

The bunches move following the above equations. As a result, the edge of the
respective bunches do not coincide with the edges of the computation mesh after the movement
in the interval of dt. Therefore, the floes are redistributed into one bunch for one mesh,
conserving the mass and momentum. The characteristics values of the new bunch are

determined by the following equation;

bl = x{n ax~ Xhin (30-1)
I+ = Y= Viin (30-2)
bci:’t_"dt - Eﬁ%ﬁﬂﬂl (30-3)
jt+d yrj;lax + y{nin
befitdr = Zhe (30-4)
.
cj=Scik (30-5)
k=1 .
Cljh{‘blé’t*—dt bl§’1+d[ — ’f Clj’k hi]',k bl{»’k’H-dt bl§,k,1‘+dt (30~6)
k=]

Ci/‘hifbl-{,t+dt bl;’t-*-dt ;{,H—dt — %C_Ii,k h;i’k bl;’k’H-dt bl§,k,t+dl {;i]',H-dt (30_7)
k=1
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NN

(b) Movement and deformation

bll!H'dI

(d) Redistribution

2

VETIIIIIFIIF

(€) t=t+dt

Fig. 9 Redistribution of pack ice
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where, np 1s the number of bunches which came into the computation mesh under
consideration as shown in Figure 9. Equations (30-5), (30-6) and (30-7) express the ice

concentration, mass and momentum conservation, respectively.

7. Ocean Flow

For the ice movement, it is important to analyze the ocean flow, particularly near the
sea surface. In the present computation, the ocean flow is divided into horizontal layers as
shown in Figure 10. The momentum conservation equations (the Navier-Stokes equations
integrated in the layer height) and the continuity equation are

Gy wxaqwx+ 0 G

> > —fqyuy
=_ga(n+&z)d2k+sz;w’fbx_l_zEna qwx+ny§y(3gx agywy) 6D

agtwy+vwxa§x”’y+va§q—wy+qux
=_g3(77+87yf)d1k+71y;wfby 2, aqu P aax (93;,x+9§yw) 32)
% agxwu gy“’yzo | (33)

where d z; is the height of the k-th layer, and
9wx =wade’ qu:wade

QWX wadZ, Q J’ wadz
q, and g, are water fluxes in x- and y-direction in the layer, and Cux and Quy are total

water fluxes.
For k=1, the shearing stress on the top becomes,

T:=Citw+(1—C)Taw . (34)

where, : A
aw=PaCalVo|V s (35)

is the shearing stress between the water and air, and 7, is the stress between the water and ice
given by the equation (6).

The equation of Wu” is used for the friction coefficient C, due to wind on the water
surface,

Ca=(0.8+0.065y ) x1073 (36)

For k=21t kmax,
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. - oy
fl=—gk=p Ez_a"z_w. 37)

with the no slip condition on the seabed. The eddy viscosity E, is obtained by multiplying the
grid spacing and ice concentration parameter with E,,,

0.1147 |74 < 4m/sec
PyEz=45.5847,/-15.04 4m/sec<|V |<8m/sec - (38)
0,453|‘7012 4m/sec<|7 |

The above equation is a modified form of the observation equations of Ekman and Thorade'®.

Finite difference formulations of the ocean flow were made using the MacCormack predictor-

corrector scheme’ '),

Free Surface n+n

— Seabed

Fig. 10 Modeling of ocean flow

Summary and Conclusions

The Distributed Mass / Discrete Floe model is a numerical model proposed for the
computation of mesoscale pack ice rheology with the difference of floe shape taken into
consideration. This model possesses the advantages of both the continuum and the discrete
element ones: it can express the discrete nature of pack ice which is difficult for a continuum
model] to treat, and can realize much shorter computation time than a discrete element model.

The pack ice is divided into rectangular bunches in which the floes, all of equal size,
are assumed to be distributed uniformly. The ice interaction forces are formulated from the
relation between the impulse on the ice bunch and the variation of the bunch momentum. The
floes are modeled as inelastic circular disks or rectangles floating on the water. The equations

of bunch motion are formulated from momentum conservation law, taking into account the
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Coriolis force, the sea surface inclination force, the interaction forces among the floe bunches
and the stress due to the wind and water current. A semi-Lagrangian ice mass transport
procedure is adopted. A multi-layer model is used in simulating the flow of sea water
simultaneously with the ice floe movement to account for the surface flow more accurately.
Finite difference formulations of the sea water flow have been done using the MacCormack
predictor-corrector scheme.

References

1) Campbell, W.J., '"The Wind-Driven Circulation of Ice and Water in a Polar Ocean", J
Geophys Res, Vol. 70, No. 4, pp. 3279-3301, 1965.

2) Hibler IIT, W.D., "A Dynamic Thermodynamic Sea Ice Model", J Phys Oceanogr, Vol. 9,
pp- 815-846, 1979. '

3) Flato, G.M. and W.D. Hibler III, "Modeling Pack Ice as a Cavitating Fluid", J Phys
Oceanography, Vol. 22, pp. 626 - 651, 1992.

4) Thomson, N.R., J.K. Sykes and R.F. McKenna, "Short-Term Ice Motion Modelmg with
Application to the Beaufort Sea", J Geophys Res, Vol. 93, pp. 6819 - 6836, 1988.

5) Bruno, M.S. and O.S. Madsen, "Coupled Circulation and Ice Floe Movement Model for
Partially Ice-Covered Continental Shelves', J Geophys Res, Vol. 94, pp. 2065 - 2077,
1989.

6) Rheem, C.K., H. Yamaguchi, H. Kato and H. Horikome, "A Numerical Study on Pack Ice
Movement Using a Dyna:hic Jce Model as a Continuum", J Soc Naval Archi Jpn, Vol. 173,
pp- 169 - 174, 1993.

7) Serrer, M., S.B. Savage and M. Sayed, ''Visualization of Margmal Ice Zone Dynamics",
Proc 1st Int Conf and Exhibution VIDEA 93, Southampton, UK, 1993.

8) Frederking, R. and M. Sayed, ""Numercal Simulations of Mesoscale Rheology of Broken Ice
Fields", Proc 12th Int Conf POAC, Vol. 2, pp. 789 - 798, 1993.

9) Wu, J., "Wind-Stress Coefficients over Sea surface from Breeze to Hurricane", J Geophys
Res, Vol. 87, pp. 9704 - 9706, 1982.

10) Thorade, H., "Die Geschwindigkeit von Triftomungen und die Ekmansche Theorie', Ann d

Hydrogr u Mar Meteor, Bd. 42, pp. 379 - 391, 1914.
11) Hoffmann, K.A., "Computational Fluid Dynamics for Engineering", Engineering
Education System, Austin, pp. 220-221, 1989.




16

PART II : Model Verification
- Comparison to Circulation Water Channel Experiments
and Sea Ice Motion in the Southern Part of the Okhotsk -

Abstract

In a circulation water channel, drift tests of physical mode] floes were performed in
order to investigate the characteristics of their motion and interaction with the structure. The
floe motion near the structure depends on the floe shape. Disk floes show a lateral motion in
front of the structure. They flow out from both sides of the structure and the number of floes
in front of the structure decreases with time. On the other hand, rectangle floes scarcely
expand laterally. The number of the floes in front of the structure remains almost constant
with respect to time.  These experiments indicate that when the motion of pack ice is simulated
around a structure, it is important to choose the floe shape. The disk floe motion and the
rectangle floe motion can be regarded as the two extreme cases of pack ice motions.  An actual
pack ice motion may be between these two extreme cases.

Some computations using Distributed Mass / Discrete Floe (DMDF) model were made.
Simulation results were compared with the circulating water channel experiments and the sea ice
motion in the southern part of the Okhotsk. The DMDF predicted the circulating water channel
drift tests quite closely. The DMDF results also compared quite well with the sea ice motion.

1. Introduction

The pack ice motion near the ocean structure depends on the floe shapes and the
structure. The collision between disks is along the diametral line. On the other hand,
rectangles collide facially. As a result, the motion of disks floes is more active than rectangles
near the structure. When the structure stops both the floes and water, the floes decrease their
speed in front of the structure because the water stagnates in front of the structure.

Even though several models have been proposed for forecasting pack ice motion,
calibration data are scanty. This study investigates experimentally the characteristics of the
pack ice motion and the interaction among the fragments of pack ice and those among the
fragments and a solid body such as an ocean structure for different floe shapes. The drift tests
using disk and rectangle physical model floes are performed in a circulation water channel.
The floes were driven by the wind and the current.
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Two computations are made in order to investigate characteristics of pack ice motion
with Distributed Mass / Discrete Floe model. One is made for the same conditions as the drift
tests of the physical mode] floes around an ocean structure made at the circulating water channel.
The other is sea ice motion simulation in the southern part of the Okhotsk. Simulation results
are compared with the sea ice motion. |

2. Drift Tests of Physical Model Floes

The aim of the drift test of model floes was to investigate the characteristics of floe
motion and interaction between floe and ocean structure for different floe shapes.

2.1 Experimental set-up

The experiments were performed in a circulation water channel equipped with wind
blower at the Chiba Experiment Station, Institute of Industrial Science, University of Tokyo.
The test section is & m Jong X 1.8 m wide X 0.9 m deep. Figure 1 shows the principal
arrangement for these tests.

Load Cell Wind

Ocean Structure Model
Floe Model

K

<—=

urrent

Fig. 1 Measurement system arrangement for an ocean structure model

The disk and rectangle physical model floes were made of polypropylene with a
specific weight of 0.912.  The size of the disk was 50 mm diameter X 15 mm deep and that of
the rectangle was 50 mm X 50 mm X 15 mm deep. Two ocean structure models of size 300
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mm X 300 mm X 50 mm deep were used. One was made from a stainless steel mesh to pass

water. The other was made from a board to stop water.

A three-component dynamometer was used to measure the ice interaction force of Fx,

Fy and Mz on the structure.  Figure 2 shows the measuring section and the initial conditions of
the tests. '
wall
90 Floe Models Structure
— - |, - outside
Wind 0
=$ _ — — -L1_ center
Current 50
— — —+'- inside
i
wa 0 100 200 300 400

Fig. 2 Measuring section and initial condition of drift test of floe models around an ocean
structure model of size 300 mm X 300 mm x 50 mm deep

2.2 Wind and current distribution

All the experimehts were made under the same wind and current conditions. Figures
3 and 4 show the measured wind and current distribution in the absence of floe on the water
surface. The wind speed was measured by a Pitot tube anemometer at a height of 50 mm
above the water surface, and the water speed was measured by a blade wheel current meter at a
depth of 15 mm. |

The wind blows slightly stronger at the inside and outside of the channel than at the
center. The reason is that the blower has two fans whose centers are near the inside and
outside positions of the channel. The current is also slightly stronger at the inside and outside
of the channel than at the center because of the difference in wind; and the water speed is higher
downstream than upstream since the water has been accelerated by the wind.
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3. Experimental Results

3.1 Free drift of physical model floes

Initially, the mode] floes were located at the upstream center of the channel with the
area of 800 mm X 900 mm as shown in Figure 2.  The initial concentration of model floes was
0.99 for the case of rectangles and 0.9 for disks. The floes were at rest and the wind and
current were steady. The surface water reduced speed at the center of the channel, because the
floes were atrest. The initial surface water speed at the position of the structure was reduced
to 93.5 m/sec for the case of disks and 98.5 mmy/sec for rectangles due to the drag of the model
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floes. The floes begin to drift driven by the wind and current.

Figures 5, 6 and 7 show the time variation of drift of the model floes in the absence of
the structure, for the case of disks, rectangles and mixture of disks and rectangles, respectively.
The drift speed at the inside and outside of the channel is higher than at the center due to the
difference of the surface water speed. In the case of the disks, the floes expand to the wall
direction due to the lateral expansion force. In the case of rectangles, however, the floes
scarcely expand to the wall direction and turn clockwise and counterclockwise forming two
groups due to the effect of the surface tension of the water between the rectangles. In the case
of mixture of disks and rectangles, the floes show intermediate behavior between the above two

cases.

3.2 Drift of physical model floes around no water stop structure

The initial conditions of these tests are the same as those of the previous tests. The
ocean structure model was made from a stainless steel mesh to pass water. The floes begin to
drift driven by the wind and current, and some of them collide with the structure. Then the
floes accumulate in front of the structure.

Figures 8 and 9 show the time variation of drift of the disk floes and the rectangle floes,
respectively. In the case of the disk floes, the floes in front of the structure are in active
motion, because collision between disks is along the diametral line. As a result, they flow out
from both sides of the structure and the number of floes in front of the structure decreases with
time. In the case of the rectangle floes, however, the floes have no motion in front of the
structure, because they collide facially. The number of floes in front of the structure is almost
constant with respect to time.

Figure 10 shows the time variation of the x-direction interaction force of Fx, exerted
on the structure (see Figure 2). Each peak corresponds to a collision of a floe model or floe
models. The horizontal axis denotes the elapsed time from the start of the drift. The negative
peaks are due to the vibration of the structure. In the present tests, all the floes in front of the
structure collided with the structure simultaneously, because the floe concentration was very
high. Hence higher peaks appear intensively at the beginning of contact. In the case of the
rectangle floes, the force Fx is stable compared to the case of the disk floes. This is due to the
behavior of their motion in front of the structure: the rectangle floes had no motion, while the
disk floes were in active motion. The elapsed time from the start of the drift to the first contact
of the floes with the structure is about 21 seconds for disks and 18 seconds for rectangles.
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3.3 Dirift of physical model floes around water stop structure

In this test, the water stop ocean structure model was used with the water stop column
which has the same horizontal section area as that of the structure. Figure 11 shows the
configuration. The initial conditions of this test are the same as those of the previous tests
except for the current distribution. The surface current distribution changed due to the water
stop structure and column as shown in Figure 11 (b).

Figure 12 shows the time variation of drift of the disk floes, and Figure 13 shows the
time variation of the x-direction interaction force of Fx, exerted on the structure. The floes
decrease their speed and begin to move to the wall direction in front of the structure because the
water stagnates in front of the structure. Then, the first contact of the floes with the structure
being delayed, the highest peak value of the interaction force on the structure decreases and the
number of floes which flow out from both sides increases, compared with the case when the
structure stops only the floes. The elapsed time from the start of the drift to the first contact of
the floes with the structure is about 24 seconds and the region of the accumulated floes in front

of the structure is scarcely formed.
4. Motion Simulations of the Physical Model Floes

The movements of the physical model floes were numerically simulated using
Distributed Mass / Discrete Floe model] with the same conditions as the drift test of the physical

model floes made in the circulating water channel.

4.1 Computation parameters

The computation mesh size was 150 mm X 150 mm. The number of water layers
was 5 and the height of each layer was 30 mm. The measured speed of the current at 150 mm
depth was used as the bottom condition. The friction coefficient C,, was 0.2 for both the
disk and rectangle floe models and C, was 0.013 for the disk and 0.016 for the rectangle.
These values were obtained from drag measurements on a single model floe. C, was
determined in such a way that the computed single floe motion agreed with the experimental one.
In the present computation, assuming that the friction coefficients were the functions of ice
concentration, the following equations were used;
‘ Cie= Cr((A— facy - CH + A - fac, - CH(Nix— 1)/ Nix )
where subscript &k denotes a kind of friction and * denotes a direction, and superscript +
denotes a upstream neighboring mesh. The parameter of fac, depends on the kind of friction
and the shape of floe. The values of fac, used in the present computation are shown in Table
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1. These equations were formulated in such a way that the computed surface water speed at
the position of the structure agree with the experiment. The other conditions such as the size
of the computation domain, model floes and ocean structures, and the wind distribution were

the same as those of the experiment.

Table 1 Friction parameters, fac,

Cw Ca Ca'
Disk 0.46 0.86 1.0
Rectangle 0.78 0.80 1.0

4.2 Drift of physical model floes around no water stop structure

' Initially, the floes were located at the upstream center of the channel with the area of
800 mm X 900 mm as shown in Figure 2. The ocean structure stopped only floes and the
initial concentration of model floes was 0.99 for the case of rectangles and 0.9 for disks. The
floes were at rest and the wind and current were steady. - '

Figure 14 shows the time variation of floe distribution. The results are similar to the
circulating water channel experiment. In the case of the disk floes shown in Figure 14 (a), the
floes accumulate in front of the structure and flow out from both sides. The number of floes
i front of the structure decreases with time. The number of rectangle floes in front of the
structure remains constant with time as observed. The drift speed at the inside and outside of
the channel is higher than the center for both cases of disk and rectangle floes.

In the experiment, the disks expanded to the wall direction, and the rectangles turned
clockwise and counterclockwise forming two groups. In the computation, however, the
rotation of the floes, the surface tension of water between floes and the waves on the water
surface were disregarded. And the ocean structure regarded as a fixed boundary, while the
experiment allowed the structure to vibrate. Hence, the lateral expansion of the disks was
insignificant and none of the turning of the rectangles was showed. In front of the structure,
the computed floe motions were stable and the number of floes flowing out from both sides of
the structure were fewer compared to the experiments.

Figure 15 shows the time variation of the x-direction force exerted on the structure.
The horizontal axis denotes the elapsed time from the start of floe motion. The results are
similar to the circulating water channel experiment. However, the computed highest peaks are

about 2 times as high as those of the experiment for both the cases. This difference is due to
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the increase of floes colliding with the structure because of the less lateral expansion of disks or

the disregarded rotation of rectangles.

4.3 Drift of physical model floes around water stop structure

In this computation, the ocean structure which stopped both the water and floe was
used. The initial conditions of this test are the same as those of the previous computations
except for the current distribution.  Figure 16 shows the computed initial current distribution at -
the water surface.

Figure 17 shows the time variation of drift of the disk floes and Figure 18 shows the
time; variation of the x-direction interaction force, exerted on the structure. These are also
similar to the experimental results. The floes decrease their speed and begin to move to the
wall direction in front of the structure. Then, the first contact of the floes with the structure,
being delayed, the highest peak value of the interaction force on the structure decreases and the
number of floes which flow out from both sides increases, compared with the case when the
structure stops only the floes. ' The elapsed time from the start of the drift to the first contact of
the floes with the structure is about 24 seconds and the two main collisions occur, and the
region of the accumulated floes in front of the structure 1s hardly formed. These agree with the
results of the experiment well. However, the highest peak is much lower compared to the
experiment.  This difference is due to the size of the computation mesh: the mesh is relatively
large compared to the structure. This results in the decrease of the water speed and floe

momentum in front of the structure.
5. Simulation of Sea Ice Motion in the Southern Part of the Sea of Okhotsk

The numerical simulation covers the sea area around Hokkaido and includes the
southern part of the Sea of Okhotsk, the northern part of the Sea of Japan and a part of the

Pacific, as shown in Figure 19.

5.1 Computation conditions

The computation domain 1s divided into 5041 (71x71) square meshes with the size of
12.5 km. The number of water layers was 5 and the height of each layer was 6 m. Initial
value of the concentration and ice thickness of sea ice are estimated from observational data
from satellites, airplanes, ships and coastal raiders. Figure 19 shows initial distributions of
the ice concentration and thickness on 1st February, 1994. The numerical weather prediction
data including sea surface pressure and wind velocity at 10 m height are used. Figure 20
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shows the time variation of wind velocity in the computation domain.

5.2 Numerical result

Figure 21 shows the predicted and observed distribution of ice concentrations over 7
days, i.e. 8th February. The higher sea ice concentration region at the north-west side of the
Siretoko peninsula is accurately predicted. However, the predicted sea ice area extends more
eastward in the sea of Okhotsk and southward in the Japan sea west of Sakhalin than that
observed.

6. Summary and Conclusions

In a circulation water channel, the drift tests of physical model floes were performed in
order to investigate the characteristics of their motion and interaction with a structure. The
~ results are summarized as follows:

The floe motion depends on the floe shapes. The disk floes expand laterally due to
the lateral expansion force. The lateral expansion force increases in front of a structure.
Then the disks flow out from both sides of the structure and the number of floes in front of the
structure decreases with time. However, the rectangle floes scarcely expand laterally. Then
the number of floes in front of the structure becomes almost constant with respect to time.

The floe motion also depends on the structure. When the structure stops both the
floes and water, the floes decrease their speed in front of the structure and the interaction force
on the structure decreases, compared with the case when the structure stops only the floes.

Some computations using the Distributed Mass / Discrete Floe model were made.
Simulation results were compared with the circulating water channel] experiments and the sea ice
motion in the southern part of the Okhotsk. The DMDF predicted the results of the circulating
water channel drift tests quite closely. The DMDF results also compared quite well with the

sea ice motion.
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The three main cooperating institutions
of INSROP

Ship & Ocean Foundation (SOF),

Tokyo, Japan.

SOF was established in 1975 as a non-profit
organization to advance modernization and
rationalization of Japan's shipbuilding and
related industries, and to give assistance to
non-profit organizations associated with these
industries. SOF is provided with operation
funds by the Sasakawa Foundation, the world's
largest foundation operated with revenue from
motorboat racing. An integral part of SOF, the
Tsukuba Institute, carries out experimental
research into ocean environment protection

and ocean development.

Central Marine Research & Design
Institute (CNIIMF), St. Petersburg, Russia.
CNIIMF was founded in 1929. The institute's
research focus is applied and technological
with four main goals: the improvment of
merchant fleet efficiency; shipping safety;
technical development of the merchant fleet;
and design support for future fleet develop-
ment. CNIIMF was a Russian state institution up
to 1993, when it was converted into a stock-

holding company.

The Fridtjof Nansen Institute (FNI),
Lysaker, Norway.

FNI was founded in 1958 and is based at
Polhegda, the home of Fridtjof Nansen, famous
Norwegian polar explorer, scientist, humanist
and statesman. The institute spesializes in
applied social science research, with special
focus on international resource and environ-
mental management. In addition to INSROP,
the research is organized in six integrated
programmes. Typical of FNI research is a multi-
disciplinary approach, entailing extensive
cooperation with other research institutions
both at home and abroad. The INSROP
Secretariat is located at FNI.
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