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MATHEMATICAL MODELING FOR ONE NEW METHOD
OF BREAKING ICE COVER

V. I. Odinokov and A. M. Sergeeva UDC 539.3

The spatial problem of determining the stress—strain state of an ice plate of finite thickness broken
by a patented method is solved using the theory of small elastoplastic strains and a proven numerical
method.

Key words: ice cover breakup, stresses, strains.

Introduction. The extension of the navigation season, especially in northern seas, is an important problem.
This is demonstrated by numerous patents concerned with developing methods for breaking ice cover [1]. In the
present paper, a mathematical model for a new technological process of ice cover breakup is constructed. The
process is patented [2] and allows breakup of ice of up to three meters thick. The idea of the method is that an
evacuated space of necessary dimensions is produced under ice, and the latter breaks up under the action of its own
weight and ambient atmospheric pressure. To implement this method, a container having two cheek plates moving
in a horizontal direction perpendicular to the waterway (Fig. 1) is placed under ice. The two side walls and the
bottom prevent water from filling the container when the cheek plates are moved apart. From the outer edges, the
container is fully open (there is only a drive for moving the cheek plates), and the removal of water by the cheek
plates is not hindered. The rate of motion of the cheek plates v and the container depth A should be such that
when the cheek plates are moved apart a distance at which ice breakup begins, the water fills the container through
the available gaps by not more than 2/3 of its volume.

A calculation of the filling of the container with water was performed in [3]. The rate of separation displace-
ment of the cheek plates is given by the analytical formula

v = 3M/(2bh), (1)

M—3 2:Oq(b1+l)+%5\/2—q{(%+h)3/2—(%)3/2}+6b\/2q(%7+h),

Here [ is the displacement of the cheek plates from the vertical plane of symmetry, ¢ is the gap between the movable
cheek plates and the motionless parts of the container, and, hence, the ice plate, ¢ is the gravity acceleration, -y is
the relative water density, oy is the atmospheric pressure, and b; = 2b is the total width of the container.

Formulation and Solution of the Problem. The spatial problem of the strain of ice cover under
atmospheric pressure and the weight of ice is solved. Since the problem is symmetric, we consider one-fourths of
the strain area (Fig. 2a). Formalizing the deformation model, we assume that ice I rests on the container case II
and the elastic foundation (water) outside the container. Inside the container, ice is deflected under the action of
its own weight and ambient atmospheric pressure. The medium being deformed is considered elastic and isotropic,
and the elastic displacements small. Inertia forces are ignored because of the smallness of the rate of separation
displacement of the cheek plates. Using the equations of the theory of elasticity for small strains, we write the
following system of differential equations in Cartesian coordinates:

where
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Fig. 1. Diagram illustrating the formation of an evacuated space under ice: movable cheek plates (1), side walls (2),

bottom (3), and outer edges of the container (4).
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Fig. 2. Diagram of strain calculations for the ice plate: spatial diagram (a) and diagrams in the planes

z1w2 (b) and z2z3 (c).

oij)j+Fi:07 i»j:17273, F2:F3:

0;

0y —06;; =2Ge;;, 0,5 =1,2,3, e = €ij — (1/3)edy;,

YR

1 Uij + Uji 1,
0=30i  Eij= o i = 0.
Eii = 3ko.
The thermal heat conductivity equation for the stationary case is written as
0 00
9,0

i=j
iFJ

€ = &y



In (2)-(5), G = G(0) is the shear modulus, 6 is the temperature, k = k(6) is the bulk compression coefficient,
o0;; are the stress tensor components, €;; are the strain tensor components, F; are projections of the specific bulk
force onto the z; axes, u; are projections of displacements onto the coordinate axes z; (i = 1, 2, 3), and A is the
thermal conductivity. Equations (2)—(5) are written with allowance for summation over repeated indices.

Ice cover can be treated as a plate of finite thickness in which
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Then, Eq. (5) becomes i()\ ﬁ) L "
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with the boundary conditions 6|,,—o = 0 and 6|;,=;, = 61. The coeflicient A(f) varies with temperature according

to the linear law [8]
A= Xo(1+ ab). (7)

Integrating Eq. (6) and setting 6y = 0, we obtain

0=t S (). 3)

According to the data of [8], a = —0.0159 and Ag = 2.22 W/(m - K).
The boundary conditions of the problem are given by

o11lss = —0o, (012 = 013)|ss = 0, (011 = 012 = 013) |5, = 0,
(012 = 013)|s; =0, o21ls, =0, o23ls, =0 (i =4,6);
. 9)
(012 = 013)]s, =0, o31ls; =0, o32ls, =0 (i=25,7);

Si =0 (12456)7 us

Ull|53 = —q1, Ull|52 = Ox, (] S; — 0 (Z = 577)5

where ¢1 = 09 + vh. (hs is the depth of dip of ice).

We note that the container filled with water has positive buoyancy. The separation displacement of the cheek
plates of the container gives rise to a force which is directed from below the container sides to the ice. This force
arises from the action of atmospheric pressure and the displaced water due to the cavity formed in the container.
Then, the buoyant force is P = blhyy, where h; is the height of the cavity formed in the container (h; < h because
water flows inward during the separation displacement of the cheek plates), v is the relative density of water; and
oo is atmospheric pressure.

Hence, the stresses on the container sides S2 (see Fig. 2) are calculated by the formula

0'*:—P/[(Z—FA)A"FI)A]:UHLS‘Q. (10)

That is, the separation displacement of the cheek plates results in the formation of a free space under the ice plate,
and ice, being deformed, begins to immerse, together with the container, in water under the action of its own
weight and ambient atmospheric pressure. On the outer faces Sg and S7 (Fig. 2), we assume that the ice is fastened
and cannot move into water. This simulates the relationship between the examined ice pillow and the external
undeformable foundation. This relationship is given by the equations [7]

021]ss = —V6TsVstia/|v]; o31ls; = —YrTsvstia/|v]- (11)

Here ¢g = 17 = 1000 and vgiq is the rate of sliding of the ice pillow relative to the foundation (veia = vil|s, — v7,
where v} is the rate of motion of the foundation). In our case, vj = 0, |v| is the normalizing rate, and 7g is the
conditional yield limit of ice. Calculations show that for the adopted values of v; (i = 6, 7) the displacement u; near
Se and S7 is 0.0007 mm. In this case, the tangential stresses on the surfaces Sg and S7 do not exceed 0.02 MPa.

To solve the system of differential equations (2)—(4) subject to constraint (8) and boundary conditions
(9)—(11), we use the numerical method of [5]. According to this method, the strain region is broken into orthogonal
elements of finite sizes; for each element, system (2)—(4) is written in difference form and is solved using the algorithm
developed with allowance for the mixed boundary conditions (9). As a result, we have the stress field o;; and the
displacement field u; on the faces of each element.
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Fig. 3. Diagrams of the stresses 022 (a) and o33 (b) for various ice thickness: ho =1 (1), 2 (2), and
3m (3); h1=2m,l=10m, b=3m, lo =20 m, bp = 13 m, and § = 1.

In implementing the indicated numerical method, we used the numerical scheme developed in [6] to solve
spatial problems, according to which the basic system of difference equations is convolved into an equivalent system
which has an order of magnitude smaller number of unknowns than the basic system. The algorithm developed
in [7] is used to calculate the matrix of the new equivalent system, which is solved using a standard program.

The modeling was performed using the properties of fresh-water ice. It should be noted that fresh-water ice
is stronger than sea ice.

According to [4], E = (87.6 —0.216 — 0.00176?) - 102> MPa, the Poisson’s ratio v = 0.5 +0.0036 (§ > —40°C),
the bulk compression coefficient k¥ = (1 — 2v)/E, and the shear modulus G = E/(2(1 + v)).

In formula (8), we set §; = —30°C.

The algorithm of solution of the problem is as follows.

1. Initial conditions are specified.

2. The strain regions being studied is broken into elements of orthogonal shape. The matrix of the arc
lengths of the elements is calculated.

3. The matrix of the boundary conditions is specified according to (9).

4. The temperature field for each element is calculated by formula (8).

5. The values of (G),, and (k),, for each element (n is the element number) are calculated using the formulas
given above.

6. The matrix of the coefficients and free terms of the new equivalent system is calculated in accordance
with the sequence of calculations indicated above.

7. The system of the linear equations is solved using the standard program.

8. The values of 0;; and u; are calculated for each element (for its faces I1.J).

9. The completion of the calculation.
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Fig. 4. Diagrams of the stresses 022 (a) and o33 (b) for b = 5 (1) and 3 m (2); h1 = 2 m,
{=10m, lp =20 m, ho =3 m, and 6 = 1.

Results. Figure 3 gives diagrams of the stresses 22 (a) and o33 (b) for various ice thicknesses hy = 1, 2, and
3 m. As one might expect, the tensile stresses decrease with increase in the ice thickness. The largest values of the
tensile stresses are reached at the bottom of the ice in the center of the plane 25 = 0 (see Fig. 3b). It is interesting
to note that the diagram of the stress g2, passing the container side in the plane x3 = 0, changes qualitatively
in nature (see Fig. 3a), whereas the diagram of the stress o33 in the plane x5 = 0 (Fig. 3b), passing through the
side, remains qualitatively the same, decaying monotonically to the edge xs = by. The calculation results show that
ice breakup certainly occurs for hp = 1 and 2 m and most likely for hg = 3 m. The strength limit of the ice for
the bending of a cut standard sample is 2-3 MPa. Usually, the experimental strength for ice rafts of large sizes is
several orders of magnitude lower than laboratory data and is ostrength = 0.04-0.09 MPa [8], i.e., the scale factor is
of great significance in these experiments. Diagrams of the tangential stresses o;; (j # ¢) are not given in the paper
since they are smaller than the normal stresses by approximately an order of magnitude and are not determining
for ice breakup in this case.

Figure 4 shows diagrams of the stresses o292 and o33 for hg = 3 m and b = 3 and 5 m. The values of the
tensile stresses increase almost proportionally to the increase in b.

Figure 5 shows how the diagrams of the stresses 090 and o33 vary as the container is filled with water, i.e.,
as the value of h; varies. The results show that as the container is filled with water, the pressure of container side
on the ice decreases and the container is more strongly drowned by the mass of ice and, consequently, the ice is
more intensively deformed, as is suggested by an increase in the stresses 022 (a) and o33 (b).

As follows from Fig. 5, the stresses g92 and o33 depend greatly on the degree of filling of the container with
water, i.e., on the pressure exerted by the container sides on the ice. The container is filled with water as the cheek
plates are moving apart (see Fig. 1).
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Fig. 5. Diagrams of the stresses 022 (a) and oss (b) for h1 =1 (1), 2 (2), and 0.5 m (3); b = 3 m,
l=10m, lpo=20m, bp =13 m, § =1, and ho = 2 m.
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Fig. 6. Variation (by height ho) in the stresses o22 (a) and o33 (b) versus the separation displacement
of the cheek plates: I =1 m (1), 3 (2), 6 (3), 8 (4), and 10 m (5); lo =20 m, bp = 13 m, b = 3 m,
h=3m, =10 mm, oo = 1 kg/ecm?, v = 10 kg/cm®, ¢ = 10 m/sec?, and v = 20 m/min.
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Fig. 7. Variation in the stresses oi11, 022, and o33 versus the
separation displacement of the cheek plates for xs = 1 = 0
(from the data of Fig. 6).

According to the formula of [3], the volume of the water filling the examined part of the container equals
V = M7/2 = Ml/(2v) (v is the rate of displacement of the cheek plates), the volume of the current part of the
container is V3, = Ibh, and the volume of the container not filled with water is Vkl = [bhy, where h is the height of
the space free from water (the distance from the inner surface of ice to the water surface in the container).

Thus, we write the equation lbhy + M1 /v = lbh, whence

hy = h — M/(2bv). (12)

Let usset b=6 m, h =3m, § = 10 mm, 0¢ = 1 kg/cm?, v = 1 kg/cm?, ¢ = 10 km/sec?, and v = 20 m/min.
The quantity hq, which determines the stress on the surface Ss, is defined by formula (12).

Some results of the numerical solution are presented in Figs. 6 and 7.

The stresses oa2 reach the largest value on the symmetry axis 9 = 0, 3 = 0. Curves of g92(hg) are presented
in Fig. 6a. In the process of separation of the cheek plates, the tensile stresses gqo for 1 = 0 increase to a certain
value. Curves 4 and 5 almost coincide; even for [ = 8 m, the stresses oaz|s, =0 are somewhat higher than those for
I = 10 m. Figure 6b shows the curves o33(hg) for o = 0 and x3 = 0. It is evident from the figure that the stress o33
for 1 = 0 increases as the cheek plates are separated and it is higher than the stress g9s for the same values of .
Figure 7 shows the stresses 092 and o33 for 3 = 1 = 0 versus the separation displacement of the cheek plates. In
addition, the figure shows the variation in the stress 011 at the container edges during the separation of the cheeks.
Although the container is increasingly filled with water, the pressure on the container edges grows. This suggests
that although the container is filled with water, the volume of the cavity free from water increases more rapidly at
the specified rate v.
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