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Abstract. The solution of a steady three-dimensional problem for the wave disturbances
induced by a pressure distribution moving with uniform speed along the rectilinear edge of
semi-infinite ice sheet is presented. This external load simulates the air-cushion vehicle. The
problem is formulated within linear hydroelastic theory. The fluid is assumed to be inviscid
and incompressible and its motion is potential. The ice sheet is treated as an elastic thin plate
using the Kirchhoff-Love model. The solution of this problem is constructed using the Fourier
transform and the Wiener-Hopf technique. The displacements of free surface and ice cover
are determined, as well as power characteristics (wave resistance and side force) acting on the
vehicle at various speeds of its movement: subcritical and supercritical relative to the minimum
phase velocity of flexural-gravity waves in the ice cover. It is found that at speeds close to the
critical velocity of flexural-gravity waves, the wave forces undergo sharp changes. It is shown
that for some values of load speed, ice thickness and external pressure, the ice fracture near the
edge is possible.

1. Introduction
The hydrodynamic aspects of an air cushion vehicle (ACV) can be studied by assuming its
action to be equivalent to that of a pressure distribution acting on the free surface of water [1].
The disturbance induced by a pressure distribution moving over infinitely extended free surface
has been thoroughly studied (see, e.g. [2]). However, in polar regions of the World Ocean, there
are situations when the vehicle moves along the edge of ice sheet. Previously we obtained the
solution of a steady three-dimensional problem for flexural-gravity waves generated by a local
pressure distribution moving with uniform speed over semi-infinite ice sheet along its rectilinear
edge [3] - [6]. Three configurations were considered: (i) the surface of fluid is free outside of ice
sheet; (ii) two semi-infinite ice sheets (may be of different thickness) divided by a crack with
free edges; (iii) the fluid is bounded by a rigid vertical wall and the edge of an ice sheet can be
both free or clamped.

In this paper, the steady problem for the fluid and semi-infinite ice sheet under the action
of an external load moving with uniform speed over a free surface along the edge of ice sheet is
considered.

2. Mathematical formulation

The water is taken to be of constant density pp and uniform depth H. The pressure distribution
P(x,y) moves with constant speed U over a free surface along the rectilinear edge of the ice
sheet. We consider the moving together with the load Cartesian coordinate system (x,y, z) with
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x -axis directed perpendicular to the edge of the plate, the y -axis along the edge, and the z
-axis vertically upwards. The upper boundary of fluid is covered by an ice sheet in the region
z < 0 and the surface of fluid is free outside of ice sheet in the region z > 0. The fluid motion
is irrotational and can be described by a velocity potential p(x,y, z). The ice sheet is assumed
isotropic and homogeneous and is treated as an elastic thin plate. It is assumed that the plate
is in contact with the water at all points and the plate draft is ignored.

The boundary-value problem for the velocity potential and the free surface elevation or plate
deflection w(x,y) can be written as

Azp=0 (|z|,|y] <oo, —H <2<0), Az=Ay+0%/02%, Ay =0?/02*+0%/0y*, (1)

0w 0y op P(x,y)
DAQ h 2 = — ’ 2
qw—+phU a2 ToPow- pany . 0 (z<0), gw— Uay L p (z>0), (2)
8@/8z‘z:0 = —Udw/dy, 8(,0/8,2‘2:_[{ =0, (3)
0? 0? o1 0? 62

Here D = ER3/[12(1 — v?)]; E, v, h, p are Young’s modulus, Poisson’s ratio, the thickness
and density of ice sheet, respectively; g is the acceleration due to gravity. For wave motion the
decaying conditions should be satisfied far from the pressure region.

We restrict our consideration to the pressure distribution in the form

Pz, y) = %{tanh[%(y +0)] — tanhl>(y — O)}[H(x — 20 + a) = H(z —20 —a)],  (5)

where P, is the nominal pressure, and a and b are respectively the half-beam and half-length
of pressure region whose center is located at the point (x = zy > a, y = 0), and H(-) is the
Heaviside function. The rate of pressure fall-off at the edges is controlled by the parameter s.
As a special case, > — oo is equivalent to a uniform pressure acting on a rectangular area:
|z — zo| < a, |y| < b. This representation was used in [3] - [6]. However, when the load
moves over a free surface, the constant pressure distribution in the rectangular planform leads
to unrealistic oscillations in the wave resistance curve at the low Froude numbers [1].

We are interested in bending stresses in the ice cover. In particular, it is of practical interest
to know whether the moving load can lead to stresses large enough to break the ice near the
edge. The strain tensor (z,y) is given by the matrix

5(1'7 y) = D) 82w/axay 82w/8y2 (6)

h H 0*w/0x?  0*w/dxdy H
This tensor describes the strain field in the ice sheet.

The forces F, (side force) and F, (wave resistance) acting on ACV and its non-dimensional
values A, A, are determined by formulas

zota 8w ow 9po
(Rq, Ry) / / a 8>dydx (Az,Ay)——TPg(Rx,Ry). (7)

3. Method of solution
We describe briefly the solution of problem (1)~(4) by the Wiener-Hopf technique. The
dimensionless variables and parameters are introduced

(@', 2 d b xp) = (w,y,2,a,b,20) /H, 5 = Hs,
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B=D/(pogH"), F =U/\/gH, o = ph/(poH), Py = Po/(pogH).

Below, the primes are omitted. We will seek the velocity potential and the displacement in the
form p = UH¢(z,y,2), w=HW/(z,y).
We use the Fourier transforms to the variables  and y in the form

O_(a,s,2) = / e_lsy/ o(x,y, 2)e"*dzdy, Pi(a,s,z) = / e_“y/ o(x,y, z)e" T dxdy.
—00 —00 —00 0
From the Laplace equation (1) and no-flux bottom condition (3), we have

O(a,8,2)=P_+ Py =C(a,8)Z(, 8,2), Z =cosh[(z+ 1)V a?+ s?]/cosh/a?+ 52, (8)

where C(a,s) is unknown function. We introduce the functions Fi(c,s), G+(a,s) in the
following manner:

o0 0 o -
82¢) i . 82¢ )
_’I,Sy 1T — —isy iar
/e / 82 ) 0" drdy, I /e / ) o8 dzdy,
e 5
: 2 )
- 86 %1
= Y 2 27 10T
o /—Ooe /—oo [(ﬁA ok y 2> 9z E 32/2L:oe drdy, (10)
00 . o s} 62 8(25 62(25 ‘
= e 2 27 (e %9
G+ /_Ooe /0 [(5A +1+4+0F 3y 2) 9, +F 8y2Lzoe dxdy. (11)

The functions with indexes +/— are analytical on « in the upper/lower half-plane, respectively.
From boundary conditions (2), we have

G_(a,s) =0, Fi(a,s)=1sQ(a,s), (12)
where " () sin(sb)
zo+a 27rP sin(aa) sin(sb)
Z az—sy) 0 QT
(a,s) / /I drdy asesinh([ms/(252)] o

Using (8)~(12), we can write
F_(a,s) +1isQ(a,s) = Cla, s)Ki(a, ), Gi(a,s)=C(a,s)Ka(a,s), (13)

where Kj(a,s) and Ks(a,s) are the dispersion functions for the free surface waves and the
flexural-gravity ones in a moving coordinate system, respectively:

= va? + s2tanh /a2 + s2 — F?s?,
Koo, s) = [B(a® + s2)? + 1 — 0 F?s°|\/ a2 + s2 tanh /a2 + s2 — F2s%,

The dispersion relation for free surface waves K1(y) = ytanhy — F2s2 = 0 has two real roots
+90 and the countable set of imaginary roots ++,, (m = 1,2,...). The dispersion relation for
flexural-gravity waves Kao(p) = (Bu* +1 — o F%s?)uthy — F2?s? = 0 has two real roots =g,
four complex roots +p_1, u_9, p_9 = —fi—1 (the bar denotes complex conjugation), and the
countable set of imaginary roots 4, (m = 1,2,...). Then the roots of dispersion functions
Kn(a,5) =0 (n=1,2) are xm(s) = v/ (s) = s* (n=1) and am(s) = /7 (s) — s (n=2).
We take the values of these roots from the upper half-plane.
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Excluding the function C(«, s) from equations (13), we obtain
F_(a,5) +i5Q(a,5) = Gy (o, 8)K(a,5),  K(a,s) = Ki(a,5)/Ka(a,s). (14)
In accordance with the Wiener-Hopf technique, we factorize the function K(«, s):

(o £ xj) 5
(£ aj)y’

K(a,s) = K_(a,8)Ky(a,s), Ki(a,s) = ot a“:§5g1 - 2)Ni(a, s), Ny = H
_ _ i

where the functions K are analytical in the upper/lower parts of complex plane «, respectively.
Dividing (14) by K_(«, s), we have

+ = G+(OC,S>K+(0478)7

where a(s0+a) o )
~ 7wsPysin(sb) _ eralrota) _ glatroa
Us) = »sinh([ms/(2)] la) = a )
Then we use the representation
¥(a) LR Q)
————=Ly(a,s)+ L_(a,s), Li(a,s)=+—
Moo i) beles) =%5g | AN G

and as a result we obtain the equation

F_(a,s) - Q(s) (a —a_q)(a—a_2)

L_(a,s)=
K_(a,s) fo1fi2 (@,5)

a—oa_1)(a—a_g)
H—1p—2

The functions on the left-hand and right-hand sides of this equation are analytical in the lower

and upper parts of complex plane «, respectively. Then we have analytical function over the

entire complex plane a. By Liouville’s theorem, this function is a polynomial. The degree of

the polynomial is determined by the behavior of this function as |a] — oo and is equal to one.

Consequently, we can write

Gi(o,s)Ky(a,s) — Q(s)( Li(ays).

G-l o) as) — () E O ZO () — 000 fan(s) + ar(s)al,

where ag(s) and a1 (s) are unknown functions which are defined from edge conditions (4).

The deflection of the plate and the free surface elevation are determined by performing the
inverse Fourier transform:
at £ <0

1 [ . > pithpje e
Wie) =5 [ emu(s) jthy [ao<s>+a1<s>a~+
2 L) L R o ) Ry :

N Xm)

(aj —a1)(aj — ay) Z

H—1H—2 0 Oz] N/ (va

)]ds, O (s) = 28).
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at x>0
F2 oo e ’LXJIEK ,
W(z,y) = =-5 | 'Y 520 ( Z + X] 5) [ao(s) —a1(s)x;+
o m F2 0o
(X] + a_ 1)(X]+Oé 2 Z ¢(X /) :|d8—/ eZSySQQl(s)A(a:,s)ds,

fo1fi-2 =, Om =+ X5)NZ (xms ) 2 )

where
00 1 explixj(zo —z + a)] —explixj(zo —z —a)] (0<z<z9—a),

A(z,s) = Z

m explixj(zo — x4+ a)] + explixj(z —zo+a)] =2 (| — x| < a),
j=0 !

explix;j(z — x0 + a)] —explixj(z —2x0 —a)]  (z > z9+a),

where the prime denotes the partial derivative of a function with respect to its first variable.

Using free-edge conditions (4), we obtain the system of two linear algebraic equations to
define the coefficients ag(s) and a;(s). All integrals on « are evaluated by the residue method.
The analysis of dispersion relation for free surface waves shows that at any speed of the load
there is a value sp, that yo(s) < |s| at |s| < so and vo(s) > |s| at |s| > s, in this case xp is real.
Gravity waves spread at |s| > so. At U > U, = +/gH, we have sg = 0. The velocity U, is called
the limit of long waves.

For the infinitely extended elastic plate, there is a minimum phase velocity of flexural-gravity
waves ¢y, and always ¢, < U, (see, e.g. [7]). If U < ¢, then po(s) < |s| for any values of the
parameter s, and the real roots of dispersion relation Ks(a,s) = 0 are absent. If ¢,, < U < U,,
then there are two values s; and sy such that po(s) > |s| at s1 < s < s, in this case g is real.
Flexural-gravity waves extend back and forward in the plate for s1 < |s| < s2. With increasing
speed of the load, the value s; decreases, and the value so increases. At a speed greater than
the long-wave limit U,, we have s; = 0.

4. Numerical results

The following input data are used for water, ice sheet and external load: E = 5GPa,
v = 1/3, po = 10° kg/m3, p = 900 kg/m?, Py = 103Pa, a = 10 m, b = 20 m,
xo = 50 m, » = 5/b, H = 100 m. The speed of load U and the thickness of ice sheet h
vary in the calculations. The minimum phase velocity of the flexural-gravity waves in infinitely
extended ice cover increases with increasing ice thickness and for h = 0.5, 1, 2 m is equal to
em = 12.06, 15.59, 20.09 m/s, respectively. The long-wave limit U, is approximately equal to
31.32 m/s.

Figure 1 shows the three-dimensional plots for the vertical displacements of free surface at
x > 0 and ice sheet at x < 0 for the motion of load at speed U = 15 m/s and different ice
thicknesses: h = 0.5 m (Fig. 1(a)) and h =1 m (Fig. 1(b)). The load moves from left to right.
The load speed is supercritical for an ice cover 0.5 m thick and wave motions are excited in the
ice cover, extending to a sufficiently large distance from the edge of ice cover. In the case of
thicker ice, h = 1 m, the load speed is subcritical and in the ice cover only weak wave motions
appear decaying rapidly away from the edge. The waves in fluid near the ice cover are weaker
for the thinner ice because waves in the plate are greater and absorb stronger energy.

The free surface elevation and ice deflection at x = 0 are shown in Fig. 2(a) for U = 15 m/s
and h = 1 m. We can see that the lengths of surface waves and flexural-gravity ones differ
substantially near the edge of ice cover. On the free surface, the superposition of waves reflected
from the edge of ice cover and generated by the pressure region occurs.

The strains along the edge of ice sheet at x = 0 for h = 1 m and two different speeds of
load U = 10, 15 m/s are shown in Fig. 2 (b). To find the maximum strain in the ice sheet,
we need to find the largest eigenvalue of the strain tensor (6) at each location. The strains
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Figure 1. Wave patterns of ice cover (z < 0) (gray) and free surface (z > 0) (blue) for the load
moving with speed U = 15 m/s and ice thickness h = 0.5 m (a) and h =1 m (b).
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Figure 2. (a) Free surface elevation (1) and the deflection of ice sheet (2) along the ice edge
at t =0, U =15m/s, h =1 m. (b) Strains /e, along the ice edge at x = 0 for h = 1 m:
U=10m/s (1) and U = 15 m/s (2).

are proportional to the magnitude Py of external load within the linear theory. The strains are
scaled with ¢, = 8 - 10_5, where €, is the yield strain at which a material begins to deform
plastically. According to [8], any strains greater than the yield strain e, are assumed to lead to
ice fracture. We can see that at U = 10 m/s, h = 1 m and at given value of the external load
Py, ice does not break whereas at speed U = 15 m/s and the same values h and P the arising
strains exceed the value €, and the destruction of ice can be possible.

Non-dimensional values of wave forces A, and A, in (7) acting on moving vehicle are presented
in Fig. 3 as functions of the load speed. It is known (see e.g. [1]) that when the pressure region
(5) moves along an unbounded free surface, side force R, in (7) is identically zero and wave
resistance R, is

_ 2wPF [™ sin?( 25 vk tanh k) vk tanh &
 pogH s [, (F2k — tanh k)3/2 sinh? (575 Vk tanh )

R, sin? (% Vk(F2k — tanh k:))d/-c,

(15)

where K is the real positive root of equation KoF? = tanh Ky if F < 1 while Ky = 0if F > 1.
When the pressure region moves along the edge of ice cover, the side force arises at speeds of
load movement close to critical velocity ¢, for given ice thickness. As the speed of load increases,
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Figure 3. The non-dimensional values of side force A, (a) and wave resistance A, (b) for semi-
infinite ice sheet with different thickness: curves (1-3) correspond to h = 0.5, 1, 2 m. Curve 4
shows the wave resistance for infinite free surface (15).

the side force decreases and tends to zero in an oscillatory manner. The greatest difference of
the wave resistance from its value for infinite free surface is observed also at near-critical values
of load speed. For subcritical speeds, the disturbances spread only behind the load and do not
influence on the vehicle. If U > ¢,,, flexural-gravity waves extend forward in the plate and
disturb the fluid near the vehicle. With increasing of speed, the waves in the plate spreading
forward become shorter and of smaller amplitude and the influence of ice cover on wave forces
decreases.

5. Conclusion

The three-dimensional linear hydroelastic problem on the waves induced by a uniformly moving
load over a free surface along the rectilinear edge of a semi-infinite ice sheet is solved. This
problem arises, for example, for the air cushion vehicle. The solution is obtained by using the
Fourier transform and the Wiener-Hopf technique. The vertical displacements of ice cover and
fluid, and wave forces acting on a moving vehicle are defined for different values of the load
speed. The speed of the load is shown to affect strongly the response of ice cover. The response
is maximum for the load speeds close to the critical speed of hydroelastic waves in infinitely
extended ice cover. Wave forces sharply oscillate when the speed of motion is near-critical. It is
shown that under certain conditions, the ice at the edge of ice sheet can fracture.
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