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FOREWORD

Vessel icing is a severe hazard of high latitude waters. Necessary
conditions for vessel icing are an adequate supbly of water to exposed
structures on the vessel and air temperatures below the freezing point of
sea water. Previous work on vessel icing (Kachurin et al., 1974; Stallabrass,
1980; also see Jessup, 1985, and Overland et al., 1986) have concentrated on
thermodynamic balances. This report makes a major contribution to the icing
problem by providing quantitative estimates of the supply of water to the
vessel. We are pleased to publish this report as a contribution to the
Marine Services Project at PMEL.

James E. Overland

Carol H. Pease
Marine Services Research Division
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ICING OF SHIPS. PART I: SPLASHING A SHIP WITH SPRAY
Wlodzimierz Paul Zakrzewski¥

ABSTRACT. Wind- and wave-generated spray fluxes to an object
(cylinder and vertical plate) located on and above the deck of a
medium-sized fishing vessel (MFV) are investigated. Using
formulas derived for a fully arisen sea, sea-state was defined by
the significant wave height, which is a function of wind speed and
fetch. Formulas for the liquid water content (LWC) of wind-
generated spray are reviewed. It was found that wind-generated
spray does not affect an object located on and above the deck of a
MFV. Such spray may affect only small ships with low freeboard
and low bows in strong winds. Wave-generated spray is the one and
only source of water delivery to an object if rain, drizzle, snow,
fog, and the flooding of a ship deck by waves is neglected. The
wave-generated spray flux was defined using derived formulas of
the vertical distribution of the LWC and time of ship exposure to
spray originating from spray cloud induced by ship/wave

collision. These formulas were derived using published data on a
Russian field experiment in the Sea of Japan. The time-averaged
water flux to an object can be computed for any given wind speed,
fetch, ship speed, and heading angle. These results are
applicable for calculating the ice growth rates on medium fishing
vessels.

INTRODUCTION

Icing has caused the loss of many small and‘medium fishing vessels
(Shellard, 1974) and has been known to adversely affect the seaworthiness of
small cargo vessels (Fig. 1) (Lundquist and Udin, 1977; Zakrzewski, 1980).

Although numerous studies have been conducted on ship icing, those most
important in ferms of ship operations involve the analysis of ice growth rates
on the ship superstructure. To date, the most important research on this
subject includes the work of Overland et al. (1986), Stallabrass (1980), Wise
and Comiskey (1980), Borisenkov and Pchelko (1975), Borisenkov (1969), and
Mertins (1968). The thermodynamics of icing seems to be well understood, yet
there is a lack of accurate models relating the splashing of a ship with spray

to the icing phenomenon. This may, in part, be due to the scarcity of field

data by which to test proposed models.

* C-CORE, Memorial University of Newfoundland
St. John's, Newfoundland, AlB 3X5 Canada
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An effort to derive the icing rates of ships as a function of water
delivery to the ship will be given in the present paper, with emphasis placed
on modeling the splashing of a ship with spray. Medium fishing vessels (MFV)
are only considered in this analysis because the published data sets from
field experiments are available only for this type of ship. Computations are
given for two bodies (cylinder and vertical plate) of unit area (1 m?2),
located on the windward side of a ship, within a given range of elevation
above the deck of the ship. Neglecting water flux due to snow, fog, drizzle
and rain, and the flooding of the ship's deck by waves, the water delivery to
a ship with spray is considered. The water drops impinging on a ship are

generated both by the wind action and ship/sea interaction.

1. WIND-GENERATED SPRAY
Wind-generated spray 1is primarily produced through two mechanisms: .-
1) the direct whipping of wave crests by the wind, and 2) the bursting of air
bubbles at the water surface. The latter mechanism is commonly thought to be
the primary source of the wind-generated spray.
The water flux to an immobile object is given by Horjen (1983) and

Makkonen (1984) as

M=E_ Uw (1)

where U is the wind speed, w is the liquid water content (LWC) in the air, and
E. is the collection efficiency. A simple approximation of the collection

efficiency was proposed by Stallabrass (1980) for cylinders and vertical

plates. He found that



£ - 3200

g + 2700
E, = (2)
£ - 2800
£ + 11700

for cylinder

for vertical plate

where the nondimensional parameter § is equal to

U0.6 ¢1.6

L (3)

E:
where U is the wind speed in the vicinity of an object, ¢ is the water drop
diameter (in um) and L is the characteristic length of an object. For
U = 3-60 m/s, ¢ = 20-1000 um and L = 0.03-1 m (cylinder) and L = 0.03-3 m
(vertical plate) Stallabrass (1980) obtained a satisfactory correlation

(Fig. 2).

1.1 Liquid Water Content in Wind-Generated Spray

The LWC is the least known parameter affecting the spray flux. Very few
experimental data are available from which to estimate the vertical
distribution of this variable.

Preobrazhenskii (1973) proposed (Fig. 3) for the vertical distribution of

the LWC formula
w(z) = w, exp(-8(z - %-)) kg/m3 (4)
where z is the height (in meters) above the mean water level (MWL), H is the

wave height (in meters), and w, and B are constants empirically chosen for

various wind speeds:
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Figure 3.--Liquid water content in the wind-generated spray as a function of

the height above the MWL (after Preobrazhenskii (1973), according to Makkonen
(1984)).
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wo = 10-7 kg/m3 and 8 = 0.35 for moderate winds (U;, = 7-12 m/s)
and,
wy = 10-5 kg/m3 and B = 1.0 for strong winds (U, = 15-25 m/s).

According to Eq. (4) the vertical profile of the LWC is a function of the
altitude (z) above the MWL, wave height and wind speed. The latter parameter
affects the LWC not only directly by the constants w, and 8 which are related
to the wind speed, but also by the height of the waves. That is, the height
of waves depends on the wind speed, the duration of blowing wind and the
fetch. In Figure 4, the significant heights of the wind-driven waves versus
wind speed are plotted for fetches of 100, 200, 300, 400 and 500 n.m. These
plots are based on the tabulated relationships given in reference [12].
Third- and fifth-degree polynomial regressions fitted the relationships
between the wind speed at the level of 10 m and the significant wave height
H% fairly well

_ 2 3
gl(ulo) = B, + B,U,, + B,U,, + B;U,, m (5a)
3

2 3 4 5
H,(U;4) = By + B,U,, + B,U,;, + B3U;, + BU;, + BsUj, m (5b)
3

where the coﬁstantszo, B,, B,, B3, B,, By are listed in Table 1 for a given
fetch. These polynomials are only valid for wind speed up to 32.4 m/s,
because the field data [12] deals with this range of wind speed.

By substituting the term H given in Eq. (4) by H% (U,4) in Eq. (5a or
5b), we obtain the relationship between the vertical distribution of the LWC

and the wind speed measured at the level z = 10 m

w(z) = w, exp(-8(z - H,(U,,)/2)) kg/m3 (6)
3
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where H% (U,o) is a third- or fifth-degree polynomial defined in U;, by

Eq. (5a) or (5b). In Preobrazhenskii's (1973) model, the vertical
distribution of the LWC as a function of the wind speed U;, was computed for a
fetch 200 n.m. (Fig. 5).

Monahan (1968), in his field study measured the spray droplets size
distribution on a raft and found that the water drops concentration increased
rapidly when the wind speed exceeded a threshold value equal to about 8.5 m/s
at an altitude z = 0.47 m above the MWL. This value of wind speed corresponds
to a threshold wind speed of approximately 15 m/s at the 10 m level.

Following this work, laboratory tests were conducted by Lai and Shemdin
(1974), who investigated the effect of wind speed and wave height on the
vertical distribution of water drops in a spray. They found that the spectral
drop size distribution is a function of the wind speed and drop diameter

according to the formula

a(d,2) = %{%‘%% No./cm* (7)

where U is the local mean wind speed, ¢ is the drop diameter, §¢ = 100 um is
the drop diameter interval, and z is the height above the MWL (Fig. 6).
More recently, Itakagi (1979, 1984) presented the LWC vertical

distribution by

¢

. max
w==zo I n(¢) ¢3 do¢ kg/m3 (8)

¢

min
vhere o is the density of sea water, ¢ is the drop diameter and n(¢) is the

number of water drops in the unit volume. n(¢) was assumed to be a function
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of the wind speed and the height above the MWL. Basing his model on Lai and
Shemdin's (1974), Toba's (1961) and Monahan's (1968) data as well as his own,
Itakagi (1979, 1984) found that the size distribution of water drops given by

Lai and Shemdin (1974, Fig. 12) could be described by

AU, )
n(¢,U) = Y (9)
where A(U,,), a third-degree polynomial at wind speed U,,, is given by
2 3
A(U,,) = -53.5173 + 11.3119 U, - 0.7934 U,, + 0.01864 U, m~2 (10)
Using the experimental data of Lai and Shemdin (1974), Itakagi (1979, 1984)
calculated the minimum and maximum values of the LWC in unit volume to be
min = 40 um and ®max = 700 um.
Fitting this data into Eq. (10), he found that
= T - - . -
w =15 0, AU (7-1074)2 = (5-10-5)2] kg /m3 (11)
For p, = 1025 kg/m3 Eq. (11) becomes
w = 1.30818-10-%A(U, ) kg/m3 (12)

where A(U,o) is determined from Eq. (10). By using Eqs. (10 and 12) one can
easily compute the LWC for any given wind speed. However, the vertical
distribution of spray is not yet clear. Recently, Horjen (1983) suggested
that the size distribution of spray depends on the wave height (H), the
diameter of the water drops (¢) and the altitude z above the MWL. Hence,

Eq. (9) may be rewritten as
12



0(8) = g(U,) 237 No./m=" (13)

where o0(¢) is the number of drops of certain diameter in unit volume and

g(U;o) is a certain function of wind speed U;, at the level of 10 m. Horjen
(1983) compared the term g(U,,) g? of Eq. (13) with a term A(U;y) of Eq. (9)
and, based on the data from Lai and Shemdin's (1974) laboratory study, found
that for a wave height H = 0.035 m and an altitude z = 0.13 m above the MWL,

the function g(U,,) corresponds with the polynomial A(U,,) as given below
g(Ulo) = 0.5 A(Ulo) m—! (14)

where A(U,,) is again determined from Eq. (10). It should be noted that the
dimension of A(U,;,) in Eq. (10) is in m~2 while the dimension of g(U,;)
proposed in Horjen's (1983) Eq. (14) is in m~!., However, since g(U,,) = 0.483
A(U;o), Eq. (13) may be written as follows

H
o(6) = 0.483 AU ) 207 No./m* (15)

Eq. (8), after substituting o(¢) into the right-hand side of Eq. (15) and

integrating from ¢ = 700 um to ¢ = 50 um becomes

max min

- - H
w = 6.3185:10"5 AU, ) =3 kg/m3 (16)

where A(U,,) is defined by Eq. (10) and has a dimension of m~!, H is the wave
height in meters and z is the altitude above the MWL in meters. The LWC is

then proportional to the wave height and wind speed expressed by A(U,,), and

13



is inversely proportional to the square of the altitude above the MWL. Since
wave height depends on wind speed, the vertical distribution of the LWC can be
approximated for the waves of significant height by

Hl(Ulo)

w = 6.3185-107% A(U,,) ——H— kg/m3 (17)

where H1 (U,o) is defined in Eq. (5a or 5b).
3
Approximating the water drop diameter by the median volume diameter
dso = (0.5 (o2 ., *+ ¢2min))% = 496 um, Eq. (17) becomes

H (U,,)
w = 3.1886-105 A(U;,) ——— kg/m? (18)

For spray of uniform drop diameter ¢ Eq. (17) becomes

H,(U,,)
_ E
w = 129.61 A(UIO) 7 62 kg/m3 (19)

where ¢ is given in meters.

The wind effect on the vertical distribution of the LWC described by
Eq. (19) for ¢ = 500 um is presented in Figure 7. The LWC varies from about
10-7 kg/m3 to 10-2 kg/m3. Since the course of the isolines of the LWC
distribution is rather undulated and not linear at all, one can think that
Egs. (17-19) do not give the consistent values within the entire range of
surface wind speed and the altitude above the MWL.

One should be aware that Horjen's (1983) concept of employing flume tank
data to LWC predictions may be in error when compared to field measurements.

Wind speeds on the order of 20 m/s generate waves 7-8 m high while waves of

14
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Lai and Shemdin's (1974) experiment were 3.5 cm high. As a result, Egs.
(16-19) may be somewhat in error. The value of H/z2 for z = 0.13 m is equal
to 2.07 m~! while values of H/z? for sea waves a few meters high is equal to
>100 m~! (Brown and Roebber, 1985). This indicates that it is better not to
apply flume tank data directly to field problems without revising these
equations,

Recently, Horjen and Vefsnmo (1984) used Preobrazhenskii's (1973) field
data for strong winds (see Fig. 3) and a relationship between the wind speed
and whitecap coverage found by Wu (1979a) to give the following approximation

of the vertical distributions of the LWC
w = wc,(Ulc,/Uc,)B'8 exp(-;1 - z) kg/m3 (20)

where U;o > 15 m/s, Uy = 15 m/s, and wy = 9.45-10-6 kg/m3. Results are given
in Figure 8 and compare with that of Preobrazhenskii (1973) and Horjen (1983)
in Table 2.

Returning to Eq. (1), one can find that the terms E_ and w on the right-
hand side of this equation are fairly well approximated by Eqs. (2) and (20),
respectively. To compute the mass flux of water coming to the considered
objects under consideration we simply have to determine the wind speed U in

Eq. (1).

1.2 Local Wind Speed
The distribution of the horizontal wind speed in the lowest 5-20 m of the
atmospheric boundary layer follows the logarithmic law first proposed by

Prandtl (1933).

16
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U
L =
U*

)

In L~ , (21)
Z

0

where Uy is the wind speed at height y above the MWL, z, is a roughness
parameter, H is von Karman constant (H = 0.4), and U* is the shear wind

velocity defined as
u, =/t /o (22)

where Pa is the air density, and ?a is the surface shearing stress.

Force ?a acting on the water surface of unit area is equal to
T =¢c p U; (23)

where Uy is the wind speed measured at a height y above the MWL and c, is the

aerodynamic friction coefficient defined as

y+z,
)2 (24)

¢ = (H/1ln
a z,

If the wind speed U_ at height z = y is measured the wind speed at any

y

arbitrary level can be found by formula

Y

. y T 1n (25)

< In

where U, is the shear velocity for the wind speed Uy measured at the level of
y. To compute the wind speeds for the various altitudes it is the most
convenient to refer all wind speed measurements to the level of 10 m above the

MWL. Then

19



U )
U =u, . + E: 1n 55 (26)

—

The shear wind speed can be approximated as

/C (27)

u 10 10

« =V
where C,;, is the aerodynamic friction coefficient at a height of 10 m. This

variable depends on the wind speed as it was found by Smith (1970) and Wu

(1969)

1.35 x 10-3 for U,, < 15 m/s
C,o = (28)
2.60 x 10=3 for U, 2 15 m/s

From Eqs. (21) and (27) the roughness parameter z, can be readily found (see
also Horjen, 1983)

2, = 10 exp(-H-CT) (29)

Then, the roughness parameter is equal to

1.87 x 10=* m for U,, < 15 m/s
2, = (30)
3.92 x 10=3 m for U, 2 15 m/s

By Eq. (25) the wind speed at the level of the crest of the wave of

significant height is equal to

0°5HL

Uy, = Ujp + 5 In 5= (31)

where U¥ is shear wind speed and H1 is the significant wave height.
3
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All terms on the right-hand side of Eq. (1) were approximated above but
the flux of wind-driven spray to an object has not been determined yet. To
approximate it we must derive the mass of spray originating from a single wave
as well as time-averaged spray flux to an object. The latter is necessary if

we prove that wind-generated spray affects the objects under consideration.

1.3 Splashing a Ship With Spray Originating From a Single Wave

Let us first consider the conditions under which spray is generated by
wind., Direct shearing of the wave crests to produce spray has only been
reported'for wind speeds greater than 8.0-10.7 m/s (Beaufort number 5 -

Table 3). This corresponds pretty well with the threshold wind speed

U;jp = 11.8 m/s producing wind-generated spray given by Itakagi (1984).
However, bursting of air-bubbles at the sea surface is the primary source of
spray production, and takes place mainly in regions of whitecaps and foam
patches* affected by wind turbulence. In general, whitecaps require wind
speeds greater than 4-5 m/s (Table 3). This threshold wind speed was
confirmed by Gatham and Trent (1968) and Munk (1947) who found no whitecaps
for winds up to 3 m/s and an abrupt increase of concentration of oceanic foam
patches at wind speed of 5 m/s, respectiveiy. Hence, we will assume that a
wind speed of 5 m/s is the threshold value for spray production.

The drops of spray produced by one of the two above mechanisms are
quickly picked up by the wind after leaving a boundary layer laying just above
the water surface. In order to approximate the movement of the water drops
after deputing from the sea surface and boundary layer, we must neglect the
effects of inertial and turbulence forces on the spray which are considerably

small (Wu, 1979b). Then, we assume that the water drop is affected only by

* These terms are well defined in Herbers (1984).
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the gravity force (W)

=
n
w|

nrdp g (32)

w

and the air drag force (Fa)

_ = 2y2 33
F, = C gp,mr?U2 (33)
where r is the water drop radius, g is the acceleration due to gravity, Caf is

the air drag coefficient, U  is the local wind speed, and p, and p_ are the

z
air and water densities, respectively.

The speed of flying water drop has two componeﬁts. The vertical
component is provided by gravity and is a uniform downward-directed
accelerated motion. The water drop is affected by the air drag force which.
value decreases with lowered gltitude. Its motion in the horizontal direction
is not a uniform one. Its speed may be approximated as equal to the local
wind speed. As a result, the wind-driven spray moves along the track of
variable curvature which radius gradually decreases with lowering altitude.

The source area of spray is located at the top of the wave crest and
within the whitecap which covers the back face (leeward side) of the wave
(Fig. 9). At present, it is difficult to approximate the location of the down
edge of the whitecap relative to a characteristic element of a free-surface of
water, say, the wave crest. Some discussion on it has been recently furnished
by Herbers (1984) but it is not sufficient to approximate the relationship
between whitecap dimensions and the wind speed and/or the wave height. In
this analysis, we will maximate the trajectory and the range of water drop
transport from a wave crest and/or back face of the wave by only considering

that spray originates from wave crest only.
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Figure 9.--Formation of the whitecaps (according to Herbers (1984).

Assume a coordinate system located at an unmoving wave crest (Fig. 10).

The trajectory of spray flight is given by formula

H, - 2z
x = U - m (34a)
z g
or
z = 0.5 H.]; - 73 g m (34b)
3 z

where z is the altitude above the MWL, H:i is the significant wave height, g is
3

the acceleration due to gravity, and U, is the local wind speed at the

altitude z. The trajectory of spray originated from the wave crest has been

plotted for wind speed U;o = 30 m/s in Figure 10. Note that the free-surface of

the sea is presented there for the moment of start of the water drop motion.
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However, in contrast to our simplified model, the wave is propagated and
the wave face follows the flying water drop. Hence, the spray motion relative
to its parent free-surface of the sea should be considered. The waves

propagate in a deep sea with the speed equal to [l2]:

C =1.559°P m/s ’ (35)
w w

vhere P is the period of wave. Based on field data given in reference [12],
the period of the significant wave in a fully arisen sea has been presented as
the third- and fifth- degree polynomials in wind speed U,, measured at the

level of 10 m above the MWL

2 3 ’
P, =Co * ClU,+Chlig* Calp, sec (36a)
or,
_ 2 3 3 4 S
B, =Co + CU o+ ClU,+Clyq+ CyU;y +CU, + CU,, sec (36b)

where Cq, C;, Cyy C3, C, and C5 are the constants listed in Table 4 for a
given fetch. Assume that a frame of reference is fitted to the wave crest and
moves with it. The free-surface may be described using the first-order and
the second~order theory of Stokes by formulas (McCormick, 1973), respectively.

z = % cos(k:x - wt) _ (37a)

and
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- H N H2 7 cosh(k-D) |
z =3 cos(k-x - wt) + % 2% sioh3(k.D) (37b)

[2 + cosh(2kD)] cos(2k-x - 2wt)
where A is the wavelength given by formula
A = 1.5616 P; m (38)

k is the wavenumber (27/A), D is the water depth, Hi is the significant wave
3

height, x and z are the coordinates, t is time, and w is given by formula

w=(k - g - tanh(kD))® (39a)
or,

= (zu/pwf’ (39b)

14
[

where g is acceleration due to gravity.
Eqs. (37a and 37b) are restricted to deep sea, and to fulfill this

criterion the water depth D has to satisfy equation
D2 0.5 1 (40)

For wind speed up to 31 m/s and fetch up to 500 n.m. the minimal sea depth is
equal to about 150 m. If the speed of the wave propagation C, is approximated
by Eq. (35), the trajectory of spray flight with respect to the free-surface
of sea is given by formulas

- 22.
x=(U -¢) S B m (41a)
w

wie—
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or

z = 0.5 H%--Z(U—fzc)—z-g om (41b)
z w

whose nétation are the same as for Eqs. (34a and 34b). For wind speed
U,o0 = 30 m/s and fetch 100* n.m the wave and the trajectory of spray flight
are presented in Figure 1l. One can see that for these extremely severe
weather conditions (within the range of the use of Eq. (5a) or (5b)), wind-
generated spray is driven by wind up to 20 m from its source area. However,
one must not forget that the source area of spray is not only located at the

top or the wind-whipped crest of the wave but also forms the extensive

'whitecap covering the rolling waveT. In fact, wind-generated spray is blown

by wind from the back face of the wave and flies above the sea surface. In
general, it may be treated as a total spr#y flux over the sea surface within
the maximal range of the water drop flights. That is, this flux is formed by
many "solitary" trajectories of water drops. For the large whitecap covering
the back face of a wave between its crest and the level of, say, 0.60-H%, the
trajectories of spray flight are presented for wind speed U, = 30 m/s, and a
fetch of 100 n.m. in Figure 11. As the altitude of the source area of spray
decreases, the range of water drop flight decreases because the wind speed
decreases with lowering altitude according to Eq. (26).

Let us now determine how wind-generated spray affects an object located
on the deck of a ship moving through the waves (Fig. 11). Such an object will

be affected by spray if the spray trajectory crosses the trajectory of the

* The speed of the wave propagation is smallest for this fetch.

T Under described weather conditions.
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Figure 12.--Soviet medium fishing vessel (38.5-39.5 m length overall; 7.2-
7.3 m breadth; displacement 418-462 tons) (according to Aksjutin (1979)).

motion of the object. Neglecting ship motion relative to the free-surface of
the sea except that of ship steaming, the trajectory of motion of an object
relative to the MWL may be described using the first-order and second-order
Stokes theory. For an object elevated h' above the deck of a ship df

freeboard h, these formulas are, respectively,

z = h+h' + 3 cos(k'x - wt) (42a)
and
= heh' + 8 - H2 x| cosh(k-D)
z h+h' + 2 cos(kx wt) + A 2% Sinh3(&.D) (42b)

[2 + cosh(2kD)] cos(2k+.x - wt)

where the terms are the same as for Eq. (3Za) and (37b) and (h+h') is the
elevation of the object above the free-surface of the sea. The trajectory of
the object is presented with dotted lines for the altitudes z = (h+h') =1, 2,
3, 4 and 5 m above the free surface in Figure ll. For the MFV of length
overall about 40-50 m (Fig. 12) the freeboard is usually equal to 2.5-3.5 m.

Thus, it is larger than the maximal altitude of the wind-driven spray during
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its flight from the top of the wave crest above the sea surface in extremely
high seas. As a result, one can easily conclude that the wind-driven spray
does not affect the object on the deck of the MFV or above it. This allows us
to agree that wave-generated spray seems to be the one and only source of
water delivery to the MFV if water flux due to rain, snow, and fog is
neglected. On the other hand, it is worthwhile to check if the wind-generated
spray is the primary source of water impinging on a marine offshore structure

as assumed by Itakagi (1984).

2. SPLASHING A SHIP WITH WAVE GENERATED SPRAY

Wave-generated spray is produced by ship/wave interactions. Almost each
wave impact on a ship produces a cloud of spray which becomes wind rafted and
splashes the ship. If the ship reaches with the waves the spray splashes her
but rarely. In this section, water delivery due to wave impacts on a ship
which steams by waves (a > 90°)* is considered. Some spray originates from
the crests of interference waves generated by ship motion, but this mechanism
of water delivery will be neglected here.

To calculate the time-averaged water flux to an object located on deck of
a ship near her windward side we have to 1) examine the water delivery to a
ship resulting of the single wave impact on the ship, and 2) find the

frequency of generation of the spray cloud.

2.1 Effect of a Single Wave Impact on a Ship
The cloud of spray induced by the ship/wave interaction at the moment of

impact is affected by wind and drifts with the air stream. Spray generated on

* Heading angle (a) is defined as equal to the angle between the ship heading
and direction normal to the wave crest. a = 0° for ship passing the waves
and o = 180° for ship going precisely adverse the waves.
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the windward side of ship splashes her on its way to the sea surface.
Assuming an isotropic structure in the spray cloud, the mass of water
delivered to an object can be approximated by a formula similar to Eq. (1) and

is given per unit area by the formula

m=E -w-U- At kg/m?2 (43)

where E_ is the collection efficiency, w is the LWC, U is the local relative

wind speed and At is the time of exposure of an object to a spray.

Collection efficiency is approximated by Eqs. (2) and (3).

The liquid water content is rather weakly defined due to very scarce

field data.
The simplest presentation of the LWC distribution above the sea surface
after wave impact on a ship is that of Katchurin et al. (1974). They assumed

that the LWC is a function of wave height only:
w=¢g - H kg/m3 (44)

where H is the wave height and £ is a constant. No methodology is given in
this reference except a note that the constant for a MFV steaming by the waves
(e 2 140°) with the speed of 6-8 knots was assumed to be equal to

10-3 kg/m*. As the significant wave height H% is a function of wind speed and
fetch (Eq. (5a)) the LWC corresponds with the wind speed according to the

formula

2 3
10 ¥ B3Uy,) kg/m3 (45)
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where constants By, B,, B, and B; are listed in Table 1 for a given fetch. A
more sophisticated equation has been proposed by Borisenkov (1972), who argued
that the LWC is a function of modal diameter of water drops (4 ) and modal
value of probability density (fm) of water drops of such a diameter:

201mwe2
= ¥ 4 3 :
w 55 fm ¢ g/cm (46)

m
where dimension of P is iﬁ g/cm3, ¢ is in cm and fm is in cm—%,

In their report Brown and Roebber (1985) mentioned that there are no
published measurements of the vertical distribution of wave-generated spray.
However, going through Soviet publications on icing, one such report has been
found. Based on the field experiment carried on in the Sea of Japan
Borisenkov et al. (1975) approximated the vertical distribution of the LWC by

the formula
w = 2.36-10-5 exp(~0.55 h') cm3/cm3 (47)

where h' is the elevation (in meters) above the deck of the MFV. The
dimension of w is ecm3/cm3 as this value gives the volume of water in a unit
volume of air. Assume p, = 1025 kg/m3 and converting the dimension of w to

kg/m3, Eq. (47) becomes

w = 2,302-10-2 exp(-0.55h') kg/m3 (48)
Aks jutin (1979) and Panov (1976) recommended the above given formula for wide
use and its application to any air/sea conditions. However, Eqs. (47) and

(48) were experimentally derived for the Russian MFV Narva steaming by waves
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at the angle a = 110-90° with a speed of 5-6 knots while the wind speed was
equal to 10-12 m/s. This data set indicates that Eq. (48) cannot be used for
the approximation of vertical distribution of the LWC above any ship under any
air/sea conditions because the ship/wave interaction during this experiment
considered the generation of spray by the wave impacts on this ship only. If
Eq. (48) reflects the LWC distribution above the ship deck in a spray cloud
generated by ship/wave collisions it should be proportional to the wave height
and to the square of the ship speed relative to the surface of an oncoming
wave. This assumption is in agreement with Katchurin et al. (1974). Thus,
the distribution of the LWC under any condition can be presented for the same

type of ship by the formula

H
HO

w = wy( )(;%)2 exp(=0.55h"') kg/m3 (49)
where H and V. are the wave height and ship speed relative to wave,
respectively. Hy and V, are the wave height and ship speed relative to the
wave during the Russian experiment, and wy is a constant equal to 2.302

10-2 kg/m3 obtained from Eq. (48). If values of H, and V, are determined, the
vertical distribution of the LWC will be easily found for any given wave
height H and ship speed relative to wave (V_), but Borisenkov et al. (1975)
have not listed these parameters. We shall try to approximate the values of
Hy and V, based on other parameters reported by them. First, we shall find
the wave height Hy; during the experiment. Wind speed provided by Borisenkov
et al. (1975) (U;, = 10-12 m/s) is sufficient for this purpose if the fetch is
known. The experiment was carried on in the Sea of Japan and the fetch equal
to 200 n.m. seems to be appropriate. For this fetch and wind speed

Ujo = 11 m/s, the significant wave height given by Eq. (5b) is equal to

Hy = 3.09 m.
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Second, the ship speed relative to an oncoming wave is given by the

formula

v, ; C, = 0.514 V_ cosa m/s (50)
where C is the speed of wave propagation, Vg is the ship speed in knots, and
a is the heading angle. The speed of wave motion in the sea may be found by
Eqs. (35) and (36a) or (36b). For fetch equal to 200 n.m. and wind speed

Ujo = 11 m/s, the period of waves of significant height given by Eq. (36b) is
equal to 6.75 sec, and the speed of wave propagation is then equal to

Cy = 10.52 m/s. The Russian ship was steaming with a speed Vg = 5-6 knots by

waves at an angle a = 90-110°., For Vg = 5.5 knots and o« = 100° the ship speed

relative to an oncoming wave was equal to 11.01 m/s. Then, Eq. (49) becomes
w = 6.1457 - 10-5 H V2 exp(-0.55h') kg/m? (51)

H is calculated by Eq. (5a) or (5b) for a given fetch and wind speed. V_ can

be obtained by the formula
V. = 1.559 P ~ 0.514V_cosa m/s (52)

where V, (knots) and a are the ship speed and heading angle, respectively, and
P, is given by Eq. (36a) or (36b) and Table 4 for a given wind speed and
fetch.

Summary of results is given in Table 5 for wind speed U,y of 10, 20 and

30 m/s and certain ship speeds and heading angles. The values of ship speed

(5.5, 8.5, 10.7 and 12.5 knots) and heading angle (180, 150, 120 and 90°) were
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chosen to enable the comparison of spray fluxes computed using our model with
that given by Borisenkov et al. (1975) and Tabata et al. (1963) and Tabata
(1969). Based on data given in Table 5 one can see that: 1) the LWC
decreases with the increasing height above the ship deck by approximately 1.73
times per other 1 m of the height difference, 2) as wind speed increases the
LWC increases: the LWC is more than 10 times larger in wind speed U,y =

30 m/s than 10 m/s, 3) the LWC is maximal if ship is moving into the waves
(heading angle a = 180°) and diminishes as the heading angle decreases, 4) the
LWC increases as the ship speed increases for any heading angle a > 90°, and,
5) if ship moves parallel to the wave crests (a = 905), the LWC does not
depend on the ship speed. Four latter tendencies can be seen fairly well in

Figure 13,

Local Wind Speed. Water drops are dragged by the wind. On their way to an

object they move along a track of varying curvature. If the wind speed
follows the logarithmic law given in Eq. (21), the speed of spray in the
horizontal plane will gradually decrease (Eq. (26)). Neglecting both the
inertia force effect and deflection of the air stream by the ship, the speed
of spray in the horizontal plane in the vicinity of an object located at the
height h' above the ship deck is equal to

U

1
=U, + 7 Iln h+h _+z

i 10 (53)

Uh+h'+z

where h is the ship freeboard, and U;,, H and U, are the same as for
Eq. (26). z is the elevation or the wave surface above the MWL (see Fig. 11),

and may be calculated using Eq. (35a) or (35b) for x-coordinate equal to
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0.05% for wind speed U;, < 15 m/s

x = ' (54)

0.03)x for wind speed U,y 2 15 m/s

where A is the wavelength computed by Eqs. (38), and (36a) or (36b) for given
wind speed and fetch. Constants 0.05 and 0.03 were chosen to reflect the
location of the ship-wave collision with respect to the wave crest.

However, one must not use Eq. (53) for computing the spray flux if the
ship is moving. That is, the flux of spray impinging to the object located at
the ship is governed by the local relative wind speed rather than the local
wind speed Uh'+h+zs which is given by Eq. (53). The local relative wind speed
can be measured on the ship in the vicinity of the object under
consideration. This possibility is very convenient during field
experiments. However, here we must compute the local relative wind speed.
Since the vector of the local relative wind speed (Ui) has two components
(vector adverse to the ship speed vector, and local wind speed vector given by
Eq. (53)), the local relative wind speed affecting the object elevated h'

above the ship's deck (or elevated h'+h+z_ above the MWL) is given by the

formula

, * (0.514Vs)2 + 2 x 0.514 x Vs x U x cos(180-a) (55)
s

h'+h+z
-]

where the local wind speed Up' bz is given by Eq. (53), vy is the ship speed
s .

(in knots) and a is the heading angle.

Time of Ship Exposure to Spray. At defines the residence time of a spray

generated by wave-ship collision against an object. When the morphology of
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the spray cloud is unknown due to the lack of field observations we can make a
rough approximation of this parameter only. For a given ship the time of ship
exposure to a spray should depend on the ship speed relative to the wave at
the moment of wave impact, the height of the wave and wind speed. The first
two factors affect the extent of spray cloud and its morphology, while the
third term determines on the residence time of the spray cloud over a given
object as the water drops are affected by the wind form drag force. Thus,

formally:
At = f(H,U,Vt) (56)

where H is the wave height, U is the local wind speed and v, is the ship speed
relative to an oncoming wave. Let us assume that the dimensions of those
terms may be defined as [At] = sec, [H] = m, [U] = m/s and (v.] = m/s. If the

n-theorem from dimensional analysis is used, we will get

(H1(v_] |
[At] = W (57)

Then, Eq. (56) can be written as
sec (58)

where ¢ is an empirical constant which depends first of all on the shape and
size of ship hull. Hence, for a given type of ship we can find the value of
constant ¢ if the values of other terms of Eq. (58) are known. Fortunately,
while there are no published results of field observations, two data sets do

exist in the literature. First, Borisenkov and Panov (1972) mentioned
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Gashin's unpublished report from the Atlantic cruise of MFV "Iceberg" in
August-November of 1969, when the ship was affected by swell, and some
measurements of spray cloud residence were made. The residence of the spray
cloud was given (At = 2 sec), but the ship speed, wind speed and wave H height
were not. On the other hand, the ship was affected by swell rather than wind
wave, and the swell height is not related to the wind speed encountered by the
ship during the measurements. As a result, this report is useless for our
purposes. Fortunately, however Borisenkov et al. (1975) said more about the
air/sea conditions under which spray cloud duration was measured on the MFV
Narva in the Sea of Japan in February of 1973. For a ship speed 5-6 knots,
wind speed U,, = 10-12 m/s and wave angle a = 90~110°, the measured time of
ship exposure to spray was equal to 5.8 sec. If H% is the significant wave
height, we will get it for a given wind speed U,, by Eq. (5a) or (5b). The
ship speed relative to an oncoming wave for a given heading angle a and ship
speed V, may be found by Eqs. (52), and (36a) or (36b). The local wind speed
U, as defined in Eq. (58), can then be computed for the altitude z+h+h' (h is
the freeboard of ship and h' is the elevation of an object above the ship
deck), but varies within the time interval At as it passes through the wind-
driven spray cloud. It is possible to approximate the altitude variation
using the set of Eqs. (37a) or (37b) and (54) but we must note that the ship
speed after a wave impact on her decreases significantly, especially in heavy
~seas with large values of heading angle (a > 150°). Thus, we assume that the
elevation of an object is uniform for the whole time interval At, and edual to
the height of the crest of the wave above the MWL (z = 0,5 - H%). Hence for
wind speed U;, we have the wave height H% = 3.09 m, ship speed relative to an
oncoming wave V_ = 11.01 m/s (for a = 100°), and local wind speed

Uy = 9.11 m/s. Taken all together, the constant ¢ in Eq. (58) is equal to

¢ = 14.149. Hence, Eq. (58) becomes
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HvV

At = 14.149 mr— sec (59)
0.5H,

+
If the ship speed corresponds with the wind speed as in Table 6, the time of
ship exposure to a spray can be easily computed (Fig. 14). In general, the
time of ship exposure to the spray cloud depends on the wind speed and heading
angle. This decreases significantly as the wind speed increases for heading
angle 180° while it varies only slightly for heading angles 150° and 120°.
Sharp turn observed in any telationship presented in Figure 14 for the wind
speed of 15 m/s is caused mainly by assumed ship speeds (Table 6) and reflect
the change of ship response to the waves. If all terms of the right-hand side
of Eq. (43) are approximated as above, we will present the water flux to an
object as a function of wind speed U;q, ship speed Vg and heading angle a, and

the elevation of the object above a ship deck h'. For an assumed fetch of

Table 6.--Assumed speed (in knots) of a MFV for a given wind speed and heading
angle.

HEADING SURFACE WIND SPEED (m/s)
ANGLE
(deg) 5 10 15 70 75 30
180% 13.8 12.2 10.4 8.6 6.0 2.1
150 13.8 12.5 10.9 9.0 6.6 3.0
120 1 14.0 13.0 11.5 9.9 7.8 5.2
90%*  14.1 13.8 13.6  12.9 11.1 9.0

* adverse to the waves

%% Parallel to the waves
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EXPOSURE
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TIME
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SURFACE WIND SPEED

Figure 14.--Time of ship exposure to the spray cloud as a function of wind
speed and heading angle (1 - heading angle 180°; 2 - heading angle 150°; 3 -
heading angle 120°) for the MFV sailing with speeds given in Table 6.
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200 n.m., and ship freeboard h = 2.5 m the results are presented in Table 7.
The length of the object was chosen to be equal to L = 1 m. One can;teadily
find that the spray flux to a cylinder is somewhat larger than to a vertical
plate. This is directly caused by the collection efficiency. Spray flux
abruptly diminishes with the elevation above the ship's deck what is caused
both by the transport of spray in the air stream and the wind effect on the
wave height. Spray flux depends on the ship speed and heading angle. Spray
flux is largest for ship sailing into the waves (a = 180°) and diminishes with
decreasing heading angle. As ship speed increases the spray flux increases
for any heading angle a > 90° while for the heading angle a = 90° the spray
flux does not depend on the ship speed.

It is interesting to approximate the total amount of sea water coming to
the MFV with a spray originating from a single wave. Since the theory of
wave-generated spray movement is rather complex (see Panov et al., 1975) and
there are no published data sets available from which the empirical
relationships between the forcing factors (air/sea conditions, ship motion
parameters and the movement of the wave-generated spray) can be derived, we
can make only a rough approximation of the total mass of spray reaching the
entire MFV. Borisenkov et al. (1975) approximated the total amount of the
liquid water content in the spray cloud induced by the single ship/wave
collision to be equal to 300 litres. No information is given on the method
used for making this approximation. During this experiment, the Soviet MFV
Narva (39.5 m length overall, 7.3 m breadth) was sailing with the speed v, =
5.5 knots in the moderate sea (wind speed U,, = 11 m/s; H% = 3.09 m) and the
heading angle was equal to a = 100°. For these sea/air conditions and so
small heading angle (the ship was sailing almost parallel to the wave crests)

we can assume that the total mass of the spray flux coming through the
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"window'" of arbitrary chosen height of 10 m and spread from the ship's bow to
the back wall of the superstructure (see Fig. 12). The length of this .
"window" is equal to about 30 m. Using Eqs. (43), (51) and (55) one can find
that about 100 kg of sea water have been delivered to the MFV Narva with the
spray generated by any single wave/ship collision under given air/sea
conditions.

If a ship moves into the waves and wind (a = 180°) the wind-driven spray
cloud splashes her from the bow towards the superstructure (see Fig. 12). For
a ship moving into'the waves the length of the spray catch "window'" is equal
to the ship breadth. The total mass of spray originating from the single
wave/ship impact and delivered to the ship Narva moving into the waves with
the speed of 5.5 knots under the same air/sea conditions is equal to about
45 kg. The total mass of spray splashing A ship in high seas is much larger

(Fig. 15). This can be easily computed using our Eq. (43).

2.2 Time-Averaged Flux of Wave-Generated Spray

To determine time-averaged spray flux to an object located on a ship, the
frequency of the wave impacts on a ship and the mass of water delivered with
the spray frém a single wave are necessary.' The problem of water flux
originating from a single wave was solved earlier (Eqs. 43, 49, 53, 55 and
59), so at present we will discuss the frequency of generation of spray clouds
by ship-wave interaction. To roughly approximate this value we assume that a
spray cloud is only generated at the moment of ship collision with an oncoming
wave. Then, the time interval between any two subsequent wave-ship collisions
is equal to

P = A sec (60a)

r 1.25/2 - 0.514 Vs cosa
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or, using the wind speed U,y to determine the wavelength,

1.5616 P?
W

Pr ~ 1.559-p, - 0.514 V_ cosa sec (60b)

where A is the wavelength, Vg is ship speed in knots, a is the heading angle,
and P is the period of waves of significant height. The number of spray

clouds generated per unit time is equal to

60/P for time unit = 1 min
N = r (61)
3600/Pr for time unit 1 hr

where P_ is the time interval between two subsequent ship-wave collisions
according to Eq. (60a) or (60b). This relationship is presented for the given
ship speeds and heading angles in Figure 16. Thus, the flux of wave-generated

spray per unit time is given by the formula

60E - w - U - At/P kg/m2 min
M = c r (62)

3600 E_ - w - U - At/P_ kg/m2 hr
where E_ is given by Eqs. (2) and (3), w by Eq. (51), U by Eq. (54), At by
Eq. (59) and P_ by Eq. (60a) or (60b).

Let us now deal with the accuracy of Eq. (62). Panov (1976) and Aksjutin
(1979) listed the results of field observations on the frequency of splashing
the MFV with spray as a function of wavelength, ship's speed and heading
angle. Observed frequencies (N ) are plotted against theoretical frequencies
(Nc) computed from Eq. (61) in Figure 17. As can be seen, a large scatter is
evident. The ratio of Nm/Nc varies from 0,25 to 1.24 with a mean value of
0.517. Thus, roughly speaking, the ship is splashed with spray every other
wave impact. Hence, one can approximate the frequency of splashing a ship
with spray by the formula |
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N, (I/min) N, (I/min) N. (I/min)

_?
——— V, = 12.5 knots
—- ==V, = 10.7 knots
—— =V, = 8.5 knots
I R V, = 5.5 knots
—— V, = 5.5 - 12.5 knots
for heading
angle a=90°

Heading Angle 180° | Heading Angle 150° | Heading angle 120° & 90°
>

5 T T T 1 T T 17 1> T T 1T 1>
5 IS5 25 U, S IS 25 U5 IS5 25 U,
(m/s)

Figure 16.--Frequency of ship/wave collision as a function of wind speed, ship
speed and heading angle computed by Eq. (61).
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Figure 17.--Frequency of ship/wave collisions computed by Eq. (61) vs.
observed frequency of splashing the MFV with wave-generated spray abstracted
from Panov (1976) and Aksjutin (1979).
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Table 8.--Scaling factor a = Nm/Nc for calibration of Eq. (63)

Wavelength (m) 10 20 30 50 100
a 0.314 0.447 0.543 0.592 0.726
N=a- 60/Pr 1/min (63)

where a = 0.517, and P_ is given by Eq. (60a) or (60b). It may be argued that
the value of a does not reflect the actual conditions of spray generation due
to the large scatter in reprinted values (Fig. 17). The N /N, ratio seems to
depend on the wavelength. Thus, scaling factor a = Nm/Nc varies with the
wavelength (Table 8). Thus, to improve the accuracy of Eq. (63) a should be
chosen for a given wavelength based on Table 8.

However, it should be noted that the behavior of a ship on the sea is not
only controlled by ship-wave collisions. Ship behavior is much more complex
(Boroday and Necwetaev, 1969; Grochowalski, 1982). Ship rolling, pitch and
heave generate spray also. The most intensive spray generation takes place
when the ship resonates. For a further discussion of this, see Aksjutin
(1979). Spray generation by ship-wave interaction was investigated for the
MFV in the Sea of Japan in the late 60's by Kultashev et al. (1972). Their
results are presented in Figure 18. For a similar type of vessel, Panov

(1971) proposed the empirical formula

N, = 15.78 - 18.04 exp(-4.26/P) min=! (64)
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Figure 18.--Frequency of ship/wave collisions observed by Kultashev et al.
(1975) as a function of heading angle and wave height (a: 1 - wave height
1.0-1.5 mj 2 - wave height 2.0-2.5 mj; 3 - wave height 3.0-3.5 m) and ship
speed (b: 1 - ship speed 8.5 knots; 2 - ship speed 7.0 knots3 3 - ship speed
5.5 knots).
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where Ns is the frequgncy of splashing a ship with a wave-generated spray, and
P. is given by Eq. (60a or 60b). Eq. (64) is valid for 15 s 2 P_ 2 3.5 s.

As the time-averaged spray flux to an object is proportional to the
frequency of generation of the spray cloud, it is worthwhile to check the
accuracy of the approximation given by Eq. (64). The field data of Panov's
(1971) experiment were listed by Panov (1976) and Aksjutin (1979) and are
plotted vs. the frequency of spray splash computed by Eq. (64) in Figure 19.

The scatter is significant. The relative error given by formula

E = ——T 100% | (65)

where Ny is by Eq. (64) and N, the observed number of splashes per minute,
varies from -44,2% to 54.2% while the mean relative error is equal to 120%.
In general, Eq. (64) overestimates the frequency of splashing by a wave-
generated spray. Such tendencies produce no risk of underestimating the
potential ice growth rates. The N /N, ratio is fairly close to 1.0 (Fig. 20)
and its range is reasonable. The standard deviation of the Nm/Ns increases
with the wavelength but only slightly. It is caused by ship behavior in the
sea and the more complex ship response to higher waves. Taken all together,
Eq. (64) may be used for operational purposes. Finally, the time-averaged

spray flux to an object is given by formula

M=60E -w-U-: At - Ns kg/m3 min (66)

where N, is approximated by Eq. (64), and other terms are the same as of

Eq. (62).
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Figure 19.--Frequency of splashing the MFV with wave-generated spray computed
by Panov's (1971) empirical formula (Eq. 64) vs. observed frequency of
splashing the ship with wave-generated spray abstracted from Panov (1976) and
Aksjutin (1979).
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splashing the MFV with wave-generated spray abstracted from Panov (1976) and
Aksjutin (1979); N, - frequency of splashing the MFV with wave-generated spray
computed using Panov's (1971) empirical formula (Eq. 64)).
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Spray flux as a function of wind speed and elevation of an object above
ship deck (freeboard h = 2.5 m), and ship speed and heading angle is presented
in Tables 9 and 10 for objects of cylindrical shape and vertically oriented
plate. The length of the object was chosen to be equal to L =1 m. The
results given in Tables 9 and 10 show tendencies similar to that of Table 7.
The spray flux increases with increasing wind speed. The spray flux is
largest for the ship sailing into the waves and decreases with decreasing
heading angle. The spray flux increases with increasing ship speed for any
heading angle o > 90° while this:does not depend on the ship speed for the
heading angle a < = 90°. The mass of water delivered with direct spray flux
abruptly decreases with the elevation above the ship's deck. Four former
tendencies can be easily seen in Figure 21 which presents the direct spray
flux coming to the cylinder and vertical plate elevated 1 m abovevthe ship's
deck. It should be noted that the spray flux to the cylinder is 1a£;er than
to vertical- plate. |

The spray flux to an object is considerably large, especially in high%}
seas. That is, the spray flux exceeds 100 kg/m?2 min if the object is elevated
up to 2 m above the ship's deck and the wind speed is very high.

It is worthwhile to compare the results given by our model with
experimental data. Unfortunately, there are no published data sets 6f timg-
averaged spray flux to a MFV. However, Panov (1976, Fig. 4.6) presented the
relationship between the total water delivery to a MFV with the wave-generated
spray and the height of the ship's bow. Panov (1976) has given that
approximately 1-1.1 m3 of water is delivered to the entire MFV per minute for
the bow height equal to 3.7 m (see Fig. 12), ship speed V_ = 6 knots and the
heading angle = 125° and the wave height 6 meters. In our model, wind speed
Uy;o = 17 m/s generates the waves of height H1 = 6.16 m if the fetch is equal

3
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Figure 21.--Time-averaged wave-generated spray flux to cylinder and vertical
plate located at the height of 1 m above the MFV's deck as a function of ship
speed and heading angle for various wind speeds.
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to 200 n.m. For this wind speed and the same ship motion parameters we have
that approximately 1.3 m3 of sea water reaches the ship per minute if the
trajectories of spray movement with the wind are monitored by a method similar
to that given by Eq. (34a) or (34b) for the éhip breadth 7.3 m. The length of
the spray "window" was chosen to be equal to 15 m for these conditions. This
shows that our model gives reasonable approximation of the time-averaéed spray
flux. On the other hand, Tabata et al. (1963)* described the Japanese field
experiments during which both the ice growth rates and the intensity of
spraying the ship were measured. A few ships were used in these field
experiments. The measurements conducted on the patrol vessel Chitose (45.0 m
length overall; breadth 7.3 mj displacement 407.2 tons) are most valuable for
any comparison because the characteristics of this patrol vessel is somewhat
similar to the Soviet MFV of the length 39.2 m. To catch the spray splashing
the patrol vessel a number of specially designed icing gauges were distributed
over the ship. Records of the measurements conducted using the icing. gauges
located around the machine-gun platform situated about the center of the
Chitose's foredeck are valuable for this purpose. The gauges were elevated
about 1.8 m above the ship's deck and the height of the ship's foredeck was
about 2.7 m above the waterline. Taking these two altitudes together, one can
determine that the icing gauge was elevated about 4.5 m above the ship's
waterline and this height correlates with the altitude of 2 m above the deck
of the MFV of freeboard equal to 2.5 m. Brown and Roebber (1985, p. 97)
employed the Japanese data set to present the variation of time-averaged spray
flux as a function of vessel speed and heading angle (Fig. 22). The
experiment was conducted in rather low seas (wind speed 5-9 m/s; wave height

0.6-1.0 m; wave length 10 m). One can see in Figure 22 that the time-averaged

* Available in English in the Defense Research Board translation T93J.
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spray flux increases with the ship speed. However, contrary to our model, the
spray flux given by the Japanese increases with the decreasing heading
angle. The time-averaged spray flux to cylinder located 2 m above the MFV's
deck for wind speed 5 m/s and the wave height H% = 0.79 m and ship speed of
10.7 and 12.5 knots is also plotted in Figure 22. One can see that the
results given by our model are larger almost by two orders of magnitude than
the spray fluxes reported by Tabata (1969) (according to Brown and Roebber,
1985, p. 97). If we neglect here the probable effects of the ship
architecture differences among the patrol vessel Chitose and the Soviet MFV on
the spraying intensity, this can be caused by some circumstances related to
the conditions under which the experiment was conducted (calm sea and low
winds) and to the method applied for capturing the spray hitting the patrol
vessel (very small diameter of the icing gauge). However, Brown and Roebber
(1985) gave some information on the standard deviation of the spray flux
measured during this experiment (Fig. 22b). This plot indicates that the
scatter of data was very large. On the other hand, one can easily see in
Figure 22a that the spray flux increment caused by the decrement of the
heading angle decreases for the ship speed of 12.5 knots while this abruptly
increases for the ship speed of 10.7 knots. These opposite tendencies of the
spray flux variation with the heading angle and ship speed seem to speak for
the incoherence of the data rather than for the linear relationship between
the spray flux and the heading angle for ship sailing with the certain speed
within the range of 10.7-12.5 knots.

Taken all together, we think that during the field experiments which will
be hopefully launched in the near future, the direct spray fluxes will be
carefully investigated using some spray-capture devices of much larger working

surface area than the icing gauges used by Tabata et al. (1963) and Tabata
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(1969). The models of the spray movement should be also developed and
verified in the field experiments. Some studies should be made on the wind
speed distribution over the ship for various heading angles and air/sea
conditions. This will make it possible to determine the ship hull and

superstructure effect on the wind field in the vicinity of the ship.

3. TOTAL SPRAY FLUX

Time-averaged total spray flux to an object is equal to

M=M +M kg/m2 min ' (67)

where M, and M_ are the time-averaged wind-generated and wave-generated spray
fluxes, respectively.

It was proven that wind-generated spray does not affect objects located
on and above the deck of the MFV. Thus, the total spray flux to the objects
under consideration is that of wave-generated spray only. This spray flux to
a cylinder and vertical plate located on and above the deck of the MFV is

given in Tables 9 and 10 and Figure 21.

. CONCLUSIONS

1, Medium fishing vessels are not affected by wind-generated spray even in
heavy seas.

2. Wave-generated spray is the only important source of sea water flux apart
from rain, drizzle, snow, fog, and direct flooding of a ship deck by
waves.

3. The liquid water content (LWC) is the least known parameter involved in

the spray flux to an object.
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9.

1o0.

11,

There are very few field data available which present the vertical
distribution of the LWC in both wind- and wave-generated spray.

Flume tank data cannot be used to define the vertical distribution of the
LWC in the field by simply applying scaling factors.

Hor jen and Vefsnmo (1984) proposed a formula for vertical distribution of
the LWC in a wind-generated spray (Eq. 20). This formula seems to fit
available field data best among the proposed formulas.

Wave-generated spray flux originating from a single wave collision with a
ship is a function of collection efficiency, the LWC, local wind speed
and the time of ship exposure to the spray (Eq. 43).

Vertical distribution of the LWC in the wave-generated spray is a
function of the elevation above the ship deck, wave height and ship speed
relative to an oncoming wave (Eq. 49).

Borisenkov et al.'s (1975) empirical formula for the LWC vertical
distribution above the deck of a ship has been improved and adopted for
any air/sea conditions (Eq. 51).

Using Russian field data from the Sea of Japan, the empirical
relationship between the time of ship exposure to a cloud of wave-
generated spray and the wave height, ship speed relative to an oncoming
wave and wind speed has been derived.

Time—-averaged spray flux to an object is a fqnction of mass flux from a
single wave impact to a ship (Eq. 43) and the frequency of ship/wave
collisions. This latter parameter is fairly well approximated by Panov's
(1971, 1976) empirical formula (Eq. 64), while the simple relationship
between the frequency of ship/wave collisions and the wavelength, ship
speed and heading angle (Eq. 60a) is less accurate even when a scaling

factor for various wavelengths is applied (Eq. 63 and Table 8).
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12.

13.

14,

Spray flux to a cylinder is larger than to a vertical plate. Since the
spray flux increases with increasing wind speced, ship speed and heading
angle, the spray flux is largest for the ship sailing into the waves with
high speed in heavy seas. Under extremely heavy air/sea conditions, the
spray flux to the objects elevated up to 2 m above the ship's deck
exceeds 100 kg/m2 min.

The need of launching a field experiment for collecting data (vertical
distribution of the LWC, direct spray fluxes, spectral size distribution
of spray drops, morphology of the spray clouds, and ice growth rates) is
evident.

As the ice growth rates of a ship depend on the water flux to a ship, the
ship designed for navigation in regions prone to icing waters should have
minimal surface of all objects exposed to impinging water drops,
especially in the bow and deck and foredeck areas. The bow and freeboard
should be reasonably high, and the hull of such ships should generate a
minimal amount of spray during ship/wave collisions and impacts due to
pitch and heave., A bow and board shape which rejects spray from a hull

in the horizontal plane is recommended.
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