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Summary

Characteristics of free surface shock waves are experimentally investigated with
wedge models, which clarify the ways how the occurrence of free surface shock waves
at the bow is ruled by velocity of advance, draft and entrance angle. The variation

of shock angle is very similar to that of shock waves in shallow water.

Application

of nonlinear shallow water theory is attempted by introducing equivalent shallow water

depth that connects shock waves in deep water with those in shallow water.

The

estimations of shock angle and resistance due to free surface shock waves turn out
successful for the improvement of hull forms.

1. Introduction

The authors have verified the existence of
a kind of shock wave in the near-field of ships
in translational motion in deep water, and named
these waves as Free Surface Shock; Waves
(abbreviated as FSSW hereafter).’®®  The
characteristics of FSSWs and their effects have
been explained with extensive experimental
results.®

The occurrence of nonlinear waves cannot be
explainéd by the linear wave making theory.
It should be explained by the solution of a non-
linear partial differential equation. Baba® and
Takekuma™ first noticed the necessity of intro-
ducing nonlinear partial differential equation in
terms of the wave breaking phenomena. However
the successive development of their works could
not have been expected until it is clarified by
the authors that the essence of the nonlinear flow
phenomena in the near-field is the occurrence of
FSSWs instead of wave breaking.

In our previous works tested models have been
ship models, and the occurrence of FSSWs is
rather complex. Therefore, in this paper, funda-
mental characteristics of FSSWs are system-
atically analysed with wedge models whose length
is about 1 m. One of the most significant FSSWs
occurs around the bow and it is principally effect-
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ed by bow forms. With these simple models,
fundamental characteristics are expected to be
found out clearly. In the near-field of the models,
wave pattern measurement and disturbance
velocity measurement are carried out, in which
draft of model, velocity of advance and entrance
angle are considered as main parameters for
FSSWs. The parameters are varied in the ranges
of lecm<d<15cm, 0.5 m/s<V<2.0m/s and 5°<
a<25°. _

In chapter 3, quantitative properties of FSSWs,
i.e., wave height, shock angle and discontinuity
in velocity are examined, and their resemblance
to shallow water shock waves is discussed. In
chapter 4, equivalent shallow water depth is
introduced which enables us to apply the non-
linear shallow water theory. The law of similarity
that governs FSSWs is also discussed. In chapter
5, some practical methods for the explanation of
the occurrence of FSSWs and for the estimation
of resistance due to FSSWs are presented.

2. Nomenclature

B beam length
Cw wave making resistance coefficient deriv-
ed from towing test
Cwp Do derived from wave analysis
Cws resistance coefficient due to free surface
shock wave
d draft of ship
Fa Froude number based on d
Fn Do based on /s
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F; Dj based on 4
Frn Do based on L
g acceleration of gravity
/i shallow water depth
%1 equivalent shallow water depth
ho stagnation depth, total head ghi+ V%2 or
ghi+ V2
L length between perpendiculars
u, v, w velocity components in z, ¥ and z
directions, respectively
V' (without subscripts) velocity of uniform
stream =7}
V' (with subscripts) velocity components in
horizontal plane (see Fig. 8)
Z axis parallel to ship centerline, aftward
positive
axis parallel to ship beam
axis vertical
entrance angle
shock angle
wave height
density of water
superscripts
— non-dimensionalized by v(2/3)g%e
~ equivalent to the case in shallow water
subscripts
#n normal to shock front
¢ tangential to shock front
1 ahead of shock front
2 behind shock front

VD ND™R &

3. Characteristics of free surface
shock waves
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Fig. 1 Wedge model
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Three wedge models are produced, i.e., two
whose « is 10° and one whose « is 5° as are shown
in Fig. 1. They can be combined into wedge
models whose « is 15°, 20° and 25°.

3.1 Wave profile

In Fig. 2 photographed wave patterns are
shown in which the dependence of shock angle on
draft, velocity of advance and entrance angle is
clearly observed. Shock angle, that is, the angle
of wave crest to the centerline of the model, is
expressed as a function of the three parameters,
which is one of the significant characteristics of
FSSW. In Fig. 3, measured wave profiles on the
line parallel to the centerline of the model are

‘'shown, the origin being at F.P. As the draft or

entrance angle increases, the phase of wave
profile goes ahead and simultaneously the wave
beight increases. With the decrease of advance
velocity the phase of the wave advances. This
property is entirely different from that of linear
dispersive waves. The forward advance of the
wave crest means increase of shock angle. There-
fore, it is noticed that the increase of shock angle

Fig. 2 Wave pattern around wedge models
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Fig. 3 Measured wave profile
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Fig. 4 Velocity change across shock front

is usually accompanied with the increase of wave
height. The increase of shock angle is generally
increase of the strength of discontinuity by
FSSWs, aud the strength of discontinuity is
revealed in wave height in Fig. 3.

3.2 Discontinuity

Measurement of velocity components is under-
taken by a five-hole pitot tube at 3 cm fore and
back of the shock front line. The change of
velocity across the front is separated into com-
ponents parallel and normal to the wave front.
An example is shown in Fig. 4, in which the
change of wvelocity components satisfies the
shock condition, that is, 47:=0 and AVa2%0.
It is also clarified that discontinuity in velocity
is limited within the thin layer adjacent to the
free surface. Basic properties of FSSWs which
are found out on ship models are ascertained by
wedge models.

3.3 Variation of shock angle

The experimental relation between shock angle
and entrance angle is put in order in Figs. 5, 6
and 7 with the three parameters. The shock
angle increases with the increase of entrance
angle, with the decrease of advance velocity
and also with the increase of draft. These rela-
tions are quite systematic and it implies the
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Fig. 5 Measured a8 relation
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Fig. 6 Variation of shock angle (a)
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Fig. 7 Variation of shock angle (b)

role and the presence of a critical speed. Two
kinds of shock wave are recognized; one is normal
shock wave whose shock angle is 90°, and the
other is oblique shock wave. Normal shock wave
abruptly changes into oblique one with the
increase of velocity. In Figs. 6 and 7 shock
angle of both normal and oblique shock wave is
recorded, and they show rapid change in shock
angle on the process of transition from normal
to oblique.

The above mentioned relations are very similar
to that of a point disturbance in shallow water
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Shock front line

Fig. 8 Sketch for the problem of honlinear
shallow water wave

which advances at V and generates waves that
propagate at the speed of vgk. The shock angle
is determined simply as sin~ (¥gh/V).

For more thorough explanation of a—f rela-
tion in Fig. 5, the theory for shallow water shock
waves on a two-—dimensional wedge model. is
introduced. Suppose viscosity and compressi-
bility of water and wvertical acceleration are
neglected, the conservation of mass is,

I Vm=hsVas (1)

and that of momentum is,

2 2

In sz‘!-g%_ =heVn?+g h22
for normal component (2)
V=V,  for tangential component (3)

As a consequence, the relation between o« and
[ is as follows.®
tanoe tanﬁ(¢1-+8Fh2sin2ﬂf3) ] (4)
2tan®f—1+ ¥ 1+8Fxsin®f3
Fr= V/ v, M
This relation is shown in Fig. 9. .

The qualitative resemblance of Fig. 9 to Fig.
5 is astonishing. This resemblance is another
verification of the existence of shock waves in
deep water. The formation of linear dispersive
waves does not depend on draft nor entrance
angle.

In Fig. 9, a—pf relation for only oblique shock
waves is present and we will concentrate our
attention on oblique shock waves in this paper,
for oblique FSSWs mostly contribute to ship
resistance atl service speed.

where

4. Equivalent shallow water depth

4.1 Definition of equivalent shallow water
depth
Theoretical explanation of the occurrence and
effect of FSSWs is very difficult, because the
governing equation is nonlinear and the non-
linearity plays a decisive role. Therefore, some
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Fig. 9 a-f relation by nonlinear shallow
water theory

simplification of the problem should be pursued.
This will be a practical approach for the finding
of some guidelines for hull form design. In this
paper simplification is attempted by introducing
equivalent shallow water depth which changes
the problem in deep water into that in shallow
water, which was once tried by Baba for a one-
dimensional case. The flow with discontinuity
is limited in the thin layer adjacent to the free
surface, and therefore, we assume that the flow
in this thin layer is ruled by equations for shock
waves in shallow water. The difference in char-
acteristics between FSSWs and shallow water
shock waves is adjusted by the definition of
equivalent shallow water depth. In other words,
equivalent shallow water depth is defined so
that the explanation of the flow in the equivalent
depth by the nonlinear shallow water equations
accords with experimental facts.

Thus, equivalent shallow water depth is defined
with measured values. We choose «, 8, and V
for this purpose. Wave height can also be the
parameter, but it is excluded because of the
arbitrariness. Fig. 5 is the experimental a-3-V
relation for FSSWs and Fig. 9 is the theoretical
a—f—Fpn relation for shallow water shock waves.
Figs. 5 and 9 are overlapped and Fj for FSSWs
is determined at each conditions. In consequence
equivalent shallow water depth is obtained from
the following relation.

b=yl Fe)

=L (5)
Calculated /: is figured in Figs. 10 to 13. Figs.

10 and 11 show that /%: is approximately in-

dependent of advance velocity and that it

increases with the increase of draft. Fig. 12
shows the dependence on «. The ratio of %1 to
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Fig. 10 Dependence of equivalent shallow
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Fig. 11 same as Fig. 10 (b)

draft (hi/d) is shown in Fig. 13, in which it is
noted that the ratio is not constant in the shallow—
draft region, however, it is saturated and becomes
constant in the relatively deep-draft region.
The variation of /41 qualitatively accords with
the thickness of the thin layer measured. This
relation can be summed up into the following
simple formula.

51:0‘55610.1%—0.03& ( 6)
(A1, d in cm, « in degree)

This empirical relation is valid within the ranges
5°<a<25°% lem<d<I5cm and 0.5m/s<V <
1.8 m/s.
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Fig. 12 Dependence of equivalent shallow
water depth on entrance angle
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Fig. 13 Dependence of equivalent shallow
water depth on draft

4.2 Law of similarity for free surface shock
waves

Law of similarity is always a great problem
to be examined. On the present problem law of
similarity for FSSW can be studied by examina-
tion of the law for 4. Equation (6) which is
valid within a restricted range implies a non-
linear relation between % and d, and consequ-
ently, Froude’s law of similarity is violated.
However, /i is proportional to d in deeper draft
region as is shown in Fig. 13. This proportional
relation leads to the following equations.

F);:%Fa " (a in degree) (7)
h1=(5+a)/100-d {(7)
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Fig. 14 Relation between 4; and d

In the region where equation (7) holds Froude’s
law of similarity is maintained in a slightly
different fashion. Nondimensional relation
between %1 and d obtained from experiments is
shown in Fig. 14 together with the lines expressed
by equation (7). The relation (7) is approximately
satisfied except for extremely shallow drafted
conditions. Equation (7) is rewritten as,

Fr= iV ®

Thus, usual Froude number is in proportional
relation with Fj; for a fixed entrance angle, and
therefore, shock angle defined by equation (4)
remains constant in case F» is kept constant.
In Fig. 14 /1 for full-scale ships is plotted in
English capitals, which is estimated from #
meastured in photos. Although the measure-
ment of § is rather rough, the relation expressed
by (7) or (8) seems to be valid to a certain degree.

- The law of similarity has been examined in
terms of shock angle only. It must also be examin-
ed with other physical values such as wave
height, and it is still left vague, which requires
urgent investigation. However, the relation
between shock angle and wave height is qualita-
tively simple as is shown in Fig. 3. The decrease
of shock angle is accompanied with the decrease
of wave height and the improvement of hull
forms can be achieved by the decrease of shock
angle. Therefore, the law of similarity in terms
of shock angle described above is very basic and
important for further investigations.

5. Application of nonlinear shallow
water theory

Equivalent shallow water depth is defined and
FSSWs become to be approximately explained
by the theory of nonlinear shallow water flow
whose depth is 4:. Assume /4 or Fj is determined
by equation (6) or (7), some of the methods for
shallow water shock waves are applicable to the
problems of FSSW.

5.1 Calculation of free surface shock wave

resistance

The theory of shallow water shock waves by
Preiswerk® is applied to the problem of FSSW.
From the equations of conservation of mass (1)
and of that-of momentum. (2) (3), the relation of
shock polar in hodograph plane is derived as
follows:

—_— 742

522=(ﬂ1—ﬁ2)<ﬁ2—ﬁ1\/3~437_z::’_%7—> (9)
Variables with bars indicate values nondimen-
sionalized by +v(2/3)[gh:+(V?%2)]. Equation (9)
constitutes so—called shock polar contours shown
in Fig. 15, in which the points where contours
cross #i—axis at the right-hand side are velocity
of uniform flow. The velocity vector behind the
shock front is obtained as a crossing point of the
contour with the straight line whose gradient is
tane, when /i is constant. For FSSWs whose /i
depends on «, the shock polar is deformed as is
shown by plotted marks in Fig. 15 for various
draft conditions.

Velocity vectors behind FSSWs estimated in
Fig. 15 are compared with measured vectors in
Fig. 16. The starting points of the arrows indi-
cate experimental value, while the head of the
arrow indicate theoretical value. The agreement
is not satisfactory for shallow drafted conditions
and for models with large entrance angle. The
disagreement is mainly because the flow around
FSSWs is not exactly two-dimensional and the
flow behind the shock front is not always parallel

d(cm) x 15- _u
V=10Mee. o ) 2 1% u= _?H%s
v &’ 7° g° % 40° 30°
N N N A A

PEEL I I VLV VMY

Fig. 15 Theoretical shock polar in hodo-

graph plane
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Fig. 17 Contours of constant stagnatlon
depth

to the wall of the model.
The total head behind the shock front A’
is obtained by the following equation.

ko,_ @ 2 i_ - <}L1>
7o _\/<ho> gl o

+l(azz+z722) (10)

The energy loss AE and the rate of energy loss
Ae are,

AE= mg<go——%°—>=mg%9(l—%%> (11)

Ade=AE|E=1—ho/ho (12)
in which mg is amount of flow per unit time.
Equi-total-head contours are drawn in hodo-
graph plane in Fig. 17. The values on the con-
tours show v%o'Jko, and small value means great
energy loss by shock waves.

As often happens, Cw curves have remarkable
humps in low Froude number range for shallow
drafted ships, whereas Cwp curves do not.
These humps that cannot be grasped by wave
analysis will be explained by the above described
estimation of resistance due to F SSWs, when 7
is replaced by /.

An example for two bulk carriers on ballast
condition is present in Fig. 18. The shock angle
is measured in wave pattern photos and myg is
assumed to be 2041V pg, while width of discon-
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Fig. 18 Wave resistance curves of bulk
carriers on ballast condition

tinuity b is intuitively decided in the wave pattern
photos. Broken lines are estimated resistance
coefficient curves due to FSSWs. Curves designat-
ed by 4 are Cws by the first FSSW and those
designated by B are by the second FSSW.
Bulk 2 has a prominent hump around F,=0.15,
while Bulk 1 does not. The broken line designat-
ed by B for Bulk 2 qualitatively explains the
hump around Fn=0.15. Although there left
many problems for precise quantitative estima-
tion of Cws, the hump of Cu in Fig. 18 is the hump
in Cws without doubt and the present method
seems to be applicable.

5.2 Method of characteristics

Method of characteristics briefly explained
in reference 3) is applied to the scheme of hull
form improvement in a little more consistent
manner. The governing equation of the non-
linear shallow water waves is,

(1 ¢x>éu 9y LY ¢x¢y < ¢y>¢w 0

%=¢:z: N 'I/=¢g/
For FSSWs £ is replaced by 4. In supercritical
region equation (13) is a hyperbolic partial differ-
ential equation, and the method of characteristics
can be applied, Equation (13) is rewritten by
Legendre transforma,tlon X—uw—f—vy —¢ into,

where, |

(13)

where,

T=Nu, Y= Yo

From this transformation the lines of charac-
teristics in hodograph plane I'. are tangential to
the epicycloids whose radius of the rotatin ng
circle is (v 3- —1)/2 and that of the fixed circle is
1. The characteristic lines in physical plane C:
are normal to I. respectively. Thus, C; are
normal to the epicycloids. The lines of charac-

teristics I, and C; are expressed as follows, re-
spectively.
<_@_> _uv)ghy =~ (@ oD)ghi— 1
du I+ l—vz/gﬁl

(15)
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Fig. 19 Shock front lines of M40 beam-—
length series
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Fig. 20 Shock front lines of M42 sectional
area curve series

Calculated Measured L) B(m) dm) LR Cs

MA3UV
T M3V 208 03636 01047 55 05423

Fn=02887

EP 9 8 7 6 =
Fig. 21 Shock front lines of M43 frame line
series

@_ :-—uv/g}zli«/(u2+v2)/gﬁl——l
<dx )a: 1—u2ghs (16)

Lines of characteristics for model ships are
calculated in this way, assuming that the start-
ing point of the epicycloid, which means the
uniform flow, is determined by Ay and velocity
of advance and that the hull forms are represented
by the water lines which are expressed by suc-
cessions of straight lines. Thus, lines of charac-
teristics in physical plane are successively ob-
tained. The curve connecting the points where
lines of characteristics cross each other is the
shock front line.

This method is applied to some ship models.
Calculated examples are present in Figs. 19 to
21. Qualitative agreement between experimental
results and the present theoretical interpretations
is excellent in all the three cases for the first

FSSWs. This method of characteristics may be
effective for hull form improvement, because
the agreement of estimated shock angle is excel-
lent in qualitative sense and the decrease of shock
angle straightly means decrease of resistance
due to FSSWs.

This method, however, has some defects;
that is, 1) it cannot estimate second FSSWs
which receive effects by the first ones and 2) it
cannot be applied to V-shaped hull forms or
hulls with bulb, because hull forms are represented
by load water lines at present. These defects
should be remedied for the further development
of the new design procedure.

6. Conclusion

Principal conclusions are as follows.

1) Characteristics of free surface shock waves
are systematically clarified. The effects of draft
and entrance angle of ships and advance velocity
on the generation of free surface shock waves are
put in order.

2) The change of shock angle and wave height
around bow shows close resemblances to shallow
water shock waves.

3) The law of similarity for free surface shock
waves is examined. They are approximately
ruled by Froude number based on draft. ‘

4) Experimentally introducing the concept of
equivalent shallow water depth, the authors
present two practical methods for the qualitative
estimation of free surface shock wave resistance
and of shock wave formation.
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