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Effect of Transom Stern Bottom Profile Form on Stern Wave
Resistance - An Experimental Study -*!
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When a ship with a wide immersed: transom stern runs on a deeper draft than its design draft,
forward-oriented wave breaking often occurs just behind the transom stern. The phenomenon ac-
companies large momentum loss and accordingly large hull resistance. The bottom profile form of
the transom stern is one of the most important factors which affect the phenomenon, though not
so much attention must has been paid to the part in many ships just by the reason that the part
is only a limited local part of a hull. In this paper, model tests on typical bottom profile forms are
conducted at first and then the effect of the bottom profile form on stern wave resistance is discussed
based on the results of the model tests. As a result. characteristics and amount of the effect and the
relation between the bottom profile form and the stern wave resistance are clarified.
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List of Symbols

B : hul: breadth (m)
B, : mean breadth of immersed transom stern end
plane (m)
C; = R;/0.5pSvo>:frictional resistance coefficient (-)
C, = R./0.5pB,, Iv}:residual resistance coefficient (-)
6C. =C, - Cy
C.p : C. of M.S.NO.170a0a,af
F. = vo/(9Lw)"® : Froude number (-)
F.; = vo/(gI)®*® : Froude number based on I (-)
g : gravitational acceleration (m/s?)
I : stern end immersion at rest (m)
I, : real stern end immersion at running with ship
speed vo (m)
L, : load water line length (m)
R. = voL.1/v : Reynolds number (-}
Rj; : frictional resistance (N)
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R, : residual resistance (N)

R,, : total resistance of a full scale ship (N)

S : wetted surface area (m?)

vo : ship speed (m/s)

v1 = vg(l + 2g(7 — I.)/vd)>* : flow velocity just out
of boundary layer at stern end (m/s)

4. : boundary layer thickness at stern end (m)

6. : slope angle of bottom profile at stern end (deg)

v : kinematic viscosity of water (m?/s)

p : density of water (kg/m?)

swbf : abbreviation of ‘forward-oriented wave

breaking’
TKM : abbreviation of 'transverse metacentric height’

1. Introduction

Recent container ships have rather wide immersed
transom sterns to keep necessary transverse stability.
When such a ship runs on a deeper draft than its
design draft, forward-oriented wave breaking (abbre-
viated swbf hereafter)!’® with high turbulent inten-
sity often occurs just behind the transom stern. The
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swbf accompanies large momentum loss and accord-
ingly large hull resistance. To prevent or decrease the
phenomenon is, therefore, important for energy sav-
ing for such ships. Some studies®>" for the purpose
including those on a special stern form and some ap-
pendages have been conducted by one of the authors.

However, one of the most fundamental studies to
be conducted is certainly that to optimize the con-
ventional transom stern form. In this paper, we have
taken up the stern bottom profile form as a component
of transom stern form to be studied. importance of
which our studies?*on transom stern have suggested.

The stern bottom profile is decided in the earli-
est stage of hull form design. In design of the stern
bottom profile form, the following two restrictions at
least have to be taken into consideration. One is that
by TKM and another is that by propeller vibratory
forces. As shown in Fig.l, the lowest point at the
stern end P1 should be lower than a point PA to keep
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Fig.1 Restrictions to stern bottom profile form
design.

necessary TKM, and the point P2 on the hull just
above a propeller should be higher than a point PB to
lower the propeller vibratory force under a required
level. As a result, heights of two points P1 and P2
are decided. If no other restrictions are given, we can
choose any form, for example. such as Profiles I, I and
I shown in Fig.1 for the bottom profile between the
two points. This part must has been regarded not so
important for hull resistance just by the reason that it
is only a limited local part of a hull, and the simplest
form like Profile I must has been adopted for many
ships.

As a similar study to our present study, studies®?)
on the effect of stern flaps or stern wedges on hull re-
sistance have been reported. The mechanism through

which the stern flaps or stern wedges reduce the hull
resistance is, however, not yet completely clarified.

In the following, we compare three fundamental
stern bottom profile forms. ‘concave’, 'flat’ and 'con-
vex' by model tests at first. Then, based on the results
of the model tests, we try to clarify characteristics
and amount of the effect of stern bottom profile form
on stern wave resistance and the relation between the
stern bottom profile formn and the stern wave resis-
tance.

2. Outline of Model Tests

2.1 Model Tests

Resistance test. stern wave height measurement and
stern wave surface observation have been conducted
on three model ships with different stern bottom pro-
file forms.

2.2 Measurement Apparatus

2.2.1 Model Tank

The circulating water channel of Hyogo University
of Teacher Education has been used for the model
tests. Particulars of the model tank are shown in Ta-
ble 1.

Table 1 Particulars of model tank.

*Lengti(m) 1.2
*Breadth(m) 0.3
*Water 02
depth(m)
Flow 0-07
speed(m/s)

ltem with mark * shows size of observation part

2.2.2 Measurement or Observation Instru-
ments
(1) Resistance

A new instrument has been designed and manufac-
tured to measure the resistance of small mode! ships
in the small mode} tank.

Outline of the instrument is shown in Fig.2. A
model ship @) is fastened to a floating frame @. The
floating frame @ has four floats @) (outer diameter
x outer depth = 190mm x 220mm) in four water
tanks@ (inner diameter x inner depth = 250mm x
220mm). The water tanks (@ are out of the model
tank and on a fixed main frame ®). The floating frame
@ is connected to the fixed main frame @ with two
pantographs (@ and is free to move fore-and-aft and
up-and-down. An aimed draft of the model ship @
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can be realized by adjusting amount of the water in
the water tanks @. The floating frame @) is. on the
other hand, connected to a load cell ® on the fixed
main frame @ with a wire ¢). The load cell ¢ can
measure resistance of the mode! ship @ up to 50gf.
Total resistance of each of the model ships measured
in the present study has ranged from 4 to 14gf.

Most of the weight of the model ship and the float-
ing frame is supported by the buoyancy of the four
floats and not by the displacement of the model ship.

Owodel ship Sfloating frame
Oficat Dwater tank Bwire
@road cell Dpantograph
®fixed main frame

Fig.2 Resistance measurement instrument.

The model ship, therefore, can be called "a captured
model ship” and not "a floating model ship™.

Results of calibration for the instrument are shown
in Fig.3. Fig.3 shows measurement accuracy is 0 to
+2.5%.

(2) Waves

Wave heights have been measured with a servo mo-
tor type water level meter. Stern wave surface has
been recorded with a digital video camera.

15 __
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Fig.3 Results of calibration for resistance
measurement instrument.
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(3) Flow velocity

Flow velocity has been measured with a propeller
type flow velocity meter with a 3 min-diameter pro-
peller.

2.3 Model Ships

Stern end immersion at rest | and slope angle of
bottom profile at the stern end 8. are important com-
ponents of transom stern form for stern waves. because
these two components are considered almost to deter-
mine the height and phase of the stern wave. On the
other hand, 8. can be regarded as an index to rep-
resent the stern bottom profile form. We. therefore,
have designed and manufactured three model ships
with different §. and with same I, M.S.Name ‘convex’
(6. = -4.76 deg), 'flat’ (4. = 0 deg.} and ‘convex’ (6.
= +4.76 deg.) to grasp the effect of the stern bottom

Table 2 Particulars of model ships.

M.S.NO. MS. g, Ly B d
Name (deg) | (m) | (m) | (m)

170a-5a,af | 'concave’ | -4.76

170a0a,af ‘flat’ 0 032 (01 001

170a+5a,af | 'convex’ 4.76

1(m)=0.003, B,,(m)=0.092 for all model ships.

'convex’

Fig.5 Photographs of model ships.

profile form. Minus sign of §. means aft-end down and
plus sign aft-end up.

Table 2 shows particulars of the three model ships,
and Fig. 4 and Fig. 5 their hull lines and photographs
respectively. These model ships have same L. and
same fore-bodies, and are different each other only in
the stern bottom profile form.

To ensure turbulent flow stimulation. the model
ships have studs of 1.5 mm height fitted with 7.5 mm

intervals at the station 25 mm aft from the fore end
of load water line.

L, of these model ships. 0.32 m, has been deter-
mined so that their stern waves are similar to those of
7 m long model ships based on the stern wave similar-
ity laws proposed in refs. 8) and 9).

These model ships are used as ‘a captured model
ship' at the model tests as explained in 2.2.2(1). The
effect of the stern bottom form on trim is. therefore,
not realized at the model tests.

2.4 Test Condition

Table 3 shows test condition. Model ship speed vo
is defined by the flow speed at 0.01 m water depth,
same value as the design draft of the model ships, 500
mm fore from the tank aft end wall in the tank center-
line plane, in the model tank without a model ship.
Fig.6 shows water depth-wise flow speed distribution
near the free surface at the position. Tested model
ship speed range corresponds to the ship speed range
from 18.2 to 30.3 knots (F>=0.18-0.30) for a full-scale
ship with L. of 269.2m and I of 1.8m.

3. Test Results and Discussion

3.1 Effect of Stern Bottom Profile Form on
Stern Wave Resistance
Table'3 Test condition.
M.SNO. |MS. d I X | SXI¢
Name |(m) [(m) |(m) (m?)
170a-5a,af | o<’ | (0] 0.005 | 1.642 3.718
170a0a,af *flar’ 0.01 0.005 | 2.223 3.881
170a+5a,af | comvex’ | (.0} 0.005 | 2.520 3.944
ve{m/s) 0.4878 | 0.6091 | 0.6877 | 0.8139
F, 2203 |2.752 |3.07 |3.677
flow velocity (m/s)
0 05 0.6 0.7 0.3
f I | ]
10 j, 1

20

water depth (mm)
T

30 L4

Fig.6 Flow velocity distribution in model
tank without a model ship.
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Fig.7 Resistance test results.

Fig.7 shows resistance test results, comparison of
residual resistance coefficient C, among the three
model ships. To derive C. from measured total re-
sistance, C; estimated by Schoenherr mean line has
been used. where range of R is 1 - 2 x 10°.

Fig.8 is derived from Fig.7 and shows the relation
between 6. and 6C,. 8C. is residual resistance coeffi-
cient, difference from that of 'flat’ and can be consid-
ered stern wave resistance coefficient difference due to
the stern bottom profile form difference from that of
'"lat’, because the same fore-body form is adopted for
the three model ships.

‘conveyx’
‘concave’ F,,=3.677—\
0.1 'flat’ 3107 7
S l 2.752 ;
L =~ L/._"}L_ '_l
8 T - < T
3 S 2,203
01 £ | |
-5 0 5
0 (deg))

Fig. 8 Relation between slope angle of bottom profile
at stern end and stern wave resistance.

The relation between 8. and 8C, seen in Figs.7 and
8 is not so simple, and the relation can be summarized
as follows: At the lowest ship speed Fi.; = 2.203. stern
wave resistance of 'concave’ is smallest and there is
no difference of stern wave resistance between ‘flat’
and ‘convex’. At F.; = 2.752, decrease of f. causes
decrease of stern wave resistance. At the higher ship
speed range of F;; > 3.1, stern wave resistance of ‘flat’
is smallest.

3.2 Relation between Stern Bottom Profile
Form and Stern Wave Resistance

3.2.1 Relation between Stern Waves and
Stern Wave Resistance

Figs. 9-1, 9-2 and 9-3 show comparison of stern
wave surface photographs of the three model ships
taken at F.; = 2.752, 3.107 and 3.677 respectively
at the resistance tests.

Figl0 shows stern wave height comparison among
the three model ships at F.; = 2.752, 3.107 and 3.677.
The stern wave heights have been measured at the
points with 5mm intervals in the hull-center-line plane.
The measurement has been conducted separately from
the resistance test.

At the lower ship speed range of F.; < 3.1, by com-
paring Figs. 9-1, 9-2 and Fig.10 with Figs.7. we can
see that the stern wave surface just behind the stern
end is smoother in case of lower stern wave resistance
(’concave’). The smoother wave surface is considered
to mean that amount of the swbf is smaller.

At the higher ship speed range of F.; > 3.1, the
relation is different. The stern wave surface of ‘con-
cave' is very smooth and almost same as that of 'flat’
at F.; = 3.677 as shown in Figs.9-3 and 10. This is
considered to show that amount of the swbf and also

Fig.9-1 Stern wave surface (F.; = 2.752).



resistance due to the phenomenon are very small on
both of the model ships. The stern wave resistance
of 'concave' is, however, larger than that of 'flat’ as
shown in Figs.7 and 8.

This stern wave resistance difference between ‘con-
cave’ and ‘flat’ is considered due to the difference of
another component of stern waves, the remaining fol-
lowing waves'®'!). The remaining following waves
mean the waves which do not break just behind the
stern end and propagates afterwards as free waves.
The remaining following wave height of *concave’ can
be estimated to be larger than that of flat’, though
this tendency is not so clear in the measured wave
heights shown in Fig.10.

3.2.2 Relation between Real Stern End Im-
mersion and Stern Wave Resistance

To grasp the relation between the swbf and the
stern wave resistance quantitatively. we introduce the
real stern end immersion I, defined in Fig.11. I, is
the thickness of water layer by the water broken by
the swbf. Therefore. I. can be regarded as an index
to represent amount of the swbf,

I+, on the other hand, determines the flow velocity
just out of the boundary layer at the stern end v;
according to the following relation:

v1 = vo(1 + 29(I — ) /vo*)%*® (1)

This v, is one of the important factors which de-
termine the swbf')?). The relation (1) shows that
larger I, causes lower v;. Lower v; generates heav-
ier swbf'’2), So. it can also be said that I, determines
the swbf. Fig.12 shows I, of the three model ships. in
non-dimensional form. read from the record with a

MSaname [‘concave’ | ‘Mat” [‘convex’
mark -

AE.
2752

F2? — LWL

F 3107 —

LWL

LWL

Fig.10 Measured stern wave heights.

Fig.9-3 Stern wave surface (Fr; = 3.677).
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Fig.11 Definition of real stern end immersion I..
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Fig.12 Measured real stern end immersion.
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Fig.13 Relation between real stern end immersion
and stern wave resistance.

digital video camera.

Fig.13 is derived from Figs.7 and 12 and shows the
relation between I, and stern wave resistance in non-
dimensional form.

In Fig.13, at the lower ship speed range of F.j <
2.752, we can see a close co-relation between I. and
the stern wave resistance: smaller I, causes lower stern
wave resistance. This part data in Fig.13 shows that
the following test results shown in Fig.8 can be ex-
plained with the difference of I. : No difference of
stern wave resistance between flat’ and 'convex’ and
the smallest stern wave resistance of ‘concave’ at F.;
= 2.203. Decrease of 8. causes decrease of stern wave

resistance at F.; = 2.752. Fig.13 also confirms that
the swbf largely controls stern wave resistance at the
lower ship speed range’!V).

At the higher ship speed range of F.; > 3.1, the
relation is different. Smaller I. does not necessarily
bring smaller stern wave resistance. The reason has
been explained in 3.2.1.

3.2.3 Relation between Stern Bottom Profile
Form and Real Stern End Immersion

Fig.12 shows that I, increases with decrease of ship
speed on a stern. This confirms that the swbf is eas-
ier to occur at the lower ship speed'!”. Fig.12 also
shows that I. largely depends on the stern bottom
profile form and is smallest on 'concave’ and largest
on ‘convex’ at a F,j .

Position of the first trough (or the trough just in
front of the first peak) of stern wave is estimated to
be just at the stern end in case of flat’. that is aft
from the stern end in case of ‘concave’ and that is fore
from the stern end in case of 'convex’. This tendency
can be seen in Figl0. This tendency is considered to
tause the widest room between the first stern wave
peak and the stern end for the water broken by the
swbf of ‘'concave’ and the narrowest room for the water
of ‘convex’. This size of the room is considered to be
another factor to determine the value of I. besides the
amount of the swbf, the main factor.

The smallest I, of 'concave’ and the largest I. of
‘convex’ at a F,.; are, therefore, considered to be due
the largest room of 'concave’ and the smallest room of
‘convex'.

1. depends on amount of the swbf and also on the
stern bottom profile form as shown in Fig.12. On the
other hand, I, and not the stern bottom profile form
has a close co-relation with the stern wave resistance
at the lower ship speed as shown in Fig.13. These data
are considered to show that I. relates with the stern
wave resistance as a cause of the swbf rather than as
a result of the swbf, where I. is a result of the swbf
and is also a cause of the swbf as explained in 3.2.2.
3.3 Relative Amount of the Effect in Hull Re-

sistance

To check whether above obtained effect of stern bot-
tom profile form is significant in amount in the pow-
ering of a full scale ship, ratio of the stern wave resis-
tance difference due stern bottom profile form differ-
ence to total resistance is estimated on a full-scale ship



(8.NO. CA. Full-2 condition in ref. 3): Ly = 269.2m.
I=18m. d=12.0m)atF, =0.25, F,; =3.057. Stern
wave resistance coefficient. difference from that of 'flat’
8C. at this F.; is read -0.023 for ‘councave’ and 0.084
for 'convex’ from Fig.7. §R. for the full-scale ship can
be calculated based on these 4C,. Obtained éR./R,.
are -3.9% for 'concave’ and +14% for ‘convex’, where
R:, is total resistance of the full-scale ship. The latter
value seems a little larger. However, it can be said at
least that the amount of the effect is significant.

4, Conclusions

The following have been clarified by comparing
three fundamental stern bottom profile forms. con-
cave’, ‘convex and 'flat’ by model tests:

(1) Effect of the transom-stern bottom-profile form:
The concave stern bottom profile causes the lowest
stern wave resistance at the lower ship speed range
of F.; < 3.1. The flat stern bottom profile causes the
smallest stern wave resistance at the higher ship speed
range of Fr; > 3.1.

(2) Relation between Stern Bottom Profile Form and

Stern Wave Resistance:

1) At the lower ship speed rage of F.; < 3.1, the
stern bottom profile form controls the stern wave re-
sistance mainly by controlling the real stern end im-
mersion I,.

2) At the higher ship speed range of Fr; > 3.1. the
stern bottom profile form controls the stern wave re-
sistance mainly by controlling the remaining following
wave height.

3) The concave stern bottom profile causes the
smallest real stern end immersion I, which is impor-
tant at the lower ship speed range. The flat stern bot-
tom profile causes the lowest remaining following wave
height which is important at the higher ship speed
range.

(3) Relative amount of the effect in hull resistance:
Amount of the effect of the stern bottom form change
is estimated to be significant in the powering for a
full-scale ship.
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