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Design of Bulbous Bows

Alfred M. Kracht, Visitor

There is no doubt that bulbous bows improve most of the properties of ships, but the correct design
and power prediction for ships with bulbous bows are still difficult due to the lack of design data. In
the paper, a quantitative design method is presented together with the necessary data providing rela-
tionships between performance and main parameters of ships and bulbs. The data, in the form of
design charts, are derived from a statistical analysis of routine test results of the Hamburg and the
Berlin Model Basins, HSVA and VWS, respectively, supplemented by results of additional tests to
fill the gaps. Three main hull parameters are taken into account: block coefficient, length/beam
ratio, and beam/draft ratio, while six bulb quantities are selected and reduced to bulb parameters,
of which the volume, the section area at the fore perpendicular, and the protruding length of the bulb
are the most important. For power evaluation, the total power is subdivided into a frictional and a
residual part. Depending on bulb parameters and Froude number for each block coefficient of the
main hull, six graphs of residual power reduction have been prepared. Because of the wide range
of block coefficients, there are so many design charts that only one example is presented herein.

Introduction

NEARLY 90 YEARS AGO, R. E. Froude |1]2 interpreted the
lower resistance of a torpedo boat, after fitting of a torpedo tube,
as the wave reduction effect of the thickening of the bow due
to the torpedo tube. D. W. Taylor was the first who recognized
the bulbous bow as an elementary device to reduce the wave-
making resistance. In 1907 he fitted the battleship Delaware
with a%ulbous bow to increase the speed at constant power. In
spite of great activities in the experimental field to explore its
potential, 70 years had to pass before the bulb finally asserted
itself as an elementary device in practical shipbuilding. A
suitably rated and shaped bulb affects nearly all of the prop-
erties of a ship. Especially for fast ships, the use of a bulb allows
a departure from hitherto accepted design principles for the
benefit of a better underwater form. The higher building costs
are the only disadvantage.

The protruding bulb form affects hydrodynamically a
variation of the velocity field in the vicinity of the bow, that s,
in the region of the rising ship waves. Primarily the bulb at-
tenuates the bow wave system, which usually is accompanied
by a reduction of wave resistance. By smoothing the flow
around the forebody, there is good reason to believe that the
bulb tends to reduce the viscous resistance too. Theref ore, the
beneficial action of a protruding bulb depends on the size, the
pasition, and the form of the bulb body. See Fig. 1.

The linearized theory of wave resistance has provided the
main contribution to the understanding of the bulb action
(Wigley [3], Weinblum |4], Inui |5, 6]). But il is of no great use
for the project engineer. In the preliminary stage of his project,
he needs fundamental information on which to base concrete
decisions. Later, in the realization stage, the quantitative as
well as qualitative guidelines are important, because the hy-
drodynamic phenomena are not describable by few geometric
form parameters alone. For this reason, in this paper, the mode

! VWS Berlin Model Basin, Berlin, Germany.

Fig. 1 Bow wave pattern of a model without (upper picture) and with
bulbous bow (lower picture) (Cg = 0.6, Fy = 0.29, Aprl Ays =
0.074)

of action of a bulb and the influence of bulb parameters on
resistance or power reduction, respectively, are described in
a qualitative manner; guidelines for bulb design are also in-
troduced. The design charts presented here are the result of

% Numbers in brackets designate References at end of paper.
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a research project; that is, of an analysis of routine test results,
of the Hamburg and the Berlin Model Basins supplemented by
results of additional tests to fill the gaps. The charts are new
and therefore still in need of improvement and completion.
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Fig. 2 Bulb types
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Bulb forms and parameters

For an adequate presentation of the hydrodynamie prop-
erties of bulbs, it is necessary to systematize the different ex-
isting bulb forms [7] by means of geometric parameters. Ob-
viously a definitive description of a bulb shape; just as for a ship
form, with a finite number of geometric parameters, is im-
possible. But a rough classification is possible using only few
parameters.

With the shape of the cross section Agy of the bulbous bow
at the forward perpendicular (FP) as the main criterion, one
can differentiate three main bulb types (Fig. 2) [8]:

(@) A-Type: Fig. 2(a)shows the drop-shaped sectional area
Apgr of the delta-type with the center of area in the lower-hall
part. This shape indicates a concentration of the bulb volume
near the base. The Taylor bulb and the pear-shaped bulbs
belong to this type.

(b) O-Type: Thistype (Fig. 2b), with an oval sectional area
Aprt and a center of area in the middle, has a central volumetric
concentration. All the circular, elliptical, and lens-shaped bulbs
as well as the cylindrical bulbs belong to this type.

(c) V-Type: The nabla-type also has a drop-shaped sec-
tional area A gy (Fig. 2¢), but its center of area is situated in the
upper-half part, indicating a volume concentration near the

Ag = area of ram bow in ]utlgiludinal plane, m2
Agr = cross-sectional area at forward perpendicular
(FP), m?
Aps = midship section area, m?
Bg = maximum breadth of bulb area Agy, m
Bys = beam, midship, m
Cg, Cu, Cp, Cwyr. = block, midship-section, prismatic, and waterline
coefficients, respectively
Cpg = prismalic coefficient, entrance
Cp, Cg = frictional or residual resistance coefficient, re-
spectively
Cpyn = residual power displacement coefficient
ACpyg = residual power reduction coeflicient
Capr = lateral parameter
Canr cross-section parameler
Cgp = breadth parameter
Creg = length parameter
Cypr = volumeltric parameter
Cyzp = depth parameter
D, Dyuke = diameter of propeller, or wake field, respectively,

m
Fy=Vg/VgXLpp =
Hg = total height of Agy, m
Lg, Lpp = length of entrance, or between perpendiculars,
respectively, m
Lpg = protruding length of bulb, m
Pp, P, Pp = delivered, [rictional, or residual power, respec-
tively, PS

Froude number

Nomenclature

free surface. Because of its favorable seakeeping properties,
this type is the most common bulb.

With respect to the lateral contour of the bulbous bow, two
typical classes are distinguishable:

(@) The stem outline remains unchanged-as with the Taylor
bulb. These bulbous bows do not have favorable properties and
are no longer built today.

(b) The stem outline is changed by the protruding bulb as
with all modern bulbous bows.

In addition to these classification criteria, quantitative bulb
parameters are necessary for delineation of the bulb form. The
author is of the opinion that six parameters are sufficient for
all practical purposes. Figure 3 shows the three linear and three
nonlinear geometric bulb quantities that are reduced to the bulb
parameters, that is, normalized by the main dimensions of the
ship, as described in the following.

The three linear bulb parameters are

1. The breadth parameter, that is, the maximum breadth
By of bulb area Agy at the FP divided by the beam By of the
ship

Cgp = Bg/Bums (1

2. The length parameter, that is, the protruding length Lpg
normalized by the Lpp of the ship

Crpr = Lpr/Lpp (@)

3. The depth parameter, that is, the height Zy of the fore-
most point of the bulb over the base divided by the draft Ty
at the FP

Czs=Zg/Trp (3)

The variation of the linear bulb parameters is easily possible
during the project phase. The breadth By is not necessarily the
maximum breadth of the bulb body that, for hydrodynamic
reasons, can also be located before the FP. The depth pa-

Pgr, Peg = effective frictional or effective residual power,
respectively, PS
APy = residual power reduction factor
Rg, Ry, Ry = [rictional, total, or viscous resistance, respectively,
kp
Rva, Rwg, Bwr = viscous residual, wave-breaking, or wavemaking
resistance, respectively, kp

ARwg, ARwr = bulb effect on wave-breaking or wavemaking
resistance, respectively, kp

ARy = secondary bulb effect, bulb effect on viscous re-
sistance, kp
Reynolds number
ship surface or totul bulb surface, respectively,
m?
Tgp, Tras = draft at FP or midship, respectively, m
Vs = ship speed, knots
V g = total bulb volume, m3
¥V pr = volume of protruding bulb part, m*
Vwr = displacement volume, m®
Zy = height of the foremost bulb point over baseline,
m

]

HN — Vs X .Lpp/l'
S, Spuot

3

t,w = thrust deduction or wake [raction, respectively
np = propulsive efficiency
v = viscosily of waler, s/m?
p = density of water, kp-s?/m?
g = acceleration due to gravity, m/s*

1§

It
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Fig. 3 Linear and nonlinear bulb quantities

rameter is a valuation factor of the beach slope of the bulb top
(thick line in Fig. 3).

The three nonlinear bulb parameters are

1. The cross-section parameter, that is, the cross-sectional
area Agy of the bulbous bow at the FP divided by the mid-
ship-section area Ay of the ship

Canr = Agr/Aps (4)

2. The lateral parameter, that is, the area of ram bow Agy
in the longitudinal plane normalized by Aus

Casr = Apr/Apms (5)

3. The volumetric parameter, that is, the volume ¥ py of
the protruding part of the bulb divided by the volume of dis-
placement ¥ wy, of the ship

Cvpr= Ver/VwL (6)

The volume ¥ py is the nominal bulb volume. The total or
effective bulb volume V g, is the sum of V pr and the fairing
volume ¥, which results from the fairing of the bulb into the
ship hull.

Finally, a distinction is possible between an additive and an
implicit bulb. An additive bulb increases the displacement
volume ¥V w of the ship by the effective bulb volume ¥ g,,,.
The sectional area curve of the original hull remains unchanged.
On the other hand, the effective volume V stor Of an implicit
bulb is part of the displacement volume V wi of the main hull
that is shifted from unfavorable regions and concentrated in
the vicinity of the forward perpendicular. By this process, the
sectional area curve of the original ship is changed.

) Influence of a bulbous bow on the properties of a

ship

Before discussing the influence of the bulbous bow on the
ship’s resistance and required power, respectively, we should
mention other important hydrodynamic qualities which play
arole in the decision whether a bulb should be used or not. The
change of resistance influences the thrust loading of the pro-
peller and, consequently, other propulsive characteristics of the
ship; for example, the quasi-propulsive coeflicient, the wake,
and the thrust deduction fraction [9-11). Figure 4 shows this
indirect influence of a bulbous bow on thrust deduction and
wake fraction. Both are increased by an additive as well as by
animplicit bulb, if the bulb ship has a lower total resistance than
the bulbless form. But there is also a direct influence of the
bulbous bow on the wake distribution in the propeller plane.
In Fig. 5 the radial distributions of axial wake components of
ships with and without a bulb are compared. Within the
propeller disk area the axial wakes of all bulb ships are higher
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than the wakes of the bulbless ones. The reason for this is the
change of flow around forebody and bilge, which is observable
in the model case up to the propeller disk [12, 13|. But in the
correlation of model test and full-scale results, scale effects play
a very important role [10] and it is not certain if this bulb eflfecl
is also found at the ship.

Although unfavorable effects are possible, bulbous bows in
general do not influence the course stability or the maneuver-
ability [14]. No significant changes of the overshoot angle or
the period in zigzag tests could be established. The bulb is an
ideal place for the.arrangement of bow thrusters and acoustic
sounding gears.

The seakeeping qualities of a ship are a special problem, and
a very broad field, which will be discussed here only briefly.
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Fig. 6 Damping coefficient D* of partially immersed bulbous cylinders
as function of wave number k [ 18]

Except for the relative foreship motion against the water sur-
face, the bulbous bow has no unfavorable influence on either
the remaining motions or on the maximum bending moment
in the midship section [15, 16]. In spite of the higher relative
motion of a bulb ship, the danger of slamming of a well-shaped
bulb is no higher than with the bulbless ship [17).  In detail, the
bulb mitigates the pitching motion of the ship by its higher
damping. It should be mentioned here that the damping
coefficient of bulb cylinders in a two-dimensional case vanishes
for a certain wave number [18] as shown in Fig. 6. Since
nonbulbous cylinders do not show this quality, the damping
effect of a bulbous bow, for example, of O-type, can vanish for
definite wave numbers, and the bulb ship moves like a bulbless
one.

In regular waves, model tests show that the critical Froude
number Fy from which the bulb ship begins to be superior
increases with increasing ratio A/L [15]. Asa function of A/L
at constant Froude number, the resistance of a bulb ship in-
creases more rapidly than that of the bulbless form.  Therefore,
most of the smooth-water advantages of bulb ships vanish above
about A/L =0.9. Inirregular waves, nearly all bulbous ships
have disadvantages above Beaufort 8. Since in the North At-
lantic the probability of the occurrence of wind intensity more
than Beaufort 8 is only about 10 percent, and up to A/L = 0.8
the bulbous ship is the best ship [20] regardless of seakeeping
aspects, the bulb design consequently may be carried out in
view of the smooth-water performances only.

In navigation in ice, the bulbous bow has proved to be ad-
vantageous. Its form enables a tipping of ice floes coming from
the front in such a way that they glide along the hull of the fo-
reship with their wet-side {riction coefficient, which is small.
Due to this effect, the speed loss of a ship with a bulbous bow
is smaller than that of a bulbless one.

If from the beginning a bulbous bow is included in the
shaping of the underwater hull form, then for fast ships espe-
cially it is possible to leave the traditional recommendations on
the fullness of the forebody and the unavoidable abaft position
of the center of buoyancy. Without disadvantages, the bow
bulb allows a fuller foreship form and therefore better trim and
stability properties. Using an implicit bulb, a more slender
aft-body is possible at constant total block coefficient with
improved propulsive performance. Without increase of the
resistance, a greater angle of entrance for the walerlines can
be used as compared with the accepted practice so far [22],

Resistance and bulb effect

The most important effect of a bulbous bow is its influence
on the different resistance components and consequently on
the required power. Although the design charts represent the
power reduction due to a bulb, for a better understanding
the hydrodynamic phenomenon shall be discussed by means
of the influence of the bulb on the resistance. For this purpose,
the following subdivision of the total resistance is used

Rr =Ry + Rwr + Bwg = Rr + Rvg + Rwr + Rwg (7)

where
Ry = viscous resistance
Ry = frictional resistance

Ryg = viscous residual resistance
Rwy = wavemaking resistance
Rwyp = wave-breaking resistance

The latter two components are related to wavemaking. Their
contributions to the total resistance are very different for ships
with different block coefficients and speeds. Here, an expla-
nation is to be found for the fact that the resistance reduction
due to a bulb for full, slow ships can exceed the wave resistance
alone, which at Fy < 0.2 is a negligible part of the total resis:
tance.

The additional bulb surface always increases the frictional
resistance Ry, which is the main part of the viscous component
Ry. Up to now, it is not quite clear whether the bulb affects
the viscous residual resistance Ry due Lo the variation of the
velocity field in the near bow range |25, 26].  But in the rean-
alysis of test data based on Froude's method, presented here,
this open point is of no account.

There is no doubt concerning the influence of the bulbous
bow on wavemaking resistance Rwy.  The linearized theory
of wave resistance has rendered the most important contribu-
tion to the clarification of this problem (3, 4]. According to
this theory, the bulb problem is a pure interference problem
of the free wave systems of the ship and the bulb. Depending
on phase difference and amplitudes, a total mutual cancellation
of both interfering wave systems may occur. The position of
the bulb body causes the phase difference, while its volume is
related to the amplitude.  The wave resistance is evaluated by
analysis of the free wave patterns measured in model experi-
ments |5, 26-28|.

The wave-breaking resistance Rwg depends directly on the
rising and development of free as well as local waves in the vi-
cinity of forebody and is a question of typical spray phenom-
enon. Understanding of the breaking phenomenon of ship
waves is important for the bulb design for full ships. Rwg in-
cludes all parts of the energy loss by the breaking of too-steep
bow waves. The main part of this energy can be detected by
wake measurements [23, 26]. The local wave system contrib-
utes the main part to this resistance component. This wave
system consists mainly of the two back waves of bow and stern
which are generated by deflection of the momentum. The
deflection rate of the flow is a degree of the steepness of these
back waves, of which only the bow wave is of a practical im-
portance in bulb design. |

The wave-breaking resistance can be diminished only insolar
as it is possible o prevent the breaking of bow waves.  Ac-
cording to the reason of its ereation, this is only possible by
changing the deflection of momentum or the bow near the
velocity field, respectively. 1n principle this may be achieved
not only by a-bulbous bow, but by suitable hydrofoils as well
[29]. A theoretical treatment of the linearized problem has
recently begun |23, 30),

The effect of the bulb on the different resistance components
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A

can be discerned by taking the differences of the corresponding
resistance components of the ship without (index o) and with
bulb (index w):

ARy =Ry, — Ryw = ARy + ARwr + ARwp (8)

Consequently it is possible to define three different bulb effects.
In any case, a positive bulb effect AR means a resistance re-
duction, and vice versa. The two latter terms in equation (8)
account for the primary bulb effect, which for bulb design are
the most important. The difference of the wave resistances

ARwr = Rwry — Rwrw = Rwy + Bwy, 9)

is the interference effect, which is the sum of the interference
resistance Rw; and the wave resistance of the bulb body Ry,
alone. Its contribution to the total bulb effect can be estimated
by an analysis of the interfering free wave patterns [26). Ac-
cording to Froude's law, it can be scaled directly to the full-scale
ship. Only for slender fast ships does it give the main propor-
tion to the total bulb effect, where the amount depends essen-
tially on the bulb volume and the sign on the longitudinal po-
sition of the bulb center.

The difference between the wave-breaking resistances
ARwp = Rwg, — Rwaw (10)

is the breaking effect, which is the main contribution to the total
bulb effect for full, slow ships. Its contribution is: the bigger
the bulb, the better the deflection of the flow in the vicinity of
the bow region. This means for the bulb form an optimal
distributed bulb volume in the longitudinal direction to mini-
mize gradients of the hull surface in the region of rising bow
waves. Using geosim model tests, Taniguchi [12] and Baba [23]
have shown that the wave-breaking resistance, and conse-
quently the breaking effect, is Froude number dependent.
The difference between the viscous resistance parts

ARy = Rvo = Rvw = (Rpo = Rpw) + (Rvmo — Rvie) (1)

is the secondary bulb effect, which is of minor importance for
the total bulb effect. Due to the larger surface of bulb ships,
the frictional resistance term of equation (11) is always negative
and diminishes the bulb action. For reasons mentioned before,
the contribution of the difference of viscous residual resistance
is not taken into account

Finally, the question has to be answered whether equivalent
variations of the ship may result in the same improvements as
an addition of a bulb, for example, an increase of block coef-
ficient Cg corresponding to the bulb volume, or an elongation
of the ship length corresponding to the bulb length Lpg. 1t has
been shown by model experiments [14] and by linear theory |22|
[thfl the effect of a bulb cannot be achieved by form variations
9],

Influence of bulb parameters on bulb effect

At constant Froude number Fy, the bulb effect is a function
of all six bulb parameters:

AR = F(Cvy pr, Cagr, Canr, CrLen, Cup, Czs)  (12)

This multidimensional relationship complicates the under-
standing of the dependencies on single parameters, the
knowledge of which is very helpful for bulb design. Unfor-
tunately, a quantitative description of these dependencies is
possible in only a few cases, because systematic model experi-
ments are too expensive and some parameters cannot be varied
independently.  On the basis of linearized wave resistance
theory, however, a qualitative picture can be developed, sup-
ported by special model experiments, for example, the wave
cuts|26], which not only prove the tendency of the dependence.
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Fig. 7 Dependence of interference and primary bulb effect on the
length parameter C pp = Lpg/Lpp. Comparison of theory and experi-
ment with an elementary ship of the form (2,4,6,0.72,1.0) [31]

Because of the doubts connected with the secondary bulb effect,
the following consideration is confined to both parts of the
primary effect only—to the interference and breaking effects,
respectively.  The relationship between the two and the
magnitude of their contributions to the total bulb effect are not
discussed at this stage.

According to linearized theory, the interference effect de-
pends on the volumetric parameter Cyer= Ver/Vweina
quadratic manner [32]. C\y pg is a measure of the amplitude
of the wave pattern. The breaking effect shows a similar de-
pendence.  With increasing bulb volume, both effects increase
up lo a maximum with a subsequent decrease. The optimal
bulb volumes corresponding to the maximum values of the
different bulb effects do not, in general, coincide. For the
interference effect, the optimal volume can be estimated for
a given ship-bulb combination by the wave cut method [26].
In a similar way, the interference effect depends on the breadth
and cross-section parameter.

For a constant bulb volume and depth, the length parameter
Crer = Lpg/Lpp has a great influence on the interference ef-
fect. Asit isa measure for the phase relation of the free wave
systems of ship and bulb, typical maxima and minima appear
as a direct consequence of the interfering waves. As shown in
Fig. 7, this tendency is confirmed by model experiments [31].
The influence of the length parameter on the breaking effect
can be caught intuitively by its mode of action. With in-
creasing Cp pg, this effect increases at first and after a maximum
decreases monotonically to zero, due to the fact that the de-
flection of momentum in the vicinity of the bow is hardly al-
tered by a very long cylindrical bulb. Because the lateral pa-
rameter is strongly related to the length parameter, its influence
on the bulb effect is similar.

The dependence of the interference effect on the depth pa-
rameter Czg = Zy/Trp is described simply by linear theory
because the term Zy of a spherical bulb coincides with the
center of the sphere. If such a bulb of constant volume and
longitudinal position is moved from infinite depth up to the
water surface, the interferential effect increases at first
monotonically from zero to a maximum, decreases subse-
quently, and finally becomes negative due to an increase of the
resistance of the emerging bulb body. The breaking effect
behaves similarly, but it can become positive again, if Zy > Trp,
as with the V-type. In this case the behavior of a ship-bulb
combination is similar to a longer main hull increased in length
by Lp,n.

Design of Bulbous Bows 201




Cp = 072 74
[ s O SRl 7
+~ 068 ;
bl s /// /
| bulb 12,0 Log= 7 fa e =
t{em::ls;ry s.hlp aud // / Ly “‘QE" .7 // ',.'
003 (2,4,6,Co00) b = b
P et 060 17
0.02 ;/ \_‘\ ar
— / -
(P J/, .....
001 N T TN 056 L
N =
| {3 | S [ A Uil | 1
0120 025 0/30 0/35 F

Fig. 8 Optimal bulb volume V « of a ship-bulb combination as a
function of Froude number Fy. The prismatic coefficient Cp of the
elementary ship form (2,4,6,Cp,1.0) is the parameter of the curves

(31]
% | w oy
. elementary ship / \\ZB’TMS:'OZE’ 7
2,4,6,072,1.0 /
06| ! / LY i

005

001

"‘L"'
‘ bulb position LPR:r
1 S RS A IO VA (A O T s
0120 0'25 030 0/35 R
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Influence of ship main parameters on bulb size
and bulb effect

Linear theory permits comment on the influence of some
ship main parameters on bulb size. The theoretical results
relate to the interference effect only, but have general validity
throughout and, in particular, are applicable to the breaking
effect. For discussion, the most suitable case is the optimal
bulb, which minimizes the wave resistance of a ship-bulb
combination. With elementary ships of the form (2,4,6,C p,1.0)
(31], it may be shown that an increased prismatic coefficient
Cp or block coefficient Cy, respectively, is associated with in-
creasing volume of the optimal spherical bulb. Figure 8 gives
an impression of this fact. From this it follows, for ships with
long parallel middlebody, that with increasing Cpg, Lppg/Lpp
and decreasing Lg/Bys, the optimal bulb volume increases
(Yim (22), Fig. 4). The depth of the bulb has a similar influ-
ence. Asshown in Fig. 9, at constant Froude number Fy and

longitudinal position, the optimal bulb volume increases with
increasing depth position Zg.  Moreover, both figures clearly
indicate the enormous influence of ship speed on optimal bully
volume, which increases in an undulating manner with in-
creasing speed. These theoretical results are upper limits for
the actual effects. While their absolute values are hardly of
practical interest, the tendency of the dependence of bulb
volume on speed, block coefficient, length of entrance, and bulb
position is useful for the actual design.

Since the wave system is created only by the nonparallel part
of the main hull, and in the real fluid the forebody makes the
main contribution, the length Lpy of the parallel middlebody
has hardly any influence on the bulb size and, therefore, the
same holds for the length/beam ratio Lpp/Bps too.  For ships
with Lpp/Bpyg > 5.0, the wavemaking resistance is only a
function of L;/Bys, as shown by the upper limit curves in Fig.
10 (see also Baba [23), Fig. 10). The beam /draft ratio Bus/Tus
has a great influence on bulb effect, bulb size, and draft pa-
rameter Czy (upper limit curves in Fig. 11), Consequently,
for dimensioning of a bulbous bow, the main-hull parameters
are Cpg, Bags/Tags, and L/ Bys. Unfortunately, in the pre-
liminary design phase, Cpg, and often Lg too, is unknown.
Therefore, the following design guidelines are mainly based
only on block coefficient Cy and beam/draft ratio Byg/
Tus.

Design guidelines for bulbous bows

Itis well known that the existing design methods, for exam-
ple, the classical method by Taylor, are not sufficient for power
estimation of a bulb ship and for modern bulb design. Tofill
this gap in the design guidelines, a large number of routine test
results of ships without and with bulb, carried out by the two
German model basins, have been reanalyzed in a research
project. The design guidelines derived, the design charts, and
a computer program have been successfully applied on various
occasions.  From the multitude of diagrams developed in this
paper, only one example is depicted. For complete informa-
tion, reference has to be made to FDS Bericht No, 36,/1973|8|
and VWS Bericht No. 811/7838]. 1t is emphasized that the
information content of the design diagrams cannot be better
than that of the original data base, especially in the cases with
very small data collection.

Reanalysis of routine test results

Since the bulbous bow affects primarily the wavemaking
resistance, the design guidelines should correctly be related to
the wave or residual resistance, During preparation of the
research work, it became evident, however, that most of the
usable data were propulsion rather than resistance test results.
Since in principle it makes no difference whether the bulb ef-
fect is derived from resistance or propulsion tests, a power
specific bulb effect, or power reduction factor, respectively,
was defined:

AP*=10-P,/P, (13)

In this form the bulb effect is the power difference of the ship
without P, and with bulb P, related to the power of the
bulbless ship. According to this definition, a positive bulb effect
corresponds to a power reduction, and vice versa.

In order to separate the different friction resistance com-
ponents of ships without and with bulb in accordance with
Froude’s method, the total delivered power Pp

Pp=Pg + Pg (14)
is regarded as composed of a frictional part (index F)and a

residual part (index R). If the propulsive efficiency np is
known, the residual power can be calculated as the difference
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between total and frictional power, and a residual power re-
duction factor
APR = 1.0 = Ppy/Pr,

& 1.0~ (PDw - P!"w)/(PDo = Pgy) (15)

can be defined.

 The relationship between effective Py and delivered power
is

Pp =Pg/np = (Pgr + Pgr)/np (16)

With the frictional power Pgg calculated by the International
Towing Tank Conference (ITTC) 1957 line

Per=Cr (£V1-5) (17)
the residual power is
Pg = Pgp/np = Pp — Pgg/np (18)

Design of Bulbous Bows

With equations (16) to (18), the residual power reduction factor
becomes

AP} = 10— Pownpw = Perw o 1o

15a
Pponpe — PEro NDw ( )

A separation of the various bulb effects is not possible in this
way.

The propulsive efficiency np is a function of hull form and
speed and should be known for thé analysis of the model test
results. Moreover, for ships without and with bulb, the pro-
pulsive efficiencies are generally not equal, but it is 75, > Do
in the beneficial speed range of the bulb ship. Unfortunately,
from most of the propulsion test results, 5p could not be esti-
mated. Therefore, as a first step in simplification of the
reanalysis, a constant 5p has to be chosen for ships without and
with bulb. The mistake is small if in the calculation of the re-
sidual power reduction factor by equation (15a), the condition
NDw = MDo is assumed. In general, the relations
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shown with the ship-bulb combination No. 7 of Table 2
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Comparison of the residual power reduction coefficients from

full-scale and model-scale measurements (for main particulars, see

and

Table 1)

Perw > Pgp,  (because S, > §,)
Ppy, < Pp,

NMDw > Mpo

Ppuwnpw > Ppunp,

hold. Consequently the numerator difference of equation

(15a) is
Ppuwnpw = Perw > Ppynp, = Pppy
but because of
Mo/ Mpw < 1.0
it is
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(Ppwnpw — P.EFw)_“;DU = (Ppwnpe — Pgrw)
w

Therefore, the residual power reduction factor used here s
APk = 1.0 = (Ppy = Pgru/np)/(Ppo — Pero/np) (15b)

Because a few propulsive efficiencies are known only in the
collected routine test results, in a second step of simplification
an 1y has to be defined that should be constant for all ship-bully
combinations within the whole range of block coefficient Cj.
From the scarce experimental results and practical experi-
ence

m =07

appeared to be a very good mean value. For normal ships, 5,
is between 0.6 and 0.8, Therefore, it is important to test the
consequences of divergence of np from the mean value 0.7 on
the residual power reduction coefficient ACpyg. As shown
in Fig. 12, a change in np of 3 percent affects at low Froude
numbers, Fy, a change in ACpyp of only %4 percent; at higher
Fy of only £1.5 percent.

Further analysis is facilitated by the introduction of di-
mensionless coefficients as follows. To eliminate influences
of the ship hull form, the power displacment coefficient

Crv = P/(p/2VE¥ V) (19)
is chosen. This leads to a residual power coefficient
Cron = Pp/(p/2VI¥'VT,) = CpS/(np ¥ VL) (20)

and with friction law
Cr = 0.075/(logRy — 2.0)2 (21)

to the bulb effect related to the residual power coefficient, that
is, to the residual power reduction coelficient

ACper = 1.0 = Cpor with/Cron without (22)

Finally, it should be mentioned that in the reanalysis a form
factor k is not considered.

The residual power reduction coefficient can be scaled di-
rectly to full-scale ship. Figure 13 shows the results of mea-
surements at ship [35] and model scale. The slight sea-wave
influence on full-scale measurements is eliminated. That the
amounts do not coincide totally might depend on the different
trims of the forms without and with bulb, Table 1 gives the
main particulars of the ships. In case 3, the delivered power
of the bulbless ship is converted to a draft T = 6.57 m (21.55 ft)
by aid of the Admiralty formula.

Design of Bulbous Bows
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Table 1 Main 'partlculars of ships without (Ship 1) a

The analysis of the many experimental results is sorted out bow. (See Fig. 13; ATy/Lpp Is the related trim)
by C-collectives in which many bulb ship forms with nearly Y s
the same block coefficients are collected. There are so many e Cab_‘e ;
design charts that only the case of Cg = 0.7 is presented here. PULp. - | ety 3 Takdp 17 Ship 2
The variation of the residual power reduction coefficient by Tas [m] | 5,98 6,57 5,96 5,68
equation (22) of each ship form ATr/lep | G 129%| 1,17%| 0129%| 1.05%
fep | 07642 | 07269 078s2 | 07813
ACpyg = F(Fy, bulb form) (23) Fv 08370 | 07357 | 0.€370 | 07832
it
has been calculated and presented as a function of Froude L‘g:‘sﬁrg:z fi‘gg Zfﬁé S ;ég Z gf;
number Fy. The curve parameter is the bulb form (Fig. 14). [ ’ h ¢

From these curves it is possible to derive cross curves for all six

Lea/tpp - 0,0205 - 00205
bulb parameters, which are collected in Table 2 together with Bg / Brs = 0 1337 L 0,1397
some other main parameters of the ship-hully combinations. du/l Tep = 05570 = 06260
The derivation and fairing of these cross curves (Fig. 15-20) Agr/Ans - 0,0946 - 0,095¢4
naturally are not totally without problems, because at only one AgJAms | = 0, 1056 - 01070
variable bulb parameter the other five parameters are regarded Yor [Via%h|  — Q1725 - 01773

as constant. This assumption is correct in only a few cases for
some parameters; in most of the cases, all parameters alter si-
multaneously. Therefore, each diagram contains an upper
limit curve which indicates the maximum possible improve-
ment due to a bulb. Figures 21 and 22 show that the way of

results which are evaluated in the same manner are compared
[31]. Even if the optimistic theoretical results are not achieved
in the experiments, the tendencies are at least represented

\ analysis and construction of design diagrams is justified. In correctly.
I these figures, theoretical and the corresponding experimental The diagrams of Figs. 16-20, which are derived from the
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Flg. 14 Residual power reduction coefficient of 14 ship-bulb combinations as a function of
Froude number. Basic diagram for Figs. 15-20 (for main parameters, see Table 2). Curve
parameter is the bulb form
ah Table 2 Main parameters of ship-bulb combinations of the data collected with Cg = 0.7 (see Fig. 14)
Model t |2 3]+ [ s5]6]7]e s lwln] ] aln
Cp [06846 [0.689 (06691 (06918 [0.692% [06963 [06967 | 0.6967 [0.6970 (07004 0.7033 |0.7145 [0.7227 | 0.7266)
S Cwe (08173 (08389 [0.7931 07762 | l 0.8058 0.8449 [0,7994
S Cm |09829 |0.9568 08785 |0 99451\(1 9845 ‘U.S'ylh 09733 : 0.9733 |0.9868 0.9920(09829 10,9949 |0.9845 o 9816
5 Cpf U,Et’:i'bf}i lo.721) IUGQJ'Q ‘96‘9‘!% 107168 ;0,7?34 ‘U 7234 106703 [0.6452 (06662 |0.6985 | 0,.6994 | 06945
2 Ly /B 75489 }6 088 ‘.5 293 Ib,k‘.{&f?‘bl.lub! 5702 16,094 6094 i?)OH# 7315|8171 67616 (67170 |6.517
§ B/T 215393006 3153 |2682853.0002 2972 (3116 3116 225752481 |2166 |23259 |3.0602 |2 726
Lg/B 1377 306k 20472 2880 24561 | 2855 12.978 2976 31634 2907 [3.501 |29250|2456) |2 514
Cg | 0.6846 ; EU.EQJS 0.697770,7069 [ 0.7026 107055707028 [0 7062 | 0.7047 |0 7070 |0.719% | 0.7373 | 0.7317

LE/B (377 12244 134639 26567 |3.063 |3.240 3197 34162 [3.1100 | 3673 |3.4639| 26567 |2 722
C(pR 00370 (00299 | 0.0433 00329 00330 | 0.0363 | 0.0440 |0.0368 | 0.0361 | 00251 | 0.0258 |0.0329 | 00296 | 0.0330
Cpg (0155 |00840 10,1762 | 01621 | 0.1796 | 0.17)7 | 0.2091 |0.1746 |0.1538 | 0.1¢63 | 01351 | 01821 |0.1796 | 01734 |
Czp 06377 0656005612 | 06730 0.9333 | 05938 | 05587 | 05852 | 0.5810 | 0.6309 | 0.4 267 05530 | 09333 | 0.5652
C ABT |0.1008 [0.0465[0.1103 | 01056 |0.1090 | 0.1035 | 01367 |0.1061 |0.1032 [0.0956 |0.0802 |0.0879 |0.1090 | 0.1008 |
Ca. |0.829 0,256 | 01266 Olk&‘:’b‘_!ﬂ.ﬁSi& 01237 | 0.1696 | 0.1264 | 0.1832 | 0.1096 | 01268 |0.1230 | 0.1516 | 0,1157 |
% Cy PR 0,3355:011350'0.1.015 0.3929 0.3606 | 0.2871 | 0.5876 | 0.3618 | 0,3/20 | 0.2246| 0.1819 | 0,318 | 0.3096 | 0.2975

with bulb

%Cy tot| 12026 | 0.3782 | 06466 | 08712 | 0.3713 | 0.9071 | 1.2547| 0.8+62 | 13183 | 0.6207] 0.5177 [ 06936 20363 06957
%Cs tot] 30572 | 14159 | 21905 | 30228 | 26112 | 3.0283] 30692] 24268 | 25056 | 231231 1.8757 | 26458 | 24545 | 23753
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Fig. 16 Residual power reduction coefficient as a function of the
of the volumetric parameter of total bulb volume (derived from Fig.
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Flg. 17 Residual power reduction coefficient as a function of the Cross-section parameter
(derived from Fig. 14). Curve parameter is the Froude number
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Flg. 20 Residual power reduction coefficient as a function of the breadth parameter (derived
from Fig. 14). Curve parameter is the Froude number

diagram of Fig. 14 for Cz = 0.7, represent the correlations
between bulb parameters and power gain. Regions may clearly
be recognized in which certain bulb parameters are unfavorable
and which are to be avoided.

The use of the diagrams follows from their derivation. In-
terpolations are permitted inside the parameter ranges shown,
while extrapolations should be avoided. 1f the main dimensions
of a ship are fixed and a bulb is to be fitted, then the estimation
of bulb parameters and the power reduction due to this bulb
is possible by means of the design charts of the corresponding
block coefficient Cy.  For this purpose, only the main-hull
particulars, Lpp, Bass, Tas, and Cy as well as the Froude
number Fy, are required. For a given bulb parameter—which
can be any of the six parameters—it is possible to read in the
respective design chart at the curve of the known Froude
number Fy the residual power reduction factor ACpgy. With
this ACpyp, the remaining bulb parameters are estimated in
the other diagrams at the corresponding Fy-curve. Except for
the configuration of the bulbous forebody, the problem is
solved, because, for Fy = constant, all six bulb parameters are
assigned to a constant ACpyp.

1f Cg, Lpp/Bus, and Byys/ s of the bulbless ship are inside
the ranges of the analyzed ship-bulb combinations, for example,

Design of Bulbous Bows

of Table 2, then the residual power reduction factor ACpyg
yields the wanted residual power gain. 1f departures from the
main-hull parameters appear, the ACpyg is a good approximate
value. Except for the beam/draft ratio, the influence of Cg
and Lpp/Bys deviations is small, so that a special correction is
not necessary for these parameters. A general correction for-
mula so {ar does not exist.

If the delivered power for the bulbless ship is known, then
the required power of the bulb ship can be calculated by the
following formula;

Pp = (1.0 = ACpyr)Cpygo

+ [CES/(mp ¥V L)”g‘/g YV (24)

where the residual power coefficient Cpypg, of the bulbless ship
has to be estimated with np = 0.7 according to equation (20).
For unknown delivered power of the bulbless ship, in the project
phase, the required power can be calculated by the following
formula:

Pp = [(1.0 = ACpyr)Cq + Cr + ACk) ‘5’ Vis  (25)
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Fig. 22 Bulb effect on residual or wave resistance, respectively, as
a function of the volumetric parameter of the total bulb volume (derived
from Fig. 21). Curve parameter is the Froude number

where Cg can be estimated by one of the common procedures
(for example, Taylor-Gertler [35), or Guldhammer [36]).

If several bulb parameters are known (this includes also the
judgment of a given bulb), then the estimation of the power
gain by means of the diagrams is problematic, because the
relation of the single values is hardly guaranteed in such a way
that all known bulb parameters result in the same ACpop al
constant Froude number. By using the volumetric parameter
Cypr as the main parameter connected with a possible con-
sideration of Cyprand C, 8L, the diagrams can be used in such
cases for bulb design or for a judgment.

Itappears tempting to use the diagrams to design an optimal
bulb by taking the parameters in aceordance with their maxi-
mum reduction effect only. This procedure cannot be rec-
ommended, because all six optimal bulb parameters chosen in
this way do not generally coincide with those of a concrete bulb
of the analyzed test data.

To judge the effect of a bulb change on the required power
of a bulb ship, the diagrams can be used to assist in decision-
making. By their aid, the tendency of parameter changing can
be detected which an alteration of shape does or does not
suggest. Even in their imperfect form, the design charts fa-
cilitate the decision for an application of a bulbous bow. But
they do not substitute for the model test, because the actual
power requirement for a project can be measured by experi-
ment only.

From Figs. 23 to 26, the bulb parameters can be estimated
if at first instance the power consumption is of no interest.
These figures show the relationship of the different bulb pa-
rameters Lo each other for the ship-bulb forms which have been
analyzed within the research project. The usual bulb param-
eter ranges are marked by upper and lower dotted lines.

Aspects of bulb design

In the preceding sections, it has been shown that a well-
dimensioned bulbous bow improves the performance of a ship
in many ways by smoothing the flow around the forebody and
by reducing the wavemaking resistance. Ina particular case,
the decision for or against a bulbous bow is the matter of a
cost-effectiveness analysis [11], which is not the subject of this
paper.

In general it may be stated that a hydrodynamically good
main hull with low wavemaking does not need a bulbous bow
in any case. But ships with pronounced bad wavemaking
should always be fitted with a bulb. Practical points of view
will decide whether an additive or an implicit bulb is to be
provided for.  For ships already built, an additive bulb will in
general be the best solution, while for a new design an implicit
bulb might be advantageous.

The shaping of a bulbous bow, that is, the longitudinal and
depth distribution of the bulb volume in proportion to the bulb
parameters, can be described only in a qualitative way. Al-
though for a concrete longitudinal distribution of bulb volume,
the knowledge of the wave pattern of the bulbless ship is an
important decision-making aid, in the preliminary project phase
this information is usually not available. But even without this
information it is possible to indicate general guiding rules for
shaping a bulbous bow. Essentially they are related to

* type of ship (full or slender)

* service speed (slow or [ast),

* frequency of draft alteration at FP (large draft variation
or defined Cy;. and ballast draft), and

* main operation area of the ship (for example, with much
heavy seaway or drift ice). :

A specific ship-bulb form shows optimum performance only
at design conditions. At off-design conditions its performance
may be poor,

For the distribution for the bulb volume, the following three
rules are important;

1. Deeply emerged volume is of little effect.

2. Longitudinally concentrated volume near to the free
surface increases the interference effect.

3. Longitudinally distributed volume near to the free sur-
face influences the momentum deflection.

]
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The waterlines of the bulb nose should be streamlined but
not circular, in order to avoid separation |33,

For ships with a strong wavemaking tendency, the bulb
volume should be concentrated in the longitudinal direction,
where the upper part of the bulb body at the FP should not be
located above the Cyy..  The integration of bulb and ship can
be straight-lined ([3), Rule 4). The fairing volume plays a
subordinate role. The maximum width of the bulb can be
situated in front of the forward perpendicular. At such a
bulbous bow it may happen, of course, that cavitation occurs.
This problem is not treated here.

For ships with much wave-breaking, the bulb volume should
be distributed well in the longitudinal direction. The upper
part of the bulb body can reach to the peak of the bow back-
wave of the bulbless ship [34]. A well-formed laterally and
forward-inclined bulb ridge avoids the breaking of the bow
back-wave. The fairing volume plays an important role. The
upper part of the bulb should be faired well into main huall in
order that the tail water of the bulb ridge interferes well with
the remaining bow wave. 1n the lower part of the bulb, the
waterlines should have small angles of entrance is the bulb is
to emerge high under ballast conditions.  Due to the danger
of separation in this area, the fairing of the waterlines should
not be too hollow.

Bulb-type recommendations

The O-type is suitable for full as well us for slender ships. It
fits well with U- and V-types of foreship sections and offers
space for sonar equipment. The lens-type should be chosen
for ships which often operate in heavy seas, because it is less
susceptable to slamming.

The A-type is good for ships with lurge draft variations
(tramp ships) and U-type foreship sections. The effect of the
bulbous bow decreases with increasing draft, and vice versa;
but in heavy seas the danger of slamming increases with de-
creasing draft.

The V-type can be provided for all ships with well-defined
Cwy. and ballast draft. It is easily faired into V-shaped fore-
bodies and has in general good seakeeping performance. In
the fully submerged condition, its damping effect is very
high.

In all cases, the bulb should not emerge in the ballast condi-
tion so that its most forward point, B (Fig. 3), lies on the water
surface. The individual resistance of the bulb body in this
condition would be higher than its net efficiency.

Summary

Today the bulbous bow has asserted itself as an clementary
evice in practical shipbuilding. But the existing design
methods are not sufficient for power estimation of a bulb ship
and for modern bulb design. A well-dimensioned bulb im.-
proves most of the properties of a ship. Therefore, qualitative
and quantitative guiding rules are necessary for its beneficial
application.

Compared with the indirect influence of a bulbous bow on
thrust deduction and wake fraction, the bulb also influences
directly the wake distribution in the propeller plane,  Except
for the strongly damped pitching motion, the bully ship has the
same seakeeping qualities as a bulbless ship up to Beaufort 6.
Therefore, regardless of seakeeping aspects, the bulb design
may be carried out in view of the smooth-water performances
only. In navigation in ice, the bulbous bow has proved to be
advantageous.

The most important effect of a bulbous bow is its influence
on the different resistance components and, consequently, on
the required power consumption. By altenuation of the bow
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wave system, the bulb reduces the wavemaking as well as the
wave-breaking resistance.

Two main bulb effects which are very important for bulb
design are defined as the interference and the.breaking effects.
The interference effect expresses the resistance change due to
the interfering free wave systems of main hull and bulb. For
slender, fast ships, it gives the main proportion to the total bulb
effect. Its amount depends on bulb volume and the longitu-
dinal position of the bulb center. The wave-breaking effect
includes the energy loss by breaking of too steep bow waves and
gives the main contribution to the total bulb effect of full, slow
ships. Its amount depends on well-distributed bulb volume in
the longitudinal direction. Both bulb effects are Froude
number dependent.

For bulb design, six bulb parameters are introduced. of which
the volumetric, the cross-section, and the length parameter are
the most important. The influence of bulb parameters on the
different bulb effects is discussed in a qualitative manner,
supported by the linearized theory of wave resistance and by
some experimental results. This knowledge is important for
the shaping of the bulb body according to the bulb parame-
ters.

A quantitative design method is presented together with the
necessary design data.  The data are derived {rom an analysis
of routine test results of the two German model basins. Most
of the usable data were propulsion rather than resistance lest
results.  Therefore, according to Froude’s method, a residual
power reduction coefficient is defined which can be scaled
directly to the full-scale ship. The variation of this coelficient
for each ship-bulb combination has been calculated and pre-
sented as a function of Froude number. From these curves the
design charts are derived—for each bulb parameter, one di-
agram. From the multitude of diagrams, only one example
is depicted. The calculation of the required power of the bulb
ship is described. General guiding rules for shaping a bulbous
bow are given.

The design guidelines have been successfully applied on
various occasions.
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Discussion

Bohyun Yim, Member

|The views expressed herein are the uriniun.s of the discusser and not
necessarily those of the Department of Defense or the Department of
the Navy.|

This paper has demonstrated clearly by experimental results
from many ships that addition of a bulbous bow can reduce a
large portion of the residual resistance of a ship. The charts
with the approximate values of important design parameters
for bulbous-bow ships will be very useful for naval architects.
Although we know the mechanism of the bulb effect in the
theory of wave resistance, the optimum size, shape, and location
of the bulb cannot be obtained accurately because of the
weakness in the theory of wave resistance. We all know well
that the present linear theory cannot accurately predict the
resistance of oceangoing ships. This is why experimental results
are valuable in ship design. However, it is obvious that we have
to make full use of theoretical knowledge in order to have a
better design.

In bulb design, we recognize that there are two types of bulb:
doublet type and source type. The former reduces the sine-
component of elementary ship waves while the latter reduces
the cosine-component of elementary ship waves. Although
normal ships with relatively large entrance angles have domi-
nating sine waves which require the doublet-type bulb, there
are ships with hollow waterlines which require the source-type
bulb. That is, the bulb shape depends largely upon the wa-
terline shape near the ship bow. I wonder whether this effect
is reflected in the charts shown in the present paper? Block
coefficient and Froude number are not enough to represent ship
parameters related to bulb design. 1n this respect, Yim's*

3Yim, Bohyun, “A Simple Design Theory and Method for Bulbous
Bows of Ships,” Journal of Ship Research, Vol. 18, No. 8, Sept. 1974,
pp. 141-152.
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simple design method for a bulbous bow for a particular ship
and design speed may be useful.

At the David W. Taylor Naval Ship R&D Center, several
bulbs designed by Yim's method have been tested and satis-
factory results obtained. Because the method uses linear
theory, the computed bulb size is sometimes slightly larger than
optimum, yet it gives very useful guidance.

Eiichi Baba, Member

The design charts of bulbous bows provided by the author
are suitable especially for ships with relatively small block
coefficients. For those ships, the wavemaking phenomena are
influenced not only by the entrance part but also by the middle
part and the run part, and the form effect on viscous resistance
is relatively small.  For full forms of Cy > 0.8, however, rather
large viscous elfects are included in the residual resistance
component. Therefore, the scale effect is not taken into ac-
count in the author’s charts. Further, as the author pointed out,
for full forms the wavemaking phenomena are mainly de-
pending on the entrance part. Therefore, the characteristic
length for the expression of Froude number should be entrance
length Lg or ship beam By instead of ship total length Lpp.
The uuthor says that al the preliminary design phase the en-
trance parameters Cpg and Lg are unknown. However, if
design charts for full forms based on the entrance parameters
are provided, they may be effectively used in the preliminary
design phase. Actually at Mitsubishi Heavy Industries a design
method of full forms based on entrance parameters has been
developed and since 1963 has served as a routine method as
outlined in reference [24]. Our design method for full forms
is based on the following experimental and practical evidence
derived from the analyses of towing test data of more than 200
full forms.

1. For full forms (o/v gLpp < 0.20, Cg > 0.80) with a
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