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a b s t r a c t

Although widely used, the design of the bulbous bow for ships has been difficult due to the complex
interference between the wave system generated by the bulb and the wave system of the ship hull. Until
now, a bulbous bow has been often designed using Kracht charts, which were established based on
model test data, but these charts apply only to ships with a block coefficient CB ¼ 0.56-0.82, Froude
number Fn ¼ 0.20-0.40, and the obtained bulb sizes are only close to optimal. This paper presents a new
method for the optimal design of bulbous bow, starting from the design of an initial bulb using Kracht
charts for ships with any block coefficient or Froude number, then resizing this initial bulb to define the
optimal bulb sizes based on a multi-objective function of the required power reduction, and a combined
solution of Computation Fluid Dynamics (CFD) analysis and surrogate models. This study was applied to a
fishing vessel FAO 75, which has been model tested and used to design steel fishing vessels in Vietnam
recently. The obtained quantitative results showed the same trend as the theory and practice, with a
reduction of the ship’s required power by about 14%.
© 2021 Society of Naval Architects of Korea. Production and hosting by Elsevier B.V. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

In ship design, using the bulbous bow, which is a protruding
bulb at the bow or front of a ship just below the designwaterline, is
not only an effective solution to reduce the total resistance or
required power of the ships, but also improves most important
performances, and thus to enhance safety and economic-techno
efficiency for seagoing ships such as increasing speed, decreasing
fuel consumption, improving stability and seakeeping, etc. Under
favorable circumstances, an optimized bulb will produce the bow
waves that interfere positively with the waves generated by a hull,
resulting in a reduction in total resistance (12e15)% (Larrie, 2001),
and large ship with bulbous bows generally have (12e15)% fuel
efficiency than similar ships without them (Barrass and Bryan,
2005). Conversely, a negative interference between these twowave
systems can occur and greatly increase the resistance. However,
due to the complexity of the interactions between the wave sys-
tems above and the bulb also not being efficient at all ship speeds,
the optimal design of a bulbous bow has always been complicated
ckim@uc.ac.kr (H.C. Kim).
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and controversial. So in previous studies, the bulb geometry is often
determined by model tests for a wide range of hull forms and bulb
shapes to select an optimal bulb corresponding to the ship's total
resistance is minimum (Chakraborty, 2017). Such experiments will
obviously take a lot of time, effort, and economic cost (Bertram and
Schneekluth, 1998). Some studies on the model test of the bulb
were performed very early, such as that of Taylor D. (1921) at DTMB
(David Taylor Model Basin) (Ventura, 2014), Inui et al. (1960), Kim
(1961) at the University of Michigan, etc. One of the most
comprehensive experimental studies was carried out by the
German researcher M. Kracht (1978), in which he tested many
bulbous bow models and statistically analyzed these test data to
establish design charts, also known as Krach charts, which are still
commonly utilized today to design bulbous bows for seagoing
ships. However, that is still just a preliminary estimate and bulbous
bows designed using these charts usually do not have the most
optimal shape due to differences between the designed bulb and
the bulbs used in the model tests.

Our review of studies on this topic resulted in the following
comments:

(i) Most existing studies are either model testing, or designing
bulbs using Kracht charts (Jeff Hoyle et al., 1986), or opti-
mizing for ships that already have a bulbous bow such as
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DTMB 5415, KRISO container ship (KCS). There have not been
many studies on bulbous bow design, except for the study of
Hagen and Fung (1983), where the authors set up a process
using Kracht charts to design the bulbous bow for a high-
speed vessel. However, this study did not specifically
describe the method of optimizing the bulb which was
designed by the Kracht charts, and how to integrate this bulb
into the hull.

(ii) The mathematical model of the bulbous bows optimization
problem also includes the design variables, the objective
function, and the constraints, specifically as follows:
- The design variables are the main sizes of the bulb
including length, breadth, and depth.

- The objective function is often in the form of a single
objective function of the total resistance or required
power of the ship and is usually computed using
Computation Fluids Dynamics (CFD) analysis such as
Daniele Peri et al. (2001), Shama and Sha, 2008, Andreas
Watle (2017), etc.

- Constrains are related to changes in ship performance,
however, they are rarely mentioned.

(iii) The bulb optimization problem is solved by the
following methods:

- Resize the bulb as design variables of the objective
function by certain increments to form the bulb variants,
then use CFD analysis to predict resistance for each bulb
variant, and use surrogate models based on the
computed initial resistance data to choose an optimal
bulb that corresponds to the minimum resistance value
such as Grzegorz et al. (2014) of theMichigan University,
Aksenov et al. (2015), Alberto (2017), etc.

- Use a set of parametric curves to generate the geomet-
rical shape of the hull associated with a bulbous bow,
and use the gradient-or genetic-based optimization al-
gorithms to find the bulb parameters corresponding to
the minimum ship total resistance, then use these pa-
rameters to regenerate the determined optimal bulb.
More details can be found in Chi Yang et al. (2016),
Weilin Luo et al. (2016), Chao et al., 2016.
Analyzing the above bulb optimization problems, it can be seen
that the bulb resizing method is simple and better because the use
of CFD in combination with a surrogate model allows obtaining
highly reliable and accurate results by finding and adding compu-
tational resistance data that are close to an optimal solution in
solving process. In addition, because the determination of ship total
resistance is often time-consuming and almost unpredictable, us-
ing surrogate models in this problem is the best solution because
their greatest advantage is that they can be predicted based on a
small data set, so the initial data is less than other optimization
models (Sakata et al., 2003). Especially, with surrogate models, the
optimal solution and the objective function, in turn, do not depend
on the starting point andmust be in the explicit which are the basic
characteristics of this bulb optimization problem, while the use of
parametric method combined with gradient-or genetic-based
optimization technique, in this case, become complex, burden-
some, and less accurate, especially when the starting point is not
clearly determined. However, existing bulb optimization studies
based on its resizing method still have the following limitations:

- Such studies are usually applied to ships that already have the
bulbous bow determined by model testing. This limits the
design of the bulb for ships without the bulbous bow, and the
optimal bulb is also not much different from the experimental
one.
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- The range of variation in bulb sizes has not been explained and
determined based on theory or practice, which can lead to either
many unnecessary variants or a bulb incomplete selection of
computation variants. The effects of variation of the bulb sizes
on the ship parameters and performances have also not been
taken into account as the constraints of the design variables of
the bulbous bow optimization problem.

- The single objective function of resistance has been computed
only at the design speed and draft of a ship. This is not suitable
for fishing vessels, which operate at various speeds and drafts so
their objective functionmust be selected so that the efficiency of
the bulbous bow is maximized under different operating modes.
In addition, it is necessary to include constraints on the bulb
sizes in order to limit variations in hull form parameters and
performances as fishing vessels are usually sensitive to varia-
tions in these factors.

On that basis, in this paper, a new approach to optimally design
the bulbous bow for fishing vessels is presented with specific
highlights as follows:

- Use Kracht charts to design the bulbous bow for ships whose
block coefficient or Froude number are outside the applicable
range of CB¼ (0.56e0.82) and Fn¼ (0.20e0.40) of Kracht charts.

- Study method to optimize the bulbous bow of fishing vessels,
including establish the optimization model such as select and
determine the range of variation of design variables to reduce
computation variants, determine the multi-objective and func-
tion and constraints, and the solution for optimizing bulb
problem based on the combination of CFD analysis and surro-
gate models.
2. Material and research method

2.1. Kracht charts used to design bulbous bow

In this study, the design of bulbs for a computation ship without
bulbous bows is performed using Kracht charts. According to these
charts, Kracht (1978) utilized six parameters to determine the bulb
shape as follows:

� Three linear bulb parameters
- Length parameter (CLPR) is the ratio of the protruding length
(LPR) and the ship's length between perpendiculars (LPP),
CLPR ¼ LPR/LPP (see Fig. 1(a)).

- Breadth parameter (CBB) is the ratio of the maximum breadth
(BB) of the cross-sectional area of the bulbous bow (ABT) at the
forward perpendicular and the ship's beam (BMS) at amidship,
CBB ¼ BB/BMS (see Fig. 1(b)).

- Depth parameter (CZB) is the ratio of the height (ZB) of the
foremost point of the bulb over the baseline and the draft (TFP)
at the forward perpendicular, CZB ¼ ZB/TFP (see Fig. 1(c)).

� Three non-linear bulb parameters
- Cross-section parameter (CABT) is the ratio of the cross-
sectional area of the bulbous bow at the forward perpendic-
ular (ABT) and the ship's midship section area (AMS),
CABT ¼ ABT/AMS (see Fig. 2(a)).

- Lateral parameter (CABL) is the ratio of the area of the pro-
truding bulb in the longitudinal plane (ABL) and the ship's
midship-section area (AMS), CABL ¼ ABL/AMS (see Fig. 2(b)).

- Volumetric parameter (CVPR) is the ratio of the volume of the
protruding bulb (VPR) and ship's volume (VWL) excluding the
volume of the transition part (VF) for fitting the bulb to the
hull, CVPR ¼ VPR/VWL (see Fig. 2(c)).
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The Kracht charts consist of six charts established for a specific
block coefficient (CB) in the range (0.56e0.82), and the propulsive
efficiency hD ¼ 0.7, and each chart shows the residual power
reduction coefficient (DCPVR), which is measured by the percent
reduction in required power to drive a ship with and without a bulb
as a function of Froude number and one of the bulb parameters.
Representative charts representing the coefficient (DCPVR) as a
function of the length parameter (CLPR) and the breadth parameter
(CBB) are shown in Fig. 3 (Kracht, 1978).
2.2. Method of optimizing bulbous bow for fishing vessels

2.2.1. Mathematical model to optimize a bulb of a fishing vessel
Unlike conventional vessels, fishing vessels often operate at

different speeds and drafts, so the mathematical model to optimize
a bulb of a fishing vessel has features as follows:

(a) Design variables

Bulb sizes affect the bow wave, so they also greatly affect the
combined wave generated by the hull and the bulb. So the bulb
sizes including length (LPR), breadth (BB), and depth (ZB) were
chosen as design variables of the optimal model and were varied to
find the optimal bulb sizes corresponding to the minimum ship
resistance. Among the above bulb sizes, the length variable is the
most important because it affects both the phase and amplitude of
the bow wave, while the breadth variable affects the bulb volume
so it only affects bow wave amplitude, and the depth variable af-
fects bulb flooding under different drafts (Kracht, 1970) (see Fig. 4).

However, resizing the bulb to find the optimal sizes like that in
the existing studies on this problem can lead to a large number of
unnecessary computation cases, so it is necessary to defined the
variation limits of these sizes. Our study showed that on all Kracht
charts there is always a region where the residual power reduction
coefficient (DCPVR) is maximum, i. e the bulb efficiency is the
highest, and so bulb sizes should be varied only in this region. Thus,
to achieve the desired bulb efficiency, the variation range of bulb
parameters on the Kracht charts is limited such that the difference
between the bulb residual power reduction (DCPVR) at the limits
and maximum value (DCPVR)max is about 10% since the bulb effi-
ciency for resistance reduction is about (10e15)% (Bertram and
Schneekluth, 1998). An example of defining the variation range of
the bulb length parameter (CLPR) limited by two bold lines at the
values of (CLPR) equal to 0.03 and 0.04 on two representative Kracht
charts with block coefficients of 0.56 and 0.70 are shown in Fig. 5.

By doing the same on another Krach charts, the change limit of
the other bulb parameters to ensure the desired efficiency of the
designed bulb is determined as follows:
Fig. 1. Determine three lin
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0:03 � CLPR ¼ LPR=LPP � 0:04 0:03LPP � LPR � 0:04LPP
0:18 � CBB ¼ BB=B � 0:20 0 0:15B � BB � 0:20B
0:26 � CZB ¼ ZB=T � 0:55 0:40T � ZB � 0:50T

(1)

(b) Objective function

The purpose of using a bulbous bow is to reduce the ship total
resistance, so optimizing the bulb geometry means finding its sizes
to maximize the reduction in total resistance DRT (%) of the ship
before and after fitting a bulb. On that basis, the objective function
of the bulb optimization problem can be established in the form of a
single objective function that depends on the bulb sizes selected in
the above section as follows:

DRT ¼ðRT � RTbÞ =RT ¼ f ðLPR; BB; ZBÞ/max (2)

where RT and RTb are the total resistance of the ship before and
after fitting a bulb computed at only one speed U.

In practice, the bulbous bow usually only achieves its highest
efficiency at a certain load operation mode, corresponding to a
specific speed and draft of the ship, so a single objective function of
total resistance as stated is suitable for ship types that operate
frequently at a design loadmode like cargo ships, high-speed crafts,
etc. Unlike the above ship types, fishing vessels with their occu-
pation features operate in many different load modes, leading to
frequent changes in their speed and draft during the fishing process
at sea, therefore, the use of a single objective function of total
resistance as above can not bring out the full performances of the
bulbous bow in different operating modes, especially at low speeds,
when the fishing vessel is pulling or releasing fishing net. So if
considering the effect of the ship's speed change during operation,
a single objective function at a given speed and draft (2) becomes a
multi-objective function consisting of many single objective func-
tions as follows:

DRT ¼ ½ðDRT1; U1Þ; :::ðDRTi; UiÞ; :::; ðDRTn; UnÞ� (3)

where DRTi is the total resistance reduction of the ship after
retrofitting a bulbous bow under operating mode (i) corresponding
to ship speed Ui (m/s), determine by the following equation:

DRTi ¼ðRTi �RTbiÞ =RTi (4)

where RTi, RTbi are the total resistance of the ship before and
after fitting the bulb computed at each speed Ui.

In this case, it is most appropriate to convert a multi-objective
function (3) into a multi-objective function of required power
reduction (DPei (%) after retrofitting a bulb at a same ship speed Ui
(m/s) by the following equation:
ear bulb parameters.



Fig. 2. Determine three non-linear parameters of the bulb.

Fig. 3. Representative Kracht charts.

Fig. 4. Bulb sizes as variables of the optimal model.
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DPe ¼ðDPel; :::;DPei; :::DPenÞ (5)

where DPei are the required power reduction in percen of the
ship after retrofitting a bulb in operating mode (i).

DPei ¼ðPei � Pebi = PeiÞ¼ ðRTi;Ui �RTbiUiÞ = TTiUi ¼DRTi (6)

where Pei and Pebi are the required power of the ship before and
after fitting a bulb in the operating mode (i) in units of W (watts);
RToi and RTbi are the total resistance of the ship before and after
fitting a bulb in the operating mode (i) in units of N (newton).

Regarding a solution method, the multi-objective function (4)
can be converted into the sum of the weighted-multiplied single-
objective functions:
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DPe ¼
Xn

i¼1

wiDPei ¼
Xn

i¼1

wiDRTi (7)

where wi is the weight factor of the objective function deter-
mined depending on the percentage of time spent at sea under
each operating mode (i) of the fishing vessel, and satisfying the
condition:

Xn

i¼1

wi ¼1 (8)

Therefore, the above multi-objective function problem can be
solved by investigating the percentage of time spent at sea to find
the weight factor (wi) at the most frequent operating modes of the
fishing vessels defined by their specific speed and draft, and then
perform bulb optimize in these modes to achieve the best bulb
performance. Our analysis of the operational profiles of the Viet-
namese fishing fleet identified the frequent operating modes of
fishing vessels with the proportions of speed and time spent at sea
as follows (Thai G. Thai, 2004):

� Cruise mode includes running to the fishing ground, returning
to the port, and running for fish with a speed of U1 equal to the
design speed of U, and time spent is approximately 60% of the
trip time.

� Drive fishing net modewith a speed of U2 ¼ 0.8U and time spent
is approximately 10% of the trip time.

� Pull or release fishing net mode with a speed of U3 ¼ 0.3U and
time spent is approximately 30% of the trip time.

The value of the multi-objective function (5) in the above three
typical operating modes is formulated as follows:

DPe ¼0:6DRT1 þ 0:1DRT2 þ 0:3DRT3 (9)



Fig. 5. Determine the change range of bulb length parameter.

Table 1
Percentage of time at sea at each condition defined by ship speed and draft of
Vietnamese fishing fleet.

Draft (m) Vessel speed (knots) Sum

0.3U 0.8U U

0.8T 7.5 3.0 11.0 21.5
0.9T 3.5 2.5 6.0 12.0
T 15.5 3.5 41.5 60.0
Other 3.5 1.0 2.0 6.5
Sum 30.0 10.0 60.0 100.0
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where DRT1, DRT2, and DRT3 are the total resistance reduction
computed at speeds of U1, U2, and U3 corresponding to cruise, drive,
and pull or release net modes of the fishing vessels before and after
fitting the bulb, respectively.

The statistical results of the percentage of time spent at sea
under each above typical operating modes defined by the ship
speeds and drafts of the Vietnamese fishing fleet given in Table 1
have shown the time spent at sea of the fishing vessels in drafts
of T and 0.8T, and at speeds of 0.3U, 0.8U, and U accounted for 81.5%
of the trip time. In this study, therefore, the operating modes cor-
responding to the speeds of 0.3U, 0.8U, U, and drafts of T, 0.8T are
selected as the most typical modes of fishing vessels to optimize
their bulbous bow.

(c) Constraint conditions

In practice, large variations in bulb sizes can change the hull
form parameters and affect the vessel's performance. For fishing
vessels, this problem is even more important because this type of
vessel usually has to operate under many different loading modes
and in dangerous conditions, therefore, it is necessary to establish
constraints on variations in bulb sizes to avoid the adverse effects
on vessels safety, specifically as follows:

� Limits on changes in the principal dimensions

The change of the principal dimensions, especially the ratio of
the principal dimensions, not only greatly affects the performances,
but also affects the efficiency of the fishing method, for example,
the ratio of the length to the breadth of trawlers should be larger
than that of seiners to ensure directional stability when pulling the
fishing net. In addition, the principal dimensions of fishing vessels
are limited by conditions of the narrow passage, wharf, etc. so it
should limit variations in the bulb sizes so as not to change the
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principal dimensions of the fishing vessels.

� Limits on changes in the performances of the fishing vessels

The fishing vessels often operate in dangerous conditions such
as heavy seas and high winds, handling moving gear on rolling
decks, opening the holds at sea to stow fish, operating near shoal
waters, etc. (Allen et al., 1991), therefore it is necessary to limit
variations in bulb sizes to ensure their performances, especially the
stability safety. Theoretically, the quantities that directly and
greatly affect the performance in general and the vessel's stability
safety, in particular, are the longitudinal center of gravity of buoy-
ancy (LCB) and initial metacentric height (MGo). Changes in
displacement (D), resulting in a change in the block coefficient (CB)
must also be taken into account to prevent change in the bulb
weight affecting the vessel's trim angle that affects the fishing
process at sea. According to our study on the Vietnamese fishing
fleet (Thai G. Thai, 2016), in order to ensure the stability safe, and
effective operation of fishing boats at sea, the change of the above
parameters shall be within less than ±1%. From the above analysis,
the constraints of the mathematical model to optimize a bulb of the
fishing vessel are defined as follows:

dCB ¼ðCBo �CBÞ =CBo �±1% (10)

dD¼ðDo �DÞ =Do �±1% (11)

dLCB¼ðLCBo � LCBÞ = LCBo �±1% (12)

dMG¼ðMGo �MGÞ =MGo �±1% (13)

The principal dimensions of the vessel are unchanged when resizing the bulb

(14)

where the symbols of the above hull design parameters without
and with the index “o” in the above expressions correspond to the
fishing vessel with initial and optimal bulbs.

From the above analysis, the bulb optimization problem will be
solved by determining the optimal values of the design variables
including the length, breadth, and depth of the bulb to maximize
the multi objective function DPe which is defined by Eq. (9) spe-
cifically as follows:

DPe ¼0:6DRT1 þ 0:1DRT2 þ 0:3DRT3/max (15)

under all constraint conditions from (10) to (14).



Fig. 6. Illustration of the surrogate model algorithm steps described in Algorithm 1.
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2.2.2. Method of solving the problem of optimizing the bulbous bow
of fishing vessels

As stated above, a surrogate model is used to solve the problem
of optimizing the bulbous bow of fishing vessels. Essentially, the
surrogate model is a spatial interpolation model to surrogate the
numerical relationship between input and output variables,
therefore, it can significantly reduce the initial data in the regres-
sion computations. The theory of surrogate models such as RSM
(Response Surface Methodology), RBF (Radial Basis Function),
Kriging model, or Neutron network models has been detailed in
many reference documents (Gutmann, 2001). The algorithm using
the surrogate model is often performed in the following steps
(Fig. 6) (Juliane Muller, 2016).

Step 1: Create initial experimental or computational data xi,
then compute the objective function f (xi) at the created points to
establish a surrogate model by known mathematic function.

Step 2: Use the information from the surrogate model to select
the new point x’ and compute the objective function at x’: f’¼ f (x’).

Step 3: Add the new point [x’, f (x’)] into the initial data and
update the surrogate model.

Step 4: Repeat Step 2 and Step 3 until the stopping criterion is
satisfied.

Step 5: Define the best surrogate model suitable for the input
data.

Among existing surrogate models, the Kriging model is popu-
larly used in engineering problems due to its good response to
nonlinear problems such as the bulb optimization problem based
on resistance (Sakata et al., 2003). The Kriging model generation
algorithm has been programmed and published in the form of
application code for researchers to reference and use in their
problem (Søren et al., 2002; Juliane Muller, 2016; Mogilicharla
et al., 2015). On that basis, our MATLAB program includes a code
to create the Kriging surrogate model in Søren N et al., 2002
combined our code to find the extremes of the surrogate model
using the Nelder-Mead optimization technique. In general, after
designing the bulbous bow using Kracht charts, then determine
change limits of initial bulb sizes and establish bulb size variants,
the bulb optimization method based on an algorithm using the
surrogatemodel and our program stated above, can be summarized
in the following steps:

Step 1: Using the CFD method to predict the hull total resistance
at ship speed and draft for each bulb size variant and substitute
these values into the objective function (9) to determine the value
of the required power reduction after resizing the bulbous bow.

Step 2: Using our program to generate Kriging surrogate models
from the initial data of the required power reduction defined in
step 1. The response of surrogate models will be evaluated using
three Kriging models as follows:

� Model 1: first-order polynomial regression function and
Gaussian correlation coefficient.
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� Model 2: second-order polynomial regression function and
Gauss correlation coefficient.

� Model 3: second-order polynomial regression function and
second power correlation coefficient.

Step 3: Defined a preliminary optimal bulb size variant corre-
sponding to the minimumvalue of required power reduction based
on three Kriging surrogate models identified in step 2.

Step 4: Proceed similarly to step 1 to compute the required
power reduction using the CFD method for the three optimal bulb
size variants defined in step 3, then calculate the deviations be-
tween the CFD-based required power reductions and the corre-
sponding values estimated by three Kriging models in step 2. If the
value of all of these deviations is within about ±3% as in conven-
tional engineering problems then the optimal bulb size variants
determined in this step are correct and the calculations are
stopped. Conversely, add the new data with the optimal bulb sizes
defined in step 3 and the CFD-based required power reductions
defined in step 5 into the initial data to regenerate more accurate
Kriging models.

Step 5: Repeat steps 3 and 4 until the deviations of the required
power reductions computed by the three Krigingmodels and by the
CFD are within about ±3%, and the optimal bulb sizes will be the
variant with the smallest deviation among the three optimal vari-
ants computed by the three Kriging models above.

3. Research results and discussions

3.1. Introduction of fishing vessels that compute and validate CFD-
based resistance prediction

The approach proposed in this paper was applied to a specific
fishing vessel without the bulb, called FAO 75, which was model
tested by the researchers of the Food and Agriculture Organization
of the United Nations (FAO). In addition, the FAO 75 fishing vessel
was also designed and model tested with the bulbous bow, called
FAO 72, so it is convenient to validate the CFD-based resistance
predictions of the FAO 75 vessel with different bulb sizes. The hull
form parameters and lines of the FAO 75 and FAO 72 vessels at the
three model test cases 1, 2, and 3 are shown in Table 2 and Fig. 7,
respectively (Jan-Olof Traung, 1965).

The values of total resistance values (RTi) of the vessels FAO 75
and 72, and the deviations (di) between these values in term of
Froude number (Fn) and speed (Ui) in the three model test cases
above are shown in Table 3.

As stated, in this study, the objective function value of the bulb
optimization problem is computed by Eq. (15) with the resistance
value for each bulb size variant is predicted using Xflow, a popular
CFD software today. In practice, the use of CFD software such as
Xflow is not difficult, but CFD-based resistance predictions are not
always ensured to be expected accurate, and depend greatly on the
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accuracy of the inputs of the CFD solver, including 3D hull model,
computational domain size, and coefficient of turbulence model
(Thai G. Thai, 2020). Different from the case of the available 3D
model, the lines of the FAO 75 vessel are in the form of hard
drawing, so it is so necessary to ensure the accuracy of its 3D hull
model to ensure the accuracy of CFD-based prediction. In our study,
the accuracy of the 3D model was ensured by using AutoShip, a
popular ship design software today, to create the 3D model
(Fig. 9(a)) and using Autoship's tools to adjust and control it until
the deviations of hull form parameters between the 3D model and
the actual vessel are within the allowable range, about ±3%
(Fig. 8(b)).
Table 2
Hull form parameters of FAO 75 fishing vessel.

No. Hull form parameters Notation Units FAO

1

1 Length between perpendiculars LPP m 44.
2 Length of waterline LWL m 44.
3 Breadth on waterline B m 10.
4 Draft T m 4.5
5 Block coefficient CB 0.5
6 Volume V m3 111
7 Displacement D tons 113
8 Longitudinal center of buoyancy LCB m �0.
9 Section area at midship AMS m2 43.
10 Wetted surface area U m2 598

Fig. 7. Hull lines of fishing vessel FAO

Table 3
Model test resistance values of the FAO 75 vessel.

Fn e 0.175 0.200 0.225 0.250 0.275

Model test in case 1
U1 m/s 3.644 4.165 4.685 5.206 5.726
RT1 75 N 15,756.8 22,095.1 29,459.4 44,189.1 56,24
RT1 72 N 15,756.8 22,095.1 29,459.4 44,189.1 52,22
d1 % 0.00 0.00 0.00 0.00 7.14
Model test in case 2
U2 m/s 3.654 4.170 4.700 5.220 5.740
RT2 75 N 17,311.7 24,782.0 31,805.0 46,250.2 58,06
RT2 72 N 17,323.5 23,407.6 31,805.0 45,517.4 54,08
d2 % �0.07 5.55 0.00 1.58 6.87
Model test in case 3
U3 m/s 3.658 4.181 4.704 5.226 5.749
RT3 75 N 18,864.6 27,509.2 34,234.0 48,417.3 60,02
RT3 72 N 18,863.6 24,758.5 34,234.0 47,318.5 56,01
d3 % 0.01 10.00 0.00 2.27 6.67
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Table 4 shows a comparison the parameters of the 3D hull
model in AutoShip and the real vessel in the case 1.

For the computational domain, i.e. a rectangular space limited
by boundary conditions surrounding the vessel to perform nu-
merical simulations in CFD, inappropriate selection of their sizes
can increase the computation time (if its sizes are too large), or
influence the vessel resistance values due to the wall effect (if its
sizes are too small). According to our proposal, the computational
domain size suitable for the specific vessel can be determined by a
preliminary selection of the initial computational domain size
based on the existing references, then changing each of its
boundary distances in turn until the CFD-based resistance
75 FAO 72

2 3 1 2 3

20 44.20 44.20 44.20 44.20 44.20
20 44.45 44.55 44.20 44.45 44.55
36 10.36 10.36 10.36 10.36 10.36
7 4.59 4.72 4.57 4.59 4.72
24 0.530 0.542 0.523 0.530 0.543
1 1123 1186 1112 1124 1187
0 1142 1205 1131 1143 1206
486 �0.707 �1.326 �0.309 �0.575 �1.105
8 43.8 45.2 43.8 43.8 45.2

602 615 603 611 625

75 (above) and FAO 72 (below).

0.300 0.325 0.350 0.375 0.390

6.247 6.768 7.288 7.809 8.121
0.7 62,601.5 74,782.6 104,160.6 164,972.8 228,025.6
3.5 62,601.5 74,781.6 101,003.8 144,351.2 226,611.0

0.00 0.00 3.03 12.50 0.62

6.260 6.780 7.300 7.830 8.140
9.3 63,159.7 77,961.1 104,499.1 164,508.8 227,383.0
2.5 64,264.3 76,268.8 103,867.3 152,757.4 228,797.6

�1.75 2.17 0.60 7.14 �0.62

6.272 6.794 7.317 7.840 8.153
0.5 66,023.3 81,259.2 113,181.9 176,061.1 273,684.3
9.0 66,023.3 79,568.9 110,037.8 164,323.4 239,827.0

0.00 2.08 2.78 6.67 12.37



Fig. 8. 3D model and form parameters of FAO 75 vessel exported from AutoShip software.

Fig. 9. The computational domain size suitable for the FAO 75 vessel in Xflow.
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predictions become stable and unchanged. Fig. 9 shows the
computational domain size suitable for the FAO 75 fishing vessel
which determined in reference Thai G. Tran et al. (2020) depending
on the length between perpendiculars (LPP) of this vessel in Xflow
software. With a model scale of 1:24, the computational domain
have a length of 9.21 m, a breadth and depth of 3.68 m.

In CFD simulations, the turbulence model is a mathematical
model used to simulate and predict the evolution of turbulence in
real-life flows like the flows around the hull so it greatly affects the
CFD-based resistance value. There are currently many different
turbulence models available, but the Smagorinsky dynamic model
as Large Eddy Simulation (LES) first developed for engineering
flows in 1963, was used in Xflow (Xflow CFD, 2021). The physical
nature and generalized formulation of the dynamic Smagorinsky
model have been detailed in many documents, where the values of
the turbulent viscosity coefficient of this model, also known as the
Smagorinsky constant (CS) used as an input parameter of Xflow
varies in the range from 0.1 to 0.3 (Urs Schadfer-Rolffs, 2016). Our
research showed that by using a trial-and-error method for the
values of the constant (CS) in the above range, an appropriate value
of CS ¼ 0.17 was defined based on ensuring the deviations of the
Table 4
Comparative the geometric parameters of the 3D model in AutoShip and the actual vess

No Hull form parameters Notation Units

1 Length of waterline LWL m
2 Breadth of waterline BWL m
3 Depth T m
4 Displacement D tons
6 Longitudinal center of buoyancy LCB m
7 Block coefficient CB e

8 Prismatic coefficient CP e

9 Wetted surface area U m2
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Xflow-based resistance value and model test of the FAO 75 vessel
are in the range of ±3% with the inputs defined as shown in Table 5.

Table 6 shows the comparison results of the total resistance
values of FAO 75 and FAO 72 vessels computed using Xflow, symbol
RX75, and RX72 respectively, with the suitable inputs defined above
and the model test data, symbol RT75 for case 1 for FAO 75 vessel,
and RT72 for case 2 for FAO 72 vessel (Chinh H.V, 2021).

The computation results in Table 6 show that the deviations dX-
75 and dX-72 of the Xflow-based resistance value, and corresponding
model test data of FAO 75 and FAO 72 fishing vessels, respectively,
are in the range of ±4%. This is an important basis for ensuring the
accuracy of the bulb optimization result in the absence of model
testing. In addition, although exact and complete information on
the bulb size of the FAO 72 vessel is not available, its model test data
in Table 3 show the efficiency of reducing the total resistance of this
bulb in design operating modewhich corresponds to case 1 and the
Froude number of 0.30 is quite low, below 2%.

3.2. Design of bulbous bow for FAO 75 fishing vessel

Kracht charts are essentially curves representing the empirical
relationship between residual power reduction coefficient
(DCPVR) and six bulb parameters that are used to design the bulb
shape as presented in section 2.2.1. They are established for the
vessels with block coefficient (CB) and Froude number (Fn) being
in a certain range, so bulb design means choosing six Kracht
charts that match the block coefficient or Froude number of the
vessel, and then determining on these charts six bulb parame-
ters such that the residual power reduction is maximum.
Therefore, the process of determining the bulb parameters using
Kracht charts is carried out in the following steps:
3.2.1. Select the appropriate kracht charts and preliminary
determination of the bulb parameters

In practice, Kracht charts are only applied to vessels with block
coefficient (CB) within the range (0.56e0.82), while the block
el.

FAO 75 vessel 3D hull model in AutoShip Deviation (%)

44.200 44.146 0.12
10.360 10.360 0.00
4.57 4.57 0.00
1130.00 1127.20 0.25
�0.486 �0.483 0.62
0.524 0.524 0.00
0.580 0.587 �1.20
598.00 590.26 �1.29



Table 5
The input parameters of Xflow CFD software.

Input Parameters Units Value

Environment tab
Engine
Kernel
Flow model
Analysis type

2D
Free surface
External

Turbulence settings
Turbulence model
CS

Smagorinsky
0.17

Global attributes
Ext. acceleration laws Y
Initial conditions
Reference area
Reference velocity

m/s2 �9.81
Water Chanel
Front
Automatic

Water Channel (computational domain size)
Position (x, y, z)
Dimensions

m
m

(0, 0, 0)
(9.2, 3.7, 3.7)

Velocity laws
X
Water initial surface
Water inlet wave function

m/s 5.14 y < 0
y < 0

Channel walls
Lateral walls
Chanel wall type

Off Free-slip

Input Parameters Units Value

Geometry tab
Initial conditions
Position (x,y,z) (draft)
Orientation (trim angle)

m
deg

(0, �0.190, 0)
(0, 0, 0)

Mechanical properties
Density
Mass

kg/m3

kg
1025
290.217

Contraints
Translation (Global)
Rotation (Local)

Axis x
Fixed

Boundary conditions
Wall model

Wall
Free-slip

Simulation tab
Time
Simulation time
Time step mode
Courant

s 1
Fixed
automatic
1

Resolution
Resolved scale
Refinement algorithm
Target resolved scale

m 0.2509
Near static
walls
0.12545

Field to save: Velocity: on; Total pressure:on; Turbulence intensity: on; Effective viscosity: on

Table 6
The comparison results of the total resistance values of FAO 75 and FAO 72 vessels.

Fn e 0.175 0.200 0.225 0.250 0.275 0.300 0.325 0.350 0.375 0.390

U1 m/s 3.644 4.165 4.685 5.206 5.726 6.247 6.768 7.288 7.809 8.121
RT75 N 15,756.8 22,095.1 29,459.4 44,189.1 56,240.7 62,601.5 74,782.6 104,160.6 164,972.8 228,025.6
RX75 N 16,093.2 22,508.5 30,476.7 45,317.9 56,965.7 62,461.8 74,245.7 101,250.1 169,586.7 225,106.5
dX-75 % �2.13 �1.87 �3.45 �2.55 �1.29 0.22 0.72 2.79 �2.80 1.28
U2 m/s 3.654 4.170 4.700 5.220 5.740 6.260 6.780 7.300 7.830 8.140
RT72 N 15,756.8 22,095.1 29,459.4 44,189.1 52,223.5 62,601.5 74,781.6 101,003.8 144,351.2 226,611.0
RX72 N 16,785.6 23,153.3 30,700.6 44,334.7 51,907.8 63,147.1 74,518.0 100,561.1 148,438.8 237,172.3
dRX-72 % 3.10 1.09 3.47 2.60 4.02 1.74 2.30 3.18 2.83 �3.66
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coefficient of FAO 75 vessel is equal to 0.524, therefore, this prob-
lem needs to be solved first. Mathematically, it can be seen that all
Kracht charts represent the relationship between the quantities,
including residual power reduction coefficient (DCPVR), six bulb
parameters, block coefficient (CB) and Froude number (Fn), so if
pre-determined on all available Krach charts the values of the two
866
quantities, in this case, the maximum value of residual power
reduction coefficient, and the specific value of Froude number
suitable to computation vessel, by interpolating between the values
of the curves on all Kracht charts, it is possible to determine the
corresponding curves showing the relationship between the
remaining quantities of six bulb parameters and the block coeffi-



Fig. 10. Interpolation curves show the relationships between the six bulb parameters and the block coefficient at the Froude number of the FAO 75 fishing vessel Fn ¼ 0.377.

Table 7
Bulb parameters correspond to the maximum value of the residual coefficient (DCPR).

Notation of bulb parameters CLPR CBB CZB CABL CABT CVPR

Value determined using extrapolation method based on the interpolation curves in Fig. 10 0.0360 0.1650 0.4600 0.1890 0.0867 0.0032
The maximum value of the residual coefficient (DCPVR)max defined by Kracht chart with block coefficient CB ¼ 0.56 0.337 0.650 0.460 0.733 0.886 0.290

To ensure that all cases are satisfied, choose a residual coefficient value of 0.290, which is the smallest value among the largest values defined in Table 7, to compute and design
a bulbous bow for the FAO 75 fishing vessel.

Table 8
Bulb parameters correspond to the maximum residual coefficient (DCPVR)max ¼ 0.290.

Bulb parameters CLPR CBB CZB CABL CABT CVPR

Values determined on Kracht charts with CB ¼ 0.56 at (DCPVR)max ¼ 0.290. 0.0337 0.1649 0.4600 0.0733 0.0862 0.0028
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cient. The same way can be done for the case where the Froude
number is outside the applicable range of Kracht charts. For this
problem, it is possible to determine interpolation curves showing
the relationship between the six bulb parameters and the block
coefficients at a Froude number of 0.377, equal to a Froude number
of the FAO 75 vessel at design speed U ¼ 15 knots, and maximum
residual power reduction coefficient as described in Fig. 10.

Observing the curves in Fig. 10 it can be seen that the bulb pa-
rameters, except for the lateral parameter (CABL), change very little
with the change of the block coefficient in the range (0.56e0.82),
therefore, it is possible to use the extrapolation based on these
curves to determine six bulb parameters for CB ¼ 0.524 of the FAO
75 vessel, then use the Krach charts with CB ¼ 0.56 (see Fig. 5),
which is the closest to CB¼ 0.524 of the FAO 75 vessel, to determine
the maximum value of the residual coefficient (DCPVR)max corre-
sponding to the bulb parameters determined from the curves in
Fig. 10. The computation results are summarized in Table 7.

3.2.2. Determine the value of the bulb parameters
With the maximum residual coefficient (DCPVR)max ¼ 0.290,

redefine the bulb parameters on corresponding Kracht charts with
block coefficient CB ¼ 0.56 as summarized in Table 8.
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From the values of the bulb parameters in Table 8, hull param-
eters of FAO 75 vessel in Table 2, and the definitions of the bulb
parameters in section 2.1, it is possible to determine the bulb sizes,
including the main sizes such as LPR, BB, and ZB, the areas ABL, ABT,
and volume VPR of the bulb as defined in section 2.1, as shown in
Table 9.

Based on the main bulb sizes in Table 9, draw and integrate the
bulb into the hull ensuring that the bulbous bow has a uniform
smooth shape, especially at the junction with the rest hull, and
meets all bulb sizes defined above. Until now, there are no docu-
ments, including Kracht's, showing how to draw and integrate the
designed bulb into the rest hull, except for the work of Hagen and
Fung (1983) but it is also just an approximation and has not basic. In
fact, this process takes a lot of time due to repeated adjustments
and is difficult to achieve an expected accuracy. In this study, the
process of drawing and integrating the designed bulb into the FAO
75 hull is done in AutoShip, in the form of a 3D model as shown in
Fig. 11 in order to be able to use the software's tools to control the
values of bulb parameters and perform CFD analysis later.

3.2.3. Check the bulb parameters
Determine and compare all parameters of the bulb integrated



Table 9
Bulb sizes and hull parameters of the FAO 75 vessel.

Notations and values of hull parameters of the FAO 75 vessel (see Table 2) LPP (m) B (m) T (m) AMS (m2) V (m3)

44.2 10.36 4.57 43.80 1111.00

Notations and values of bulb parameters (see Table 8) CLPR CBB CZB CABL CABT CVPR

0.0337 0.1649 0.4600 0.0733 0.0862 0.0028
Notations and values of bulb sizes (see section 2.1) LPR (m) BB (m) ZB (m) ABL (m2) ABT (m2) VPR (m3)

1.49 1.709 2.102 3.21 3.78 3.11

Fig. 11. 3D model of the FAO 75 hull after integrating the bulb designed by Kracht charts in AutoShip.

Table 10
Comparison of the computed and actual values of the six bulb parameters of the FAO 75 vessel.

No. Parameter of bulb Notations Units Computed values Actual values Deviation (%)

1 Protruding length LPR m 1.490 1.500 �0.671
2 Maximum breadth BB m 1.709 1.700 0.527
3 Height of the foremost point ZB m 2.102 2.100 0.095
4 Area of the protruding bulb in the longitudinal plane ABL m2 3.210 3.220 �0.312
5 Cross-sectional area at the forward perpendicular ABT m2 3.780 3.740 1.058
6 Volume of the protruding part VPR m3 3.110 3.170 �1.929

Table 11
Matrix of initial bulb size variants of the FAO 75 fishing vessel.

No. Bulb size variants Notation Units Matrix of initial bulb size variants

1 Variants to change in length DLPRi m �0.2 �0.1 0.1 0.2 0.3
2 Variants to change in breadth DBBi m �0.1 0.1 0.2 0.3 0.4
3 Variants to change in depth DΖВi m �0.3 �0.2 �0.1 0.1 0.2
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into the hull with their respective computed values. If deviations
between these comparison values is large, adjust the bulb shape
until achieving the desired accuracy. Table 10 shows the compari-
son between the computed and actual values which will be used in
the next computations, of the six parameters of the bulb integrated
into the FAO 75 vessel hull.

3.3. Optimizing the bulb for FAO 75 fishing vessel

In fact, the bulb sizes determined using Kracht charts above are
only close to the optimal value (Jeff. H, 1986), therefore, it will be
further resized to find out the most optimal bulb sizes corre-
sponding to the minimal hull resistance based on the model and
method of solving the bulb optimization problem as presented in
section 2.2.

3.3.1. Establish computation bulb size variants
As stated above, the sizes of the bulb designed using Kracht

charts, so-called initial bulb in this study, should be within the
range defined by the limits (1) corresponding to the efficiency of
the computation bulb is the highest. Since the FAO 75 vessel has the
868
principal dimensions LPP¼ 44.2 m, B¼ 10.36m, and T¼ 4.57m (see
Table 2), its bulb sizes should be chosen within the specific ranges
determined from limits (1) as follows:

1:33m�LPR �1:77m;1:55m� BB �2:07m;1:83m� ZB �2:29m
(16)

And also since this vessel already has an initial bulb with sizes
LPRo¼ 1.50m, BBo¼ 1.70m, and ZBo¼ 2.10m, (taken from the actual
values in Table 10), the variation ranges of the initial bulb size
variants can be determined based on the ranges (16) as follows:

�0:17m � DLPRi � 0:28m ; �0:15m � DBBi � 0:37m ;

�0:27m � DZBi � 0:19m (17)

where DLPRi, DBBi, and DZBi are the changes in the length, breadth,
and depth of the initial bulb, respectively.

Based on the range (17), all the initial bulb sizes are changed
equally by an increment of 0.1 m, the variant matrix of changes in
three sizes of the initial bulb of FAO 75 vessel can be selected as
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shown in Table 11 so that the bulb size variants in the desired range
(17) are computed.

Obviously, to ensure that changes in the initial bulb sizes do not
affect the performances and safety of the vessel, the bulb shape at
the extreme sizes as defined in Table 11 must satisfy the constraint
conditions from (10) to (14). This is done by moving the foremost
point and the two outmost points on the maximum breadth of the
initial bulb generated in Autoship, to the new positions corre-
sponding to the extreme sizes above (see Fig. 12), specifically:

Minimum variant : LPRmin ¼ LPro � 0:2 ¼ 1:3 m;

BBmin ¼ BBo � 0:1 ¼ 1:6m;

ZBmin ¼ ZBo � 0:3 ¼ 1:8 m

Maximum variant : LPRmax ¼ LPro þ 0:3 ¼ 1:8 m;

BBmax ¼ BBo þ 0:4 ¼ 2:1 m;

ZBmax ¼ ZBo þ 0:2 ¼ 2:3m

Use the tools of Autoship to compute and compare the hull form
parameters of the FAO 75 vessel with the initial bulb and with the
two extreme bulb variants above as shown in Table 12, and the
results show the deviations (d) in percent in all computation cases
are less than ±1%, satisfying the constraints above.

Bulb computation variants are established based on successively
and simultaneously changing of two bulb sizes, length e depth,
length e breadth, and breadth e depth by a matrix of initial bulb
size variants defined in Table 10. Fig. 13 shows the simultaneous
change of two sizes of the initial bulb, length, and breadth, where
first by moving its foremost point longitudinally from a position
Fig. 12. Moving the foremost and outmost points of the initial bulb profile to the
extreme sizes.

Table 12
Checking constraints at extreme bulb sizes.

No. Hull form parameter Notation Units V

1 Block coefficient CB e 0.
2 Displacement D tons 11
3 Longitudinal center of buoyancy LCB m �
4 Initial metacentric height MGo m 2.
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of �0.2 m to þ0.3 m in an increment of DLPR ¼ 0.1m, forming 5
length bulb variants (see Fig. 13(a)), then moving the two outmost
points on its maximum breadth horizontally from a position
of �0.1 m to þ0.4 m in an increment of DBB ¼ 0.1 m, forming 5
breadth bulb variants (see Fig. 13(b)). The result of such changes
will be 25 bulb size variants with the common symbol for each size
variant is Li - Bi. In addition, in order to predict vessel resistance by
CFD analysis, use the same procedure as shown in Fig. 12 to create
the 3D initial bulb model of the FAO 75 vessel for the defined length
and breadth variants (see Fig. 13(c)).

Doing the same as above with the remaining bulb size deter-
mined by the matrix of variants in Table 11 will also get 25 bulb
shapes formed by simultaneously changing the length and depth of
the initial bulb as shown in Fig. 14, and 25 ones formed by simul-
taneously changing the breadth and depth of the initial bulb as
shown in Fig. 15. Creating the 3D initial bulb model by changing
these sizes is also done in the same way as shown in Fig. 13(c).
3.3.2. Determine the optimal bulb size variant
After determining computation bulb size variants, proceed to

determine an optimal bulb size variant according to the steps
described in section 2.2.

Step 1: Compute objective function value for bulb computation
variants.

In this case, the value of the objective function of the bulb
optimization problem is computed by Eq. (13), where the change in
the total resistance (DRTi) of the vessel is due to the changes in the
sizes of the initial bulb and computed as the percentage of the
difference between the total resistance values of the vessel with an
initial bulb andwith a bulb at each size variant defined according to
the matrix of computation size variants in Table 11. As stated, the
total resistance of the vessel with the initial bulb (RTo) and with the
bulb size variant (RTi) is predicted using Xflow with the specified
inputs as presented in section 3.2 to ensure the accuracy of the
resistance values. The results obtained in this section show that the
accuracy of the CFD-based resistance predictions using Xflow with
the appropriate inputs determined for the FAO 75 vessel without
and with the bulbous bow are both ensured, so they can be used to
predict the resistance of this vessel at each bulb size variants in the
absence of model testing. All resistance predictions to compute the
objective function are performed under the most typical modes of
fishing vessels corresponding to three speeds of 0.3U, 0.8U, U, and
two drafts of 0.8T and T as shown in section 2.2.1. Table 13 shows
the changes in the total resistance values (DRTi) as the percentage of
the difference between the total resistance values of the FAO 75
fishing vessel with the initial bulb and with the bulb at each variant
of length LPRi ¼ LPRoþDLPRi and breadth BBi ¼ BBoþDBBi in meter,
with LPro, BBo are the length and breadth of the initial bulb andDLPri,
DBBi are the changes in the length and breadth of the initial bulb as
defined in Table 11, respectively.

As stated above, if using the single objective function of the total
resistance for the bulb optimization problem of ships that operate
essel with initial bulb Extreme bulb sizes

LPRmin ¼ 1.3 m
BBmin ¼ 1.6 m
ZBmin ¼ 1.8 m

LPRmax ¼ 1.8 m
BBmax ¼ 2.1 m
ZBmax ¼ 2.3 m

Value d (%) Value d (%)

525 0.524 0.19 0.526 �0.19
34.6 1134.3 0.03 1134.7 �0.01
0.184 �0.181 1.63 �0.185 �0.54
204 2.201 0.14 2.211 �0.32



Fig. 13. Simultaneous change in length and breadth of the initial bulb of the FAO 75 fishing vessel.

Fig. 14. Simultaneous change in length and depth of the initial bulb.

Fig. 15. Simultaneous change in depth and breadth of the initial bulb.
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only at one mode of speed and draft, the effect of the bulb is
generally negative at low speeds. But for the fishing vessel, due to
the use of the optimal multi-objective function at many different
speeds and drafts, even at low speeds, the efficiency of the bulb, in
this case, has some positive cases as shown in Table 13. Next,
substituting the values of total resistance changes (DRTi) computed
by Xflow in Table 13 into Eq. (15) to calculate the values of the
required power reduction (DPe) in percent of the FAO 75 fishing
vessel for 25 variants of bulb length and breadth in meters, at two
870
drafts of T1 ¼ 3.66 m and T2 ¼ 4.57 m as shown in Table 14.
Step 2: Generate the surrogate models.
Using our MATLAB code to generate three Kriging surrogate

models as a function DPe ¼ f (DLPRi, DBBi) showing the relationship
between the required power reductions DPe (%) with increments of
length DLPRi (m) and breadth DBBi (m) of the initial bulb at drafts of
3.66 m and 4.57 m based on data points in Table 12 as red points in
Fig. 16.

Step 3: Determine a preliminary optimal bulb size in the first
computation.

As stated in section 2.2.2, a code using the Nelder-Mead opti-
mization algorithm in our program defines and displays the co-
ordinates of the maximum points (blue points) defined by the
generated surrogate models which correspond to the optimal bulb
size variants with the increments of length DLPRo (first number),
breadth DBBo (second number), and maximum required power
reduction DPemax of the vessel (last number) as shown in Fig. 16,
and summarized in Table 15 in the first computation.

The results in Table 14 show that the optimal bulb sizes deter-
mined by the three surrogate models are not much different in the
two drafts, but the bulb required power reduction at 4.57 m draft is
often higher at 3.66 m draft, therefore, further computations can be
performed only at a draft of 4.57 m without affecting the final re-
sults. This can be explained by the fact that the operating time at
the design draft of most vessels is usually the highest. In this first
computation, since the surrogate models are generated based on
only some discrete value of the required power reduction, the



Table 13
Changes in the total resistance DRTi (%) of the FAO 75 fishing vessel at 25 bulb computation variants corresponding to the changes in the length (DLi) and breadth (DBi) of the
initial bulb as defined in section 3.2.2.

Vari-ant T1 ¼ 0.8T ¼ 3.66 m

U3 ¼ 0.3U ¼ 4.5 (knots) U2 ¼ 0.8U ¼ 12 (knots) U1 ¼ U ¼ 15 (knots)

DBB1 DBB2 DBB3 DBB4 DBB5 DBB1 DBB2 DBB3 DBB4 DBB5 DBB1 DBB2 DBB3 DBB4 DBB5

DLPR1 �5.41 �4.79 �4.54 �5.20 �5.56 �6.06 �5.74 �5.18 �6.24 �6.12 �6.78 �6.60 �5.96 �7.61 �6.73
DLPR2 �4.01 3.55 7.87 �7.28 �8.67 �4.51 4.26 8.97 �8.59 �9.54 �5.06 4.89 10.31 �10.48 �10.50
DLPR3 �4.84 8.62 9.88 8.76 �11.14 �5.44 10.35 11.26 10.52 �12.48 �6.09 11.90 12.95 12.83 �13.73
DLPR4 5.55 6.05 12.03 �6.24 �12.43 6.21 7.27 13.60 �7.30 �13.68 6.96 8.36 15.36 �8.90 �15.04
DLPR5 �4.13 �11.02 �12.11 �12.24 �13.30 �4.63 �13.23 �13.45 �14.68 �13.97 �5.19 �15.21 �15.06 �17.91 �15.37
Vari-ant T2 ¼ T ¼ 4.57 m

U3 ¼ 0.3U ¼ 4.5 (knots) U2 ¼ 0.8U ¼ 12 (knots) U1 ¼ U ¼ 15 (knots)
DBB1 DBB2 DBB3 DBB4 DBB5 DBB1 DBB2 DBB3 DBB4 DBB5 DBB1 DBB2 DBB3 DBB4 DBB5

DLPR1 4.13 3.37 3.13 �3.81 �4.27 4.54 3.64 3.44 �4.27 �4.745 5.22 4.04 3.82 �4.69 �5.27
DLPR2 2.46 1.82 7.04 �6.33 �8.14 2.70 2.01 7.74 �7.03 �8.549 3.02 2.27 8.93 �7.80 �9.58
DLPR3 �3.41 �7.88 12.45 7.98 �10.61 �3.82 �8.67 10.40 8.78 �11.88 �4.39 �9.71 13.85 9.31 �13.66
DLPR4 �3.87 �10.14 �11.44 �10.56 �12.31 �4.14 �11.26 �11.67 �11.61 �12.93 �4.76 �12.94 �13.07 �12.43 �14.22
DLPR5 �4.79 �9.65 �11.63 �12.18 �11.76 �5.23 �10.14 �11.98 �12.67 �12.46 �5.96 �11.66 �12.10 �13.30 �13.09

Table 14
Required power reduction DPe (%) of the FAO 75 vessel for 25 variants of bulb length and breadth.

Variant T1 ¼ 3.66 m T2 ¼ 4.57 m

DBB1 DBB2 DBB3 DBB4 DBB5 DBB1 DBB2 DBB3 DBB4 DBB5

DLPR1 �6.30 �5.97 �5.45 �6.75 �6.32 4.83 3.80 3.58 �4.38 �4.92
DLPR2 �4.69 4.43 9.45 �9.33 �9.85 2.82 2.11 8.24 �7.28 �9.04
DLPR3 �5.65 10.76 11.86 11.38 �12.83 �4.04 �9.06 13.09 8.86 �12.57
DLPR4 6.46 7.56 14.19 �7.94 �14.12 �4.43 �11.93 �12.44 �11.79 �13.52
DLPR5 �4.82 �13.75 �14.01 �15.89 �14.61 �5.54 �10.91 �11.95 �12.90 �12.63
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optimal bulb size variants determined by these models may not be
the most optimal, therefore, it is necessary to evaluate and improve
the accuracy of the surrogate models generated above.

Step 4: Evaluate and improve the accuracy of the surrogate
models.

As the bulb sizes determined by surrogate models are different,
the accuracy of the surrogate models is evaluated by comparing the
accurate required power reduction determined by Xflow, symbol
DPemaxf, with their approximate values defined by the three sur-
rogate models, symbol DP1emax1DP

1
emax2, DP

1
emax3respectively, in the

two bulb size variants at 4.57 m draft with the symbolDL1PRo1 �
DB1Bo1, DL

1
PRo2 � DB1Bo2, DL

1
PRo3 � DB1Bo3respectively. The computa-

tion in this second time is summarized in Table 16.

These results show that the deviationsd1i between the required
power reductions determined by Xflow and by the surrogate
models in each bulb size variant are large, indicating that the ac-
curacy of the surrogate models is low. Since the two bulb size
variants determined by models 1 and 2 are the same, the accuracy
of the surrogate models can be improved by adding two correct
bulb size variants (0.093, 0.228, 12.992) and (0.093, 0.210, 13.032)
into the initial dataset forming 27 bulb size variants, and then
regenerate the surrogate models as shown in Fig. 17.

Step 5: Determine the optimal bulb size variant.
Repeat steps 3 and 4 by determining the three new optimal bulb

variants for 4.57 m draft in the second computation based on three
new surrogate models generated in step 4 (see Fig. 17) as shown in
Table 17.

Continue to evaluate the accuracy of newly generated surrogate
models by using Xflow to accurately predict the required power
reductions for the optimal bulb variants and comparing them with
the corresponding values determined by three surrogate models as
shown in Table 18.
871
The results in Table 18 show that the accuracy and bulb effi-
ciency computed by surrogate model 2 is the highest, so an optimal
bulb variant is DLPRo ¼ 0.110 m, DВBo ¼ 0.210 m, and
DPemax ¼ 13.931%, with deviation ¼ 2.92%. Do the same for variants
to simultaneously change the other bulb sizes such as length -
depth, and breadth - depth. All detailed computations can be found
in (Chinh and Thai, 2021) with specific results as follows:

� In case of changing the length and depth of the bulb

Table 19 shows the results of computation and comparison of
the maximum required power reduction defined by XFlow and
three surrogate models when changing the length and depth of the
initial bulb of the FAO75 vessel. In this case, an optimal bulb variant
is defined by model 2 with DLPRo ¼ 0.154 m, DΖBo ¼ 0.097 m, and
DPemax ¼ 12.211%, with the deviation of the maximum required
power reduction defined by this model and Xflow of 1.15%.

� In case of changing the breadth and depth of the bulb

Table 20 shows the result of computation and comparison of the
maximum required power reduction defined by XFlow and three
surrogate models when changing the breadth and depth of the
initial bulb of the FAO75 vessel. In this case, an optimal bulb variant
is also defined by model 2 with DВBo ¼ 0.133 m, DΖBo ¼ �0.128 m,
and DPemax¼ 11.501%, with the deviation of the maximum required
power reduction defined by this model and Xflow of 2.25%.

Fig. 18 shows the lines of the bulbous bow of the FAO 75 fishing
vessel with the initial bulb (black lines) with LPR ¼ 1.50 m, breadth
BB ¼ 1.70 m, depth ZB ¼ 2.10 m designed by Kracht charts, and the
optimal bulb (red lines) obtained by changing the length and
breadth of the initial bulb in increments DLPRo ¼ 0.11 m,
DВBo ¼ 0.21 m.



Table 15
Optimal bulb variants defined by the surrogate models in the first computation.

Draft (m) Model 1 Model 2 Model 3

DL1PRo1 (m) DB1Bo1 (m) DP1emax1 (%) DL1PRo2 (m) DB1Bo2 (m) DP1emax2 (%) DL1PRo3 (m) DB1Bo3 (m) DP1emax3 (%)

3.66 0.093 0.262 13.722 0.093 0.193 11.918 0.093 0.193 11.246
4.57 0.093 0.228 15.664 0.093 0.228 14.824 0.093 0.210 11.028

Fig. 16. The surrogate models represent the relationship between required power reduction DPe with the changes in the length DLPRi and breadth DBBi of the initial bulb at 3.66 m
and 4.57 m drafts in the first computation.

Table 16
Comparison of maximum required power reduction DPemax (%) at the optimal bulb sizes in the first computation computed using XFlow and by the three surrogate models at a
draft of 4.57 m

Symbol of optimal bulb size variant Optimal bulb sizes XFlow Model 1 Model 2 Model 3

DL1PRo(m) DB1Bo(m) DP1emaxf (%) DP1emax1 (%) d11(%) DP1emax2 (%) d12(%) DP1emax3 (%) d13(%)

DL1PRo1 � DB1Bo1 0.093 0.228 12.992 15.664 �11.58 e e e e

DL1PRo2 � DB1Bo2 0.093 0.228 12.992 e e 14.824 �5.73 e e

DL1PRo3 � DB1Bo3 0.093 0.210 13.032 e e e e 11.028 15.38
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Fig. 19 presents the Xflow-based results of the velocity and
pressure distribution in the flow around the FAO 75 fishing vessel
hull without a bulbous bow, and with an optimal bulbous bow
when operating under the same conditions corresponding to
design load mode with speed U ¼ 15 knots and draft T ¼ 4.57 m.

A qualitative comparison of these figures shows that the wave
profile height of the FAO 75 fishing vessel without the bulbous bow
was significantly reduced after retrofitting an optimal bulb,
resulting in a significant reduction in the wave-making resistance
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component, so the total resistance of this fishing vessel is also
significantly reduced. In addition, the obvious appearance of waves
in the aft area of the hull without a bulb (see Fig. 19(a)) also proves
the effectiveness of the bulb when the waves in the aft area of the
hull with bulb were largely eliminated (Fig. 19(b)) due to the pos-
itive interference between thewaves generated by the optimal bulb
and the waves of the vessel.



Fig. 17. The surrogate models represent the relationship between required power reduction DPe (%) with the changes in the length DLPRi and breadth DBBi of the initial bulb at
4.57 m draft in the second computation.

Table 17
Optimal bulb size variants determined by the surrogate models in the second computation.

Draft (m) Model 1 Model 2 Model 3

DL2PRo1 (m) DB2Bo1 (m) DP2emax1 (%) DL2PRo2 (m) DB2Bo2 (m) DP2emax2 (%) DL2PRo3 (m) DB2Bo3 (m) DP2emax3 (%)

4.57 0.110 0.210 13.247 0.110 0.210 13.254 0.093 0.210 13.024

Table 18
Comparison of maximum required power reduction DPemax (%) at the optimal bulb sizes in the second computation computed by XFlow and by the three surrogate models.

Symbol of optimal bulb size variant Optimal bulb sizes XFlow Model 1 Model 2 Model 3

DL2PRo(m) DB2Bo (m) DP2emax(%) DP2emax1 (%) d21 (%) DP2emax2 (%) d22(%) DP2emax3 (%) d23(%)

DL2PRo1 � DB2Bo1 0.110 0.210 13.931 13.247 4.91

DL2PRo2 � DB2Bo2 0.110 0.210 13.931 e e 13.524 2.92

DL2PRo3 � DB2Bo3 0.093 0.210 13.821 e e e e 13.024 5.77
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4. Conclusions

Our study has provided an optimal design method of bulbous
bow for fishing vessels, starting from determination the bulb pa-
rameters using Kracht charts to preliminary design the initial bulb,
then optimizing the sizes of this initial bulb to obtain its best
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efficiency corresponding to the ship's required power reduction
being the highest. The results of this study have been applied to the
FAO 75 fishing vessel and obtained the initial bulb designed by
Kracht charts with length LPR ¼ 1.50 m, breadth BB ¼ 1.70 m, and
depth ZB ¼ 2.10 m (see Table 6), and then, change the length and
breadth of this initial bulb in increments of DLPR ¼ 0.11 m, and



Table 20
Comparison of the maximum required power reduction (DPe)max computed from XFlow and surrogate models when changing the breadth and depth of the initial bulb.

Draft (m) Optimal bulb sizes XFlow Model 1 Model 2 Model 3

DВBo (m) DΖВο (m) DPemaxf (%) DPemax1 (%) d1 (%) DPemax2 (%) d2 (%) DPemax3 (%) d3 (%)

4.57 0.133 �0.128 11.501 12.311 �7.04 11.242 2.25 12.042 �4.70

Comparing the three computation results of the change of the bulb sizes as presented above it can be seen that the optimal bulb size variant that best suits the FAO 75 fishing
vessel is the simultaneously change in the length and breadth of the initial bulb designed by Kracht charts since the required power reduction, in this case, is the highest.

Fig. 18. FAO 75 fishing vessel lines with initial bulb (black lines) and optimal bulb (red lines).

Table 19
Comparison of the maximum required power reduction (DPe)max computed from XFlow and surrogate models when changing the length and depth of the initial bulb.

Draft (m) Optimal bulb sizes XFlow Model 1 Model 2 Model 3

DLPRo (m) DΖВο (m) DPemaxf (%) DPemax1 (%) d1 (%) DPemax2 (%) d2 (%) DPemax3 (%) d3 (%)

4.57 0.154 0.097 12.211 13.102 �7.30 12.074 1.12 12.521 �2.54
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DBB ¼ 0.21 m, respectively to obtain an optimal bulb with length
LPro ¼ 1.61 m, breadth BBo ¼ 2.31 m, depth ZBo ¼ 2.10 m, and the
maximum required power reduction DPe max ¼ 13.93% before and
after fitting an optimal bulb, at a design draft of 4.57 m. These re-
sults, together with the CFD-based results on velocity and pressure
distributions in the flow around the FAO 75 hull without the
bulbous bow and with an optimal bulbous bow show a good
agreement of our proposed method with the theory and practice
for the following reasons:

- In theory, the efficiency of the bulbous bow depends on the
interference between the wave system generated by the bulb
and the wave system of the vessel, so the variant of simulta-
neously changing the length and breadth of the bulb is also the
most effective because the changes of these parameters of the
bulb will affect its length and volume, resulting in a greatly
ìnluence on the phase and amplitude of the wave system
generated by the bulb, while the changes in depth of the
bulbous bow only affect its submersion so it has little effect on
bulb efficiency. Also in our study, the variants to change each
linear and nonlinear parameter of the bulb were investigated,
however, the influence of such bulb size variants on the effi-
ciency of the bulbous bow was not large.
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- In practice, the computed data for an optimal bulb of the FAO 75
vessel has shown that the maximum reduction in required po-
wer or total resistance after fitting the optimal bulb is approx-
imately 14% which is also within the range of test data by
(12e15)% officially published by many researchers for conven-
tional ships with the bulb such as Bertram and Schneekluth
(1998), Larrie (2011), Barrass and Bryan (2004), etc.

- The use of Kracht charts in general, together with extrapolation
and interpolation methods in particular, for the preliminary
design of initial bulb for vessels with block coefficients (CB) or
Froude numbers (Fn) are not within the applicable range of
these charts are suitable, so that the sizes of the initial bulb are
very close to the optimal, therefore, the optimal bulb size is
defined only after two computations using the surrogatemodels
as in this case

- This study has been applied to design the bulbous bow for some
steel fishing vessels in Vietnam in recent times. In practice, these
vessels have achieved high production efficiency due to fuel
economy and good performance.

In addition, some conclusions can be drawn based on the study
results as follows:



Fig. 19. Velocity and pressure distributions in the flow around of the FAO 75 hull without the bulbous bow and with an optimal bulbous bow.
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- The optimal bulb can be determined only at the design draft
since bulb efficiency at this draft is often the highest. In fact,
bulbs are located deep below the free surface, so the small
change in drafts that the vessel regularly operates has little ef-
fect on the computation results.

- The solution of using a combination of CFD analysis and surro-
gate model for bulb optimization is reasonable, because pre-
dicting vessel resistance for each bulb size variant usually takes
a lot of time, expense, and effort, as well as the complex varia-
tion of the computed data, therefore, the use of the surrogate
models in this problem not only allows to use less initial resis-
tance data but also determines the global optimal solution,
based on that, the optimal bulb size variant can be determined
quickly and efficiently with the required accuracy and reliability.
In addition, the optimal bulb size variant determined using the
three Kriging surrogate models above is different, but in any
cases of resizing of the bulb to find the most optimal variant,
model 2 with second-order polynomial regression function and
Gauss correlation always has the highest accuracy compared to
the remaining models. This can be explained because model 2
with the regression function and correlation coefficient has a
high nonlinearity, so it can respond well to complex changes of
the total resistance when resizing the bulb.

- The bulbous bow greatly affects the residual resistance of the
vessel, especially at high speeds, but little effects on frictional
resistance since the wetted surface area of the bulb accounts for
a relatively small proportion of the hull wetted surface area,
therefore in this study, each resistance component was not
considered separately. Specifically, the wetted surface area of
the FAO 75 fishing vessel without a bulb is Uo ¼ 598 m2 (see
Table 2), while the surface area of the optimal bulb is
Ub ¼ 8.4 m2 which is computed using the tools of AutoShip,
therefore, the frictional resistance component of this vessel in-
creases by about 1% caused by fitting the optimal bulb as
calculated below:
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Rfo
Rfb

¼ Uo

Uo þUb
¼ 598

598þ 8:4
z 0:99

where Rfo and Rfb are the frictional resistance components of the
vessel without and with an optimal bulb.
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