AN

AN Journal of Ocean Engineering and Technology 34(4), 253-262 August, 2020 pISSN 1225-0767
1(22,5 https://doi.org/10.26748/KSOE.2020.025 eISSN 2287-6715

[ Original Research Article |

Evaluation of Structural Design Enhancement and Sensitivity of
Automatic Ocean Salt Collector According to Design of Experiments

Chang Yong Song®!, Dong-Jun Lee™, Jin Sun Lee™, Fun Mi Kim™ and Bo-Youp Choi®”

"Professor, Department of Naval Architecture and Ocean Engineering, Mokpo National University, Jeonnam, Korea
’MS candidate, Department of Naval Architecture and Ocean Engineering, Mokpo National University, Jeonnam, Korea
SR&D Director, Jang Sung Tech Co., Ltd., Jeonnam, Korea
‘General manager, Jang Sung Tech Co., Ltd., Jeonnam, Korea
SResearcher, Research Institute of Medium & Small ShipbuildJeonnam, Jeonnam, Korea

KEY WORDS: Ocean automatic salt collector, Design of experiments, Approximate model, Sensitivity analysis

ABSTRACT: This study provides a comparative analysis of experiments-based enhancements and sensitivity evaluations for the structural design of
an automatic ocean salt collector under various load conditions. The sizing variables of the structural members were considered as design factors. The
strength and weight performances were selected as output responses. The design of experiments used in the comparative study consisted of the orthogonal
array design, Box-Behnken design, and central composite design. The response surface model, one of the metamodels, was applied to the approximate
model generation. The design enhancement performance metrics, including numerical costs and weight minimization, according to the design of
experiments, were compared from the best design case results. The central composite design method showed the most enhanced design results for the

structural design of the automatic ocean salt collector.

1. Introduction

The ocean and fisheries industries are expected to become major
providers of food resources in the future, and the development of these
enterprises is being strengthened to ensure stable fishery resources
worldwide. The market size of the ocean and fisheries equipment
industry, the main supplier underpinning the ocean and fisheries
industry, is expected to increase from $63.6 billion in 2017 to $89
billion in 2022, with growth particularly expected to increase in the
Asia Pacific (Lee et al., 2019). However, the product competitiveness
and automation rate of Korean ocean and fisheries equipment is very
low, and the ratio of location to market size is only about half, making
it considerably reliant on imports.

Salt collectors, a type of ocean and fisheries equipment used to
collect salt from ocean salt farms, are in urgent need of development
for automation owing to the poor state of salt farming. As shown in
Fig. 1, the existing salt collection method in ocean salt farms involves
manually unloading crystallized salt into a collection bin on a rail to
transfer the salt. To enhance the safety of ocean salt collection and the

production per unit of the salt collection and crystallizing pond area,

the development of locations for electric automatic ocean salt
collectors (AOSC) has recently begun. However, owing to insufficient
domestic and foreign design regulations for ocean and fisheries
equipment, it is necessary to analyze the sensitivity of the design
characteristics according to structural performance conditions to
ensure the safety of structural designs of new types of ocean and
fisheries equipment such as the AOSC while enhancing design
efficiency to minimize weight.

Researchers have conducted several studies on enhancing the safety
of ocean equipment designs through sensitivity analysis and optimal
design techniques. Park et al. (2011) applied an evolutionary algorithm
to minimize the design weight of the support while satisfying strength
constraints defined in piping design regulations for pipelines installed
in floating production storage and offloading (FPSO) flare system.
Song et al. (2011) explored the best design cases to minimize design
risk by applying the constraint-feasible moving least squares method, a
conservative approximate model for the reliability-based design
optimization of FPSO riser adducts. To investigate the safety design of
high-pressure quadruple eccentric butterfly valves, Lee and Kim

(2014) conducted a design parameter analysis and variance analysis of
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(a) collecting

Fig. 1 Work process of manual ocean salt collecting production

the seating torque response function. Ji et al. (2015) used a genetic
algorithm to realize an optimal placement design considering the stress
and dynamic properties of the resilient mount for naval ships. Park et
al. (2019) used various design of experiments (DOE) techniques to
explore reasonable design cases to solve the issue of resonance in the
normal operating range of the main engine of a navigational
communication radar mast mounted on large merchant vessels.

To efficiently derive a design improvement case that secures the
design safety of the AOSC, the present study explored best design
cases by applying various DOE techniques, conducted a sensitivity
analysis of major structural members, and compared the results
To evaluate the strength
performance in the AOSC’s initial design state, a structural analysis

according to DOE characteristics.

model was generated using the finite element method (FEM). The load
conditions were calculated considering the AOSC’s actual operating
conditions and applied to the structural analysis model, and the
strength performance was assessed for each load condition. To
improve the initial structural design of the AOSC, the influence of the
major design members on strength performance was analyzed using
DOE, and design improvement cases that satisfy the allowable stress
while minimizing weight increase were explored. To derive a design
improvement case based on DOE, three DOE techniques—OAD

Drive & power part

Rail frame part

Fig. 2 Initial design configuration of the AOSC

(b) loading

(c) transfer

(orthogonal array design), BBD (Box—Behnken design), and CCD
(central composite designy—were implemented to analyze the
sensitivity results, and the DOE technique most suited for the AOSC’s
structural design was examined considering the design improvement
characteristics and numerical calculation cost. To verify the suitability
of the sensitivity analysis results of major structural members and the
exploration of DOE-based AOSC improvement cases applied in this
study, approximate modeling using the response surface method
(RSM) was conducted for each DOE technique, and the RSM design
space exploration accuracy generated from each DOE technique was
examined. Chapter 2 of this study describes the FEM-based strength
performance evaluation of the AOSC’s initial structural design.
Chapter 3 briefly reviews the theory of DOE, explores best design
cases using DOE, conducts a sensitivity evaluation of weight and
strength performance, and verifies the suitability of the DOE
techniques using an approximate model. Finally, the study is
concluded in Chapter 4.

2. Structural Analysis of the Initial Design

2.1 Calculation of Design Load Conditions
Fig. 2 shows the initial design of the electric AOSC developed to
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Table 1 Principal AOSC dimensions and system specifications

Table 2 Design load cases

Parameter Particulars

Length 34 m

Dimensions Breadth 32 m

Height 21 m

Max. salt collecting capacity 0.7 t

System Max. towing capacity 490 N
specifications Operation speed 6 m/min
Brake Belt type

automate the collection of salt in ocean salt farms and enhance ocean
salt collection safety as well as production per unit of salt collection
crystallizing pond area.

As shown in Fig. 2, a salt collector part and towing part were
designed and applied to the AOSC to automate ocean salt collection,
and a drive and power part for transferring electric driving power and a
rail frame part for transferring the collected salt were installed. To
safely support the load generated during operation and mounting of the
AOSC’s functional components, a collector frame, rail frame, and
main frame were applied. Table 1 summarizes principal information
on the AOSC.

In terms of the main design load conditions for reviewing the
AOSC’s structural safety, considering the harshest operating
conditions that may arise during salt collection, a maximum loading
case, braking case, and operating case under the maximum loading
case were selected. Table 2 summarizes the design load conditions for
each load case.

As shown in Table 2, the design loads generated in the AOSC for
each load case were combined to configure the design load conditions.
In the loading case (LC1), the weight of each functional product was
applied considering the center of gravity and mounting position. To
reflect the entire AOSC’s weight, an inertial load was applied

considering gravity acceleration, and the maximum salt collecting

Rail frame part
[THK : 1.5~4.0mm]

Main frame part
[THK : 2.5mm]

Fig. 3 Finite element model of the AOSC

Load cases

Design loads Loading Operating Braking

(LCl) (L)  (LCI)

Salt collector weight
Drive & power part weight
Towing part weight
Wheel part weight
Inertial load

SJRNRSENENEN
SJRSESENENEN

Max. salt collecting capacity

Max. towing capacity -

NN NN NN

Acceleration at operating -

~

Acceleration at braking -

capacity was applied as distribution pressure on the top of the rail
frame in the center of the AOSC. In the operating case (LC2), along
with the loading case, the maximum towing capacity and acceleration
measured through the operation of prototype equipment manufactured
with the initial design were applied in the transport direction. In the
braking case (LC3), to consider a sudden braking case along with the
loading case, driving acceleration was applied in the opposite direction
of the transport direction. Gravity load was applied for the acceleration
of LC2 and LC3 so that the gravitational influence of acceleration
acted on the entire structure.

2.2 FEM-based Structural Analysis

To conduct an FEM-based strength performance evaluation of the
AOSC's initial structural design, an FEM (Fig. 3) was generated
considering the main structure (main frame, rail frame, and collector
frame) and bracket part that can apply the weight and design load of
the functional products.

As shown in Fig. 3, the thicknesses of the main frame part, rail
frame part, collector frame part, and bracket part are 2.5 mm, 1.5-4.0

Collector frame part
[THK : 1.5mm]

Bracket part
[THK : 4.0mm] # &
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Table 3 FEM model information and material property

Material property

Model information

Density Elastic modulus Poisson's ratio

Yield strength

# of elements # of nodes

8,000 kg/m’ 193 GPa 0.29

215 MPa 112,896 114,431

mm, 1.5 mm, and 4.0 mm, respectively, which were applied in the
initial design stage through empirical design. The elements used in the
FEM consisted of a shell element for the main structure of the main
frame part, rail frame part, collector frame part, and bracket part, and
lumped mass elements for the weight of each functional product. Rigid
links were used for the connection of each structural member and
application part of the functional weight and design load, and the
driving direction constraints of the rigid links were defined
considering the operating mode. Table 3 summarizes the model
information used in the FEM, and material properties of the austenitic
stainless steel (SUS304L). The design conditions defined in Table 2
were applied for the load condition used in the structural analysis and
for the boundary condition; all degrees of freedom were constrained
except the rotation direction of the driving direction for each wheel of
the wheel part.

Abaqus/Implicit (Simulia, 2018), a general-purpose finite element

analysis program, was used to conduct the structural analysis, and the

Table 4 Structure analysis results of initial design

stress and deformation of the major structural parts were calculated for
each design load condition. Table 4 summarizes the structural analysis
results of the AOSC’s initial design stage, and Fig. 4 shows the overall
stress and strain distribution results for the braking case (LC3).

As shown in Table 4, under all design load cases, the stress values of
the main frame part and the rail frame part failed to satisfy the
material’s allowable yield stress. Furthermore, the braking case (LC3)
showed the harshest results of all design cases. In all design load cases,
the maximum stress occurred in the main frame part, and as shown in
Fig. 4, the maximum stress was distributed in the center of the main
frame part. The maximum stress occurred locally at the upper center of
the main frame and bracket joint, which is likely because the design
thickness of the main frame was 2.5 mm in a thin plate, and a gentle
shape change design was not applied in the bracket joint. Accordingly,
the structural analysis results of the initial design stage demonstrate
that design improvements are required to secure the strength and safety
of the AOSC’s structural design.

Max. von-Mises stress [MPa] / Max. deformation [mm]

Structure part Safety check  Allowable strength [MPa]
LCI1 LC2 LC3
Overall structure 260.0 / 17.6 236.6 / 17.5 2852/ 179 NG
Main frame 260.0 / 12.3 236.6 / 12.2 2852/ 12.5 NG
. 85% of material yield
Rail frame 185.1 / 11.7 1809 / 11.6 191.8 / 12.0 NG strength? : 182.8
Collector frame 453/ 17.6 66.5/ 17.5 522/ 179 OK
Bracket 137.2 / 127 170.5 / 12.6 1549 / 12.0 OK

D Det Norske Veritas and Germanischer Lloyd (DNV-GL) (2015) Rules and Standards CH.2, Sec.l

' 261.468
237.698
= 213.929
~190.159
= 166.389
142,619
£ 118.849
= 95.079
& 71310

47.540

23.770
£0.000

16.452
14.956
= 13.461
= 11.965
= 10.469
8974
57478
5983 o

£ 4.487

2.991
Ir 1.496
= 0.000

p—— ) O

Max. stress [285.238 MPa]

Max. deformation [17.948 mm] [scale 1:30]

Fig. 4 LC3 - Overall stress and deformation contours for the initial design
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3. DOE-based Structural Design Improvement and
Sensitivity Evaluation

To improve the initial structural design of the AOSC, the influence
of the major design members on strength performance was analyzed
using DOE, and design improvement cases that satisfy the allowable
stress while minimizing weight gain were explored. To derive a design
improvement case based on the DOE method, three DOE techniques
(OAD, BBD, and CCD) were implemented to analyze the sensitivity
results. The DOE technique most suited for the AOSC’s structural
design was examined considering the design improvement
characteristics and numerical calculation cost. Using the three DOE
techniques considered in this study, considering three levels for the
design factors, the secondary effects and interaction effects of the
design factors can be observed. Unlike random DOE techniques, such
as Latin hypercube design, the number of experiments is automatically
determined for each DOE method, making it easy to use. However,
even for the same design problem, the number of experiments and
methods of filling the experiment space differ according to the DOE
method, which may result in different design space exploration results.
Hence, to utilize the DOE results for approximate optimization or
reliability analysis, it is important to select a DOE technique suitable
for the design problem. First, the theoretical characteristics of the DOE
techniques used in this study are briefly summarized, after which each
DOE technique is used to explore best AOSC structural design cases
and evaluate the design sensitivity according to strength performance.
In addition, to verify the suitability of the sensitivity analysis results of
the major structural members and the exploration of DOE-based
AOSC improvement cases applied in this study, approximate
modeling using RSM was conducted for each DOE technique, and the
RSM design space exploration accuracy generated from each DOE
technique was examined.

3.1 DOE Theory

OAD detects the main effects and interactions between factors for
experiments with a large number of factors and excludes information
on high-order interaction and interaction between low-influence
factors, thereby reducing the number of experiments through an OAT.
The OAT has two, three, four, five, and mixed levels, with two and
three levels typically used. This study applied OAT with three levels,
as in the following equation (Park, 2012).

[/3”’[3(3”’—1)/2} 1)

where m is an integer of 2 or more, 3" is the experiment size, and
(3™ —1)/2 is the number of rows in the OAT.

As shown in Fig. 5, the BBD method has a feature by which corner
points are not used in the experimental space. This technique is also
referred to as spherical, rotational, or approximate rotational quadratic
design (Box and Behnken, 1960).

Fig. 5 Design experimental space of the BBD method (Kim et al., 2015)

As shown in Fig. 5, BBD uses polyhedral edge center points,
excluding center points and corner points in the entire experimental
space, thus allowing economical DOE. BBD is advantageous for
calculating quadratic regression equations and exploring optimal
conditions when the factors are quantitative and have three levels. In
terms of the number of independent variables k£, BBD can easily
generate orthogonal blocks with a small number of experimental
points, through which a quadratic regression equation can be obtained.

CCD adds center points and axial points to 2 factor experiments
and detects the curved change in the amount of responses caused by
changes in the level of variables (Park, 2012). In CCD, the number of
center points becomes at least one, and the number of axial points
becomes 2k. If the number of center points is n,, then the number of

CCD experiments n can be defined by the following equation.

n=2"4+2k+n, ¥}

As in Eq. (2), in the case of k>2, the DOE method can be
performed with significantly fewer experiments than factorial design,
and it is highly advantageous if the experimental cost is high.
Moreover, rather than performing DOE again when the regression
model estimation must be changed, CCD can perform sequential

experiments that add new data points to the center and axis.

3.2 Comparison of Best Design Cases and Structural Design
Sensitivity According to DOE Characteristics

To conduct the AOSC structural design effect evaluation according
to the DOE characteristics, the thickness of the main structural
members was set to three levels of the design factors, and the
maximum stress and weight for each design load case shown in Tables

2 and 4 were set as the output response. The upper and lower limits of

Table 5 Design factors and ranges for the AOSC

Do s L it O s
DF-#1 1.5 2.5 6.0
DF-#2 2.0 3.0 6.0
DF-#3 3.0 4.0 6.0
DF-#4 1.0 1.5 2.0
DF-#5 3.0 4.0 6.0
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DF-#4 : Collector frame
1.0t < 1.5t < 2.0t

DF-#2 : Rail frame-I
2.0t < 3.0t < 6.0t

DF-#3 Rail frame-II
3.0t < 4.0t < 6.0t

DF-#1 : Main frame
1.5t < 2.5t < 6.0t

Fig. 6 Detailed setup for design factors of the AOSC

the design factors were set considering the range within which the was configured for OAD, 41 runs for BBD, and 43 runs for CCD.

AOSC can be manufactured. Table 5 and Fig. 6 show the configuration Tables 6-8 show the results of the response functions calculated via

of AOSC design factors. finite element analysis according to changes in design factors in the
The configured design factors and three-level design factor range in experimental matrices configured through each DOE technique.

Table 5 and Fig. 6 were applied. An experimental matrix with 81 runs From the results summarized in Tables 6-8, combinations of design

Table 6 DOE run table for the OAD method

DOE run # DF-#1 DF-#2 DF-#3 DF-#4 DF-#5 LCl1-Stress LC2-Stress  LC3-Stress Weight

(mm) (mm) (mm) (mm) (mm) (MPa) (MPa) (MPa) (Ton)

1.5 2.0 3.0 1.0 3.0 380.235 361.76 401.707 0.102

2 1.5 3.0 4.0 1.0 3.0 351.492 333.592 371.932 0.118

3 1.5 6.0 6.0 1.0 3.0 292.933 275.534 312.25 0.163

79 6.0 2.0 3.0 2.0 6.0 150.947 142.658 162.610 0.246

80 6.0 3.0 4.0 2.0 6.0 148.831 137.775 161.666 0.262

81 6.0 6.0 6.0 2.0 6.0 142.700 135.897 158.452 0.307

Table 7 DOE run table for the BBD method

DOE run # DF-#1 DF-#2 DF-#3 DF-#4 DF-#5 LCl1-Stress LC2-Stress  LC3-Stress Weight
(mm) (mm) (mm) (mm) (mm) (MPa) (MPa) (MPa) (Ton)
3.0 1.0 3.7 4.0 4.5 195.489 174.749 192.559 0.193
2 3.0 2.0 3.7 4.0 45 194.121 188.503 201.541 0.207
3 6.0 1.0 3.7 4.0 45 201.973 181.225 219.986 0.2017
39 45 2.0 3.7 2.0 45 205.034 184.206 201.340 0.188
40 45 2.0 3.7 6.0 4.5 193.310 172.53 190.529 0.236
41 45 1.5 3.7 4.0 4.5 198.581 177.792 195.323 0.204

Table 8 DOE run table for the CCD method

DOE run # DF-#1 DF-#2 DF-#3 DF-#4 DF-#5 LC1-Stress LC2-Stress  LC3-Stress Weight
(mm) (mm) (mm) (mm) (mm) (MPa) (MPa) (MPa) ®
3.0 1.0 1.5 2.0 3.0 380.235 361.760 401.707 0.102
2 3.0 1.0 1.5 2.0 6.0 375.933 357.500 396.333 0.115
3 3.0 1.0 1.5 6.0 3.0 329.727 297.065 324.220 0.150
41 4.0 1.5 2.5 6.0 4.0 244.688 219.646 258.191 0.191
42 4.0 1.5 2.5 3.0 3.0 268.999 242.611 286.073 0.151

43 4.0 1.5 25 3.0 6.0 258.978 235.593 283.710 0.164
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Table 9 Best design cases for design enhancement of the AOSC

Best design case from DOE

Initial design

OAD BBD CCD
6.0 mm 6.0 mm 6.0 mm
DE-#1 2.5 mm (13.5 mm) (13.5 mm) (13.5 mm)
2.0 mm 2.0 mm 2.0 mm
DE-#2 3.0 mm (1.0 mm) (4 1.0 mm) (4 1.0 mm)
Design 3.0 mm 4.5 mm 3.0 mm
factors DF-#3 40 mm (1.0 mm) (T0.5 mm) (4 1.0 mm)
1.0 mm 1.5 mm 1.0 mm
DE-#4 1.5 mm (40.5 mm) (0.0 mm) (0.5 mm)
4.0 mm 4.5 mm 3.0 mm
DE-#5 4.0 mm (0.0 mm) (105 mm) (1 1.0 mm)
. 253 kg 2405 kg 2222 kg
Weight 155 ke (1703 kg, 454%) (1855 kg, 55.2%) (167.2kg, 43.4%)
LCI1 - Loading 260.0 MPa 151.6 MPa 151.7 MPa 151.3 MPa
Output (Max. von-Mises stress) ‘ (1108.4 MPa, 41.7%) (1 108.3 MPa, 41.7%) (J 108.8 MPa, 41.8%)
responses LC2 - Operation 236.6 MPa 134.2 MPa 148.8 MPa 143.4 MPa
(Max. von-Mises stress) : (11024 MPa, 433%) (1 87.8 MPa, 37.1%) (1 93.1 MPa, 39.4%)
LC3 - Braking 2850 MPa 175.5 MPa 177.5 MPa 171.1 MPa

(Max. von-Mises stress)

(1109.7 MPa, 38.5%)

1107.7 MPa, 37.8%) (1 114.1MPa, 39.3%
( 2, ) ( . )

factors for which the maximum stress under all design load cases was
calculated at the allowable yield stress of 182.8 MPa or less were
explored, among which the combination with the lowest weight
increase rate was selected as the best design case. Table 9 shows the
best design plan selected for each DOE technique.

As shown in Table 9, the best design case in all DOE methods
satisfied the allowable yield stress at a level in which the maximum
stress was similar for all design load cases compared to the initial
design, although there was a variation in weight. Among the DOE
methods for the structural design of the AOSC considered in this
study, the CCD method exhibited a weight increase rate of 43.4%,
which was superior to the OAD and BBD methods, while the BBD
method showed the highest increase rate of 55.2%. In terms of the

change in thickness of the main member, the main frame (DF-#1)

thickness design factor tended to increase to the upper limit of 6.0 mm
for all DOE techniques, while the remaining design factors showed
variations of 1.0 mm or less. Considering the weight increase rate and
the number of experiments of DOE, which represents the numerical
calculation cost, CCD was shown to be the most efficient method for
deriving improvement cases for the AOSC’s structural design. Fig. 7
shows the overall stress and deformation distribution results of the
enhanced best design case calculated from CCD for LC3.

As shown in the results of Fig. 4 and Fig. 7, the maximum stress
value was improved by 39% in the best design case compared to the
initial design, the location of maximum stress moved from the main
frame to the center bracket, and the maximum deformation was
improved by 81%. The cause of the movement of the maximum stress

location is attributed to the main frame member’s thickness increasing

Contour Plot
S-Global-Stress components(vonMises, Max)
Elemental system

— 0.000E+00

1.711E+02 9.897E+00
1.569E+02 9.072E+00
1.426E+02 8.247E+00
— 1.283E+02 — 7.423E400
— 1.141E+02 — 6.598E+00
— 9.982E+01 — 5.773E+00
— 8.556E+01 — 4.948E+00
— 7.130E+01 = 4.124E+00
— 5.704E+01 — 3.299E+00
4.278E+01 L 2.474E+00
2.852E+01 1.650E+00
E 1.426E+01 8.243E-01

Contour Plot
Displacement(Mag)
Analysis system

— 1.374E-04

4

' L{x

Max. stress [171.115 MPa]

Max. deformation [9.897 mm] [scale 1:30]

Fig. 7 LC3 - Overall stress and deformation contours for enhanced design based on the CCD method
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Table 10 Main effect results

Chang Yong Song et al.

Design factors Weight LC1 - Max. stress LC2 - Max. stress LC3 - Max. stress
OAD BBD CCD OAD BBD CCD OAD BBD CCD OAD BBD CCD
DF-#1 587%  587%  58.6%  36.7% 44.1% 32.0% 354% 43.5% 312% 339% 378%  32.5%
DF-#2 23.5%  23.5%  23.6% 5.9% 4.1% 6.2% 6.3% 4.8% 6.8% 5.3% 3.6% 5.9%
DF-#3 6.3% 6.3% 6.3% 1.7% 2.8% 1.1% 0.7% 2.3% 0.5% 1.5% 2.0% 1.6%
DF-#4 7.1% 7.1% 7.1% 0.9% 0.7% 0.6% 1.4% 0.8% 1.6% 1.6% 0.7% 1.8%
DF-#5 4.5% 4.5% 4.5% 6.1% 2.8% 4.2% 5.1% 1.6% 3.7% 6.7% 4.4% 4.6%

more than that of the bracket. Moreover, the overall structural safety
improved as the maximum stress location moved from the main frame
(main structural member) to the bracket (local member). A
quantitative main effect analysis of the design factors for each
response function was conducted according to the DOE method using
the experimental matrix of OAD, BBD, and CCD, the results of which
are shown in Table 10. The main effect is an indicator of the observed
response function’s average change according to the change in the
level of the design factor, i.e., the sensitivity. As such, the greater the
effect calculated for each design factor, the higher the importance for
the response function of that design factor.

As shown in Table 10, in all DOE methods, the effect of the main
frame (DF-#1) was greatest on the maximum stress of the weight and
design load cases, and the strength of the collector frame (DF-#4)
showed the lowest main effect. The principal effect on weight was
nearly identical in all DOE methods, while that on the strength of
DF-#1 in BBD was higher than in the other DOE methods.
Accordingly, an exploration of design enhancement cases applying
various DOE techniques was performed. The results indicated that the
most effective exploration method was to apply CCD to enhance the
strength performance of the AOSC’s structural design, and that the
main frame (DF-#1) was the most important structural member to

consider in design.

3.3 Review of DOE Suitability Through Approximate Modeling

Because approximate models are typically generated from DOE, by
quantitatively examining the accuracy of the generated approximate
model, the overall suitability of the DOE method considering the
number of experiments, the level of design variables, and DOE method
selection, can be verified (Lee and Song, 2013). To verify the
suitability of the sensitivity analysis results of major structural
members and the exploration of AOSC improvement cases using
various DOE techniques applied in Section 3.2, approximate modeling
using RSM was conducted for each DOE technique, and the RSM
design space exploration accuracy generated from each DOE
technique was examined. The least-squares method can be used to
define the RSM, a quadratic polynomial regression model, as follows
(Song and Lee, 2010).

©)

k k k
g=4y+ ZAlZi+ ZAz'z‘ZiZJ'_ZZAY‘ZiZjJ'_e
i=1 i=1 i<1

From the n experimental points calculated using the DOE

techniques (OAD, BBD, and CCD), if matrix Z expressed by & basic
variables and the real response vector g is given, then the relationship
between g and Z can be expressed as follows.
g=ZA, te “4)
To minimize the random error vector e and estimate the unknown
RSM approximation coefficient vector A4, a least squares function is
applied as follows.
A, = (27227 ®)
Applying the approximation coefficient calculated from Eq. (5), the
quadratic regression approximate model is expressed as follows.

k k k
g(x)R =aq + Ea;‘xi + Ea;xf + E E azr]xixj (6)
i<1

i=1 i=1

An RSM approximate model of Eq. (6) is generated for each
response function using the results of the DOE techniques (OAD,
BBD, and CCD). Fig. 8 shows the response surface results of DF-#1
and DF-#5 (design factors with high main effect), and for LC3 (the
braking case maximum stress response function) using the CDD

method among the RSM approximate model results.

LC3 - Braking [MPa]

DF-#5 [mm]

DF-#1 [mm]

Fig. 8 Response surface result for LC3 from the CCD method
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Table 11 Comparison of RSM accuracy

) R? value
Approximate
model Weight LCI - LC2 - LC3 -
Loading Operation Braking
RSM - OAD 1.00 0.976 0.974 0.976
RSM - BBD 1.00 0.992 0.977 0.987
RSM - CCD 1.00 0.973 0.977 0.989

As shown in Fig. 8, the RSM, a quadratic regression approximate
model, effectively approximates the nonlinear design space of
von-Mises stress, the LC3 response function.

The accuracy of the approximate model calculated from each DOE

method is determined by R* as shown in Eq. (7).

Z(ti B 91)2
E(ti B Z)Z

R =1- W)

where ¢, is the actual value, y, is the predicted value estimated from
the approximate model, and ¢, is the average of the actual values.

When R? is 1.0, the predicted value estimated from the approximate
model exactly matches the actual value in the entire design space.
Table 11 shows the accuracy analysis results of the RSM generated by
the response function using each DOE technique.

As shown in Table 11, the accuracy of the approximated RSM was
very high for each response function. The accuracy of the approximate
model of weight was 1.0, which signifies no difference with the actual
value for all DOE techniques. In terms of the accuracy of the
approximate model for the response function under each design load
case, an error of less than 3% of the actual value was observed, and the
difference between DOE methods was found to be very small.
Therefore, this study found that the overall DOE implementation
method used to analyze the sensitivity of major structural members
and explore enhanced design cases of the AOSC’s structure was
reasonable, which includes the number of experiments, levels of
design variables, and DOE method selection.

4. Conclusions

To efficiently derive a design improvement case that secures the
design safety of the AOSC, this study explored best design cases
applying various DOE techniques, conducted a sensitivity analysis of
major structural members, and compared the results according to DOE
characteristics. The key findings of this study are summarized as
follows.

(1) The structural analysis results of the initial design stage
demonstrated that design improvements are required to secure the
strength and safety of the AOSC’s structural design. For this purpose,
the influence of the major design members on strength performance
was analyzed using DOE, and design improvement cases that satisfy

the allowable stress while minimizing weight increase were explored.

(2) Among the three DOE methods considered in this study (OAD,
BBD, and CCD), the best design case in all DOE methods satisfied the
allowable yield stress at a level in which the maximum stress was
similar for all design load cases compared to the initial design,
although there was a variation in weight. The weight increase rate of
CCD was lower than that of OAD and BBD, and that of BBD was the
highest. Considering the weight increase rate and the number of
experiments of DOE, which represents the numerical calculation cost,
CCD was shown to be the most efficient method for deriving
improvement cases for the AOSC’s structural design.

(3) Given that the design problem investigated in this study in
relation to CCD involves the nonlinear response characteristics of
stress and five design factors, it was found that the most suitable
method to evaluate the main effect and generate a high-accuracy
approximate model is to conduct 43 runs of three-level experiments.

(4) As demonstrated in the structural design sensitivity analysis, in
all DOE methods, the effect of the main frame (DF-#1) was greatest on
the maximum stress of the weight and design load cases, and the
strength of the collector frame (DF-#4) showed the lowest significant
effect. The main effect on weight was nearly identical in all DOE
methods, while that on the strength of DF-#1 in BBD was higher than
the other DOE methods.

(5) To verify the suitability of the sensitivity analysis results of
major structural members and the exploration of DOE-based AOSC
improvement cases applied in this study, approximate modeling using
RSM was conducted for each DOE technique. The design space
exploration accuracy of RSM generated from each DOE method was
examined. According to the results, the accuracy of the approximate
model did not differ from the actual value in all DOE methods, and in
terms of the accuracy of the approximate model for the response
function under each design load case, an error of less than 3% of the
actual value was observed, and the difference between DOE methods
was found to be very small.

(6) This study found that the overall DOE implementation method
used to analyze the sensitivity of major structural members and
explore enhanced design cases of the AOSC’s structure was
reasonable; this includes the number of experiments, level of design
variables, and DOE method selection. The DOE method-based design
exploration approach proposed in this study is considered to be useful
for enhancing the design performance of ocean and fisheries
equipment that rely on empirical design techniques or must apply new
designs.
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