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a b s t r a c t

The effects of the location and dimension of the gate, location, and volume of the feeder, application of a
chill, chill volume, and heating method of the feeder with respect to the effect of the mold-designing
technologies on the defect status of the products are described. It is possible to increase the solidifica-
tion time of the feeder by heating feeder. Furthermore, the pressure generated from the feeder is
imposed on a product, and this decreases the generation of shrinkage porosities. In this study, two types
of gating and feeding systems had been proposed: the bottom L-type junctions and the top L-type
junctions. Additionally, solidification behaviors, such as solidification time, shrinkage porosities, weight
percentage of chill system to product, hot spot, and solidification time ratio (¼Solidification time of
feeder/solidification time of product), are extensively analyzed by using commercial casting simulation
software. Based on the solidification behaviors, reasonable mold design, feeding system, critical feeder
heating temperature, and solidification time ratios are proposed in the sand casting process for the
fabrication of carrier housing in order to reduce the casting defects and to increase the recovery rate.
© 2018 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

Recently, the continuous demand for ultra-large container ves-
sels has led to the need for a unique technology that employs a new
concept to overcome acceleration and gigantism that create chronic
problems for vessels. For high-speed and large vessels, such as
container ships, it is necessary to develop an integrated full-spade
rudder that can resolve a cavitation that is generated when a pro-
peller is rotated in large and high-speed vessels while ensuring
compatibility with high-speed vessels. An extant study applied this
type of an integrated full-spade rudder in ships (Becker Marine
Systems, 2015).

Technical difficulties, such as part assembly, noise, vibration,
and wear, exist in the case of rudders for slow-speed vessels.
Conversely, dimensional precision and cost reduction of the prod-
uct are required for high-speed vessels. Recently, increases in

demand for a spade rudder that can be implemented in high-speed
large container ships have increased the demand for full-spade
carrier housing.

In conventional full-spade carrier housing, the friction force
generated between an integrated rudder trunk and full-spade
carrier housing during the rotation of the rudder causes severe
wear and tear in the two base materials. Thus, replacements or
modifications are currently performed every 5 years on average in
the ship-building industry (Todorov and Khristov, 2004).

To extend the life of a full-spade rudder, it is necessary to
develop a new casting technology to reduce the wear of full-spade
carrier housing. It is also necessary to develop an integrated rudder
for large and high-speed vessels and to reduce the cost. Further-
more, materials consumed in a high-speed and ultra-large full-
spade carrier housing require an integrated type of material to
minimize the welding area; therefore, low-carbon steel is used for
this purpose. Low-carbon steel exhibits poor fluidity, so a new
mold-designing technology is required to resolve internal defects
(Hsu et al., 2009; Hu et al., 2000).

Currently, in related industries, a technology to manufacture a
full-spade carrier housing through a casting process instead of a
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welding structure is required to support the weight of the rudder
trunk with a minimum weight of 40 tons and to prevent friction
force and fatigue cracks in the stress-concentrated area. However,
conventional full-spade carrier housings are produced as parts with
simple shapes and do not consider the weight and shape of the
product. They are already commercialized in several shipyards.
Vessels, including liquefied natural gas vessels such as container
ships, passenger ships, and oil tankers, are growing in size and
speed (45 km/h) based on prevailing trends in world markets.

Recently, an integrated full-spade rudder has been developed by
Becker Marine Systems for large-scale and high-speed vessels
(www.becker-marine-systems.com, 2015). However, there are few
studies that focus on the production technology for the cost
reduction and quality improvement of a product. A sand casting
process was proposed to develop a full-spade carrier housing.
However, the structure of the mold is complicated. An insulation
material is used to delay the solidification of the feeder. However, it
was not implemented due to difficulties encountered in the pro-
cess. A feeder was also designed in the product and attached on the
mold, and this could not perfectly restrict shrinkage porosities in-
side the product (Kim et al., 2015).

Currently, automobile parts are mainly manufactured by a sand
casting process in related industries, such as offshore structures
and heavy-industry manufacturing (Lee et al., 2017; Lee and Kwon,
2003). Generally, a sand casting process is constructed with a sprue
through which molten metal is poured into the mold, product, and
feeder. After pouring the molten metal into the cavity through the
sprue, the metal is finally filled into the feeder. Pouring of the
molten metal is stopped when the molten metal is fully filled into
the feeder. The cooling of the molten metal filled inside the cavity
leads to its shrinkage while the feeder prevents volume reduction
by shrinkage followed by solidification. Therefore, it is necessary to
solidify the feeder after the product is solidified. The shrinkage
porosities occurring inside the product can be reduced if the size
and location of the feeder are appropriate. In contrast, if the feeder
is small and the position is not reasonable, shrinkage porosities can
occur inside the product.

In the casting of a product with a thin wall (that is, with a
thickness less than 6mm), there are many difficulties like misrun
because of chilling during casting (Tavakoli and Davami, 2009).
Extant studies in materials engineering focused on spheroidal
graphite cast iron (Lee et al., 2005; Park et al., 2009; Lagad, 2014).
However, research about the mold-designing technology required
to minimize the feeder is limited.

In the case of sand casing, in general, the riser is attached to the
part that would reduce the pore of the product. The position and
size of the riser are essential to increase recovery rate and to reduce
the cutting time of the riser. The researches about the size and
position of the riser when the axisymmetric large offshore struc-
tures aremadewith a sand casting process have not been published
yet. If the riser becomes larger than required, excessive cutting time
is needed after casting. In addition, the recovery rate (weight of
actual product/weight of entire molten metal which include riser
runner and gate during casting) becomes reduced, causing part cost
to increase. Therefore, in this study, the effect of the size and
heating method of the riser on the recovery rate and cutting time
was investigated when the axisymmetric large offshore structures
are produced by sand casting. Furthermore, the design method of
the riser is proposed using the research results of the authors [Jin
et al., 2017; Kim et al., 2015].

The recovery rate is defined as follows in this study.

Recovery rate ¼ Wp

Wp þWG
� 100

Here, Wp is the weight of the product and WG is the weight of
the gate system and the riser.

A heating method is developed for a feeder. This causes a delay
in the solidification of a feeder that uses a cartridge heater to
minimize the volume of the feeder. Therefore, a mold design
technology to minimize the feeder is proposed to restrict an in-
crease in the costs of the product. In addition, a mold design
technology is proposed to increase recovery rate, so that it exceeds
70% for a full-spade carrier housing that supports an integrated full-
spade rudder for high-speed vessels.

2. Structure of the full-spade system

Fig. 1 shows the structure of the assembled rudder carrier
housing. The role of the full-spade carrier housing (1) proposed in
this study includes supporting the full-space rudder (3). In the
conventional method, the full-spade carrier housing and leading
head are separately produced and welded, as shown in Fig. 1(a).
However, it is preferable to fabricate the full-spade carrier housing
(1) as an integrated structure through a casting process without
using a welded structure to support an integrated rudder truck (3)
with a minimumweight of 40 tons and to prevent repeated friction
force and fatigue cracks on concentrated stress areas. In this study,

Fig. 1. Structure of the full-spade system and assembled position of the carrier housing (axisymmetric large offshore structures).
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as shown in Fig. 1, the carrier housing part is defined as an
axisymmetric large offshore structures component.

Fig. 2 shows the three-dimensional modeling in developing a
full-spade carrier housing by a sand casting process.

The experiment was carried out in three process as shown in
Fig. 3 to determine the location and size of the riser in sand casting
mold design to manufacture axisymmetric offshore structures. In
the first process, the size of the riser was considered only for the
reduction of air pore (Kim et al., 2015). Therefore, the recovery rate
and cutting time of the riser were not considered. The mold was
designed through experiment, and MAGMA S/W and mold without
air pore was fabricated to compare with the experimental results.

The design was made as diameter of the riser (D) x height (H) ¼
(180e240) mm x (270e360) mm. However, a hot spot was
observed from the design. The minimum hot spot could be ob-
tained with D x H¼ 240� 360mm which was the final dimension

of the mold. In spite of theoretical existence of the hot spot, the
tensile strength of 556MPa, an elongation rate of 28%, and impact
value of 23J could be obtained. The mechanical properties that
exceeded target values could be thus achieved.

In the second process, the mold was designed and fabricated so
that the recovery rate could bemore than 70% for the small product
with arbitrary shape and core that can be tested in the laboratory
level before deciding the location and size of the riser necessary for
the large-sized sand casting.

For mold design, various sizes and locations were compared and
reviewed with the experimental data, and the study results were
validated (Jin et al., 2017).

In the third process of study, the size and location of the riser
having a recovery rate of more than 70% and without pore at L-
junction (thick part of the product) are proposed by applying riser
design method in the axisymmetric large structure.

Fig. 2. Three-dimensional shape of the carrier housing (axisymmetric large offshore structures).

Fig. 3. Design process necessary to decide the size and location of the riser for increasing recovery rate.
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The method to determine the size and location of the riser
proposed in this study is expected to be implemented in the mold
design for the sand casting process required to manufacture large
offshore structures.

As shown in Fig. 4, the product includes an axisymmetric shape
with a maximum diameter of 1355mm and a maximum material
thickness corresponding to 125mmat the L-junctions area of the
flange region. Theweight of the product is 1144 kg. It is necessary to
install feeders to fabricate the product so that internal shrinkage
porosities do not occur during the sand casting process. The height
of the product is 410mm, so it is a large product. Thus, a feeder and
a chill are simultaneously used to prepare the product without
shrinkage porosities to resolve issues related to the void to a sig-
nificant extent (Kim et al., 2015). The carrier housing has been
manufactured using sand casting with low-carbon steel
(GS22CrNi3). Chemical compositions are indicated in Table 1.

3. Mold design and solidification behavior at the bottom l-
type junctions

3.1. Design of feeder and solidification behavior

Fig. 5 shows the three-dimensional modeling in which the six
top feeders and six bottom feeders are on the product to decrease

the shrinkage porosities inside the product during sand casting.
Each feeder is surrounded by feeder insulation to prevent a drastic
decrease of temperature in the feeder. A gating system is positioned
on the side of the product. The feeder and gating system, shown in
Fig. 5, have been used mainly in related industries. The geometrical
parameters are the diameter (D), width (W), and height (H) of the
feeder (see Fig. 6).

Table 2 gives the dimensions of the top feeder and bottom
feeder. Top feeders and bottom feeders were positioned with a 60�

angle without interference. The feeder's width and height are 1.5
times the diameter of all feeder systems. In the feeder system 2, the

Fig. 4. Dimensions at the section cut and L-junction area in the carrier housing.

Table 1
Chemical compositions of GS22CrNi3 (wt.%) [Kim et al., 2015].

C Si Mn Cr Ni P S Mo Cu V Fe CE

0.206 0.46 1.03 0.178 0.189 0.022 0.0089 0.0087 0.075 0.0042 Bal. 0.43

CE(carbon equivalent) ¼ C þ Mn/6 þ Si/24 þ Ni/40 þ Cr/5 þ Mo/4 þ V/14.

Fig. 5. The shape of the feeder and gating system at the bottom L-type junctions for the carrier housing.

Table 2
Dimensions of each feeder system and recovery rate according to the feeder system.

Parameters Symbol Unit Feeder
system 1

Feeder
system 2

Feeder
system 3

Top Bottom Top Bottom Top Bottom

Diameter D mm 200 180 200 200 240 220
Width W mm 300 270 300 300 360 330
Height H mm 300 270 300 300 360 330
Thickness t mm 26 25 26 26 28 26
Feeder weight mf kg 192 222 339
Pouring weight mp kg 2471 2501 2618
Recovery rate Pr % 46.3 45.7 43.7
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dimensions of the top feeders are the same as those of feeder
system 1, but the bottom feeders are increased 20-mm diameter in
width and 30-mm in height compared with feeder system 1. In
feeder system 3, the top feeders are increased 40-mm diameter in
width and 60-mm in height, and the bottom feeders 20-mm
diameter in width and 30-mm in height compared with feeder
system 2. Based on the dimensions of the feeder, the feeder weight
corresponds to 192 kg, 222 kg, and 339 kg, respectively. Pouring
weights are 2471 kg, 2501 kg, and 2618 kg. Recovery rate is defined
as the ratio of product weight to pouring weight. Because the
weight of the carrier housing is 1144 kg, the recovery rate corre-
sponds to 46.3%, 45.7%, and 43.7%.

Table 3 provides the thermophysical properties of GS22CrNi3
and the number of meshes applied in the casting analysis. Com-
mercial casting software MAGMAsoft v.5.2.0 was used to calculate
the solidification behavior. The temperature of the mold was 20 �C,
the pouring temperature of the molten metal was 1600 �C, the heat
transfer coefficient between materials and mold was temperature-
dependent, and the filling timewas 120 s (which corresponds to the
actual molten metal pouring time used in the industry). The
temperature-dependent heat transfer coefficient was provided in
MAGMAsoft v.5.2.0. The number of total control volumes was
3,278,471, and the number of metal cells was 324,582.

Based on the data in Tables 2 and 3, solidification analysis was
performed for the bottom L-type junctions with 12 top and bottom
feeders. Fig. 6(a)~(c) shows that solidification times were, respec-
tively, 14,639 s, 14,598 s, and 21,208 s for feeder systems 1, 2, and 3.
The solidification times of feeder systems 1 and 2 were similar
because the weight change at the bottom feeder was 30 kg. In
feeder system 3, however, the solidification time was longer than
that of feeder systems 1 and 2 (about 6600 s). At the bottom L-
junctions, the feeder volume was large, and then the solidification

timewas extremely long. Also, because the recovery ratewas below
50%, a considerable amount of materials and timewere required for
the fabrication of the carrier housing. This is a weakness in terms of
productivity and cost. If the size of the feeder is increased to
eliminate shrinkage defects, interference will occur between the
feeders, as well as between the feeder and product. This indicates
that there are limitations in the dimensions of the feeder with
respect to the design (Kim et al., 2015).

3.2. Design and effect of chills at the bottom L-type junctions

The placing of chills inside the mold is an effective way of
localized cooling. A chill is designed at the thick area in which
shrinkage porosities are expected at the bottom L-type junctions.
Unidirectional solidification from product to feeder and from thin
area to thick area should be induced during solidification to remove
defects, such as internal shrinkage porosities or hot spots. Feeder
system 2 is used for investigating the effect of chill dimensions. The
design of the chill is implemented by changing the size of the chills,
as shown in Table 4, to determine the size of a suitable chill such
that unidirectional solidification can progress.

Campbell (1991) found 5% addition of chill to be nearly optimal.
It had a reasonable chilling effectiveness but caused relatively few
defects in pure cast iron. However, because the material in this
study is GS22CrNi3, which is different from pure cast iron, the
weight percentage of the chill system to the product was from
1.35% to 8.67% due to a limitation in shape.

As described in Table 4, w only was changed, but b and t were
not changed because of the limitation in the shape of the carrier
housing as shown in Fig. 3. The dimensions of b and t values were
fixed at 100mm and 50mm, respectively. The weight of chills was
changed to the w dimension. From chill system 1 to chill system 4,

Table 3
Thermophysical properties and meshes used for the casting analysis using GS22CrNi3.

Parameters Symbol Unit Values

Solidus temperature Ts �C 1425
Liquidus temperature TL �C 1487
Pouring temperature TP �C 1600
Sand temperature Tsand

�C 20
Heat transfer coefficient between materials and mold HTC W=m2K Temperature-dependent

Temperature (�C) HTC (W/m2K)
1 104
1000 104
1200 380
1600 940
2000 940

Number of control volume e e 3,278,471
Number of metal cells e e 324,582

Fig. 6. Distribution of solidification time according to the feeder system.
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the weights of the chill system were 15.5 kg, 99.2 kg, 57.7 kg, and
30.0 kg, respectively. Weight percentages of the chill system to
product were 1.35%, 8.67%, 5.04%, and 2.62%, respectively. The
weight percentage of the chill system to product in chill system 3
was about 5%, which was proposed by Campbell. The dimension of
chill system 4 was half the weight percentage of the chill system to
product of chill system 3. The cause dimensions in Table 4 are based
on the shrinkage porosities that occurred with the solidification
analysis.

Fig. 7(a)e(d) show the shape of the chill system in the carrier
housing. Based on the dimensions of the chill system in Table 4, the
chill systems of carrier housings at the bottom L-type junctions
were designed. The chill systems were positioned at the bottom
side, and 12 chills were designed with a 30� angle.

Fig. 8(a)e(d) present the distribution of shrinkage porosities in
the carrier housing according to the chill systems, as shown in
Table 4 and Fig. 7. In chill system 1, porosities were positioned near
the L-type junctions and between chills, as shown in Fig. 8(a). A
reasonable chill effect was not revealed. Because the weight per-
centage of the chill system to product was only 1.35%, the chill was
partially melted.

The distribution of porosities in chill system 2 is shown in
Fig. 8(b). The position of the porosities was above the L-junction
area and irrelevant to the chill position and angle. Because the
weight percentage of the chill system to product was 8.67%, an
excessive chill effect was caused. Although the size of the chill
system was large, porosities still occurred.

Thus, the weight percentage of the chill system to product of 5%
was used, as shown in Fig. 8(c). Porosities occurred between the
position of porosities at chill system 1 and chill system 2. Although
according to the research result of Campbell (1991) that about 5% of
the weight percentage of the chill system to product is nearly
optimal, porosities still occurred and the size was not small. Ac-
cording to the cast material, the chill effect and weight percentage
of the chill system to product could be different.

Chill system 4 was based on previous results of the distribution
of porosities. The weight percentage of the chill system to product
was 2.62%, as described in Table 4, and the shape and position of the
chills are shown in Fig. 7(d). The porosity distribution in chill sys-
tem 4 is shown in Fig. 8(d). Porosities occurred between chills, but
the size was extremely small. Compared with chill system 1, the
position of porosities was nearly the same, but the size was much

Table 4
Dimension, weight, and weight percentage of chill system to product according to the chill system.

Shape Chill system 1 Chill system 2 Chill system 3 Chill system 4

w b t w b t w b t w b t

(mm)

30 100 50 200 100 50 120 100 50 60 100 50

Weight of chill system (kg) 15.5 99.2 57.7 30.0
Weight percentage of chill system to product (%) 1.35 8.67 5.04 2.62

Fig. 7. Shape of chill systems at the bottom L-type junctions.

Fig. 8. The distribution of shrinkage porosities according to the chill systems.
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smaller than for chill system 1. Although the chill effect was
reasonable, porosities were still observed. It is estimated that the
weight percentage of the chill system to product was effective from
2.5% to 3.0%.

Sufficient molten metal was fed into the product by designing
the feeder to remove solidification defects in the feeder system.
This avoided the hot-spot defect, although the shrinkage porosity
defect inside the product was not removed. Unidirectional solidi-
fication was not performed during the solidification of the product
when the size of the feeder increased, and thus the shrinkage
porosity defects continued to be present.

A chill was subsequently designed to ensure that unidirectional
solidification progressed during the solidification of the product.
The size of the chill was reduced to 1.35% of the weight percentage
of the chill system to product to reduce the chill effect, and it
resulted in the absence of unidirectional solidification. In contrast,
when the size of the chill was enlarged to 8.67% of the weight
percentage of the chill system to product, the excessive chill effect
induced severer porosity defects. Finally, the solidification analysis
results indicate that it is difficult to avoid shrinkage porosity defects
completely by designing a chill system with 2.62% weight per-
centage of the chill system to product although the size of the
porosities is small.

4. Mold design by heating the feeder and changing the gating
system at the top l-type junctions

A limit evidently exists in designing a feeding system without
shrinkage porosities inside the product by installing various feeders
and chills. Therefore, in this section, a new feeding system is pro-
posed in which a feeder is heated at a high temperature, so that
solidification of the product comes prior to the feeder. The position
of the feeder is at the top L-junction area. Applications of cases that

can be implemented in marine structural parts are based on pre-
vious studies. A feeder that can obtain a recovery rate exceeding
70% was designed, and the preceding research outcomes were
reproduced in various parts through casting analysis (Lee et al.,
2017).

Fig. 9 presents casting models at the top L-type junctions for the
carrier housing. The carrier housing was a large structure among
the marine structures with a product weight of only 1144 kg. The
position of the gate was designed as a radial shape at the center of
the cut face of the symmetrical axis. The flow length of the molten
metal was minimized while pouring the material. There were 12
feeders, as shown in Fig. 9. Fig. 9(a) and (b) show the casting model
and feeder systemwithout a heater and with a heater, respectively.
For a heater that is equipped, the dimensions of the feeder, sand
sleeve, and heater are shown in Fig. 9(c).

The temperature of the heater is controlled by a heater
controller with ProportionaleIntegraleDerivative (PID) control.
The heater temperature, temperature increasing time, and tem-
perature holding time were set. Electrical power was supplied
through the heater controller. After casting, the heater could be
detached because the heater was surrounded with a sand sleeve
sand mold. The heater and heater controller were reused to
manufacture other carrier housings.

Table 5 lists the simulation conditions for the solidification
behavior according to the feeding system and heating variables. In
case 1, the total pouring weight corresponds to 1927 kg with a
gating weight of 156 kg, a feeder weight of 655 kg, and a recovery
rate of 58.0%. From case 2 to case 6, the pouring weight decreases to
1567 kg because of the reduction in feeder size, as shown in
Fig. 9(b). The gating weight is the same and the feeder weight is
295 kg, which is different from case 1. The recovery rate is 71.2%,
which is more than the target recovery rate of 70%.

The pouring temperature of the molten metal was 1600 �C, and

Fig. 9. Feeding system without and with heater for the solidification analysis and the dimension of feeder.

Table 5
Simulation conditions for the solidification behavior according to the feeding system and heating variables.

Parameters Symbol Simulation conditions

Case 1 Case 2 Case 3 Case 4 Case 5 Case 6

Pouring temperature (�C) Tp 1600 1600 1600 1600 1600 1600
Sand temperature (�C) Tsand 20 20 20 20 20 20
Installation of heater No No Yes Yes Yes Yes
Sleeve temperature (�C) Tsleeve e e 300 500 700 900
Heater temperature (�C) TH e e 400 600 800 1000
Solidus temperature (�C) TS 1425 1425 1425 1425 1425 1425
Liquidus temperature (�C) TL 1487 1487 1487 1487 1487 1487
Latent heat (kJ/kg) L 271 271 271 271 271 271
Product weight (kg) Wp 1116 1116 1116 1116 1116 1116
Feeder weight (kg) Wf 655 295 295 295 295 295
Gating weight (kg) Wg 156 156 156 156 156 156
Pouring weight (kg) WP 1927 1567 1567 1567 1567 1567
Recovery rate (%) Pr 58.0 71.2 71.2 71.2 71.2 71.2
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the sand temperature, solidus temperature, and liquidus temper-
ature were 20 �C, 1425 �C, and 1487 �C, respectively. The latent heat
was 271 kJ/kg. Case 2 is a case in which the shape of the feeder, as
shown in Fig. 9(b), was changed although the heater was not used.
From case 3 to case 6, heater temperatures were 400 �C, 600 �C,
800 �C, and 1000 �C, respectively, and temperatures of the sand
sleeve were 300 �C, 500 �C, 700 �C, and 900 �C, respectively, to
analyze changes in the solidification behavior.

Fig. 10 shows the results of the solidification analysis in case 1
without the heater. The cross section of the feeder was only
reduced at the feeder neck portion until a solidification rate of 80%.
However, at a solidification rate of 90%, the volume of the feeder
was reduced, and the cross section of the feeder at the joint with
the product decreased. At a solidification rate of 98%, the feeder was
almost completely solidified, and the solidification progressed with
a ring shape in only the product. Therefore, shrinkage porosities
with a ring shape were expected in the product.

Fig. 11 shows the solidification analysis results for case 2, in
which a heater was not applied when the size of the feeder was
reduced. Because the feeder was small, a heater was not applied,
and solidification occurred first at the feeder. At a solidification rate
of 70%, the rest of the feeder was almost completely solidified, with
the exception of the bottom of the feeder. At a solidification rate
from 80% to 98%, the product area solidified as a ring shape, and its
size spread to a considerably large area; thus, it was expected to
display wide shrinkage porosities. Compared with case 1, the re-
covery rate of case 2was better at approximately 13%, but shrinkage
porosities inside the product were predicted to be the same

because the solidification behavior was similar.
Fig. 12 shows the results of the solidification analysis for case 3,

in which a sand sleeve temperature corresponding to 300 �C and a
heater temperature of 400 �C were applied. The solidification
behavior is similar to that in case 2, until a solidification rate of 60%,
except that the temperature of the feeder was higher than in case 2.
At a solidification rate from 70% to 98%, directional solidification
progressed from the product to the feeder because the temperature
at the feeder was significantly higher although the volume of the
product was high. Therefore, it was difficult to decide whether
shrinkage porosities occurred in the product.

Fig. 13 shows the solidification analysis results for case 4, in
which the temperature of the sand sleeve corresponded to 500 �C,
and the heater temperature corresponded to 600 �C. The solidifi-
cation behavior was almost that in case 3, as shown in Fig. 12, and
the volume of the feeder was slightly higher. At a solidification rate
of 98%, the volume of the product was high, as shown in case 3.
However, the temperature at the feeder was high. Thus, directional
solidification could be induced. Nevertheless, it was difficult to
determine whether shrinkage porosities occurred.

Fig. 14 shows the results of the solidification analysis for case 5,
in which the temperature of the sand sleeve corresponded to
700 �C and the heater temperature was 800 �C. Although the so-
lidification behavior was almost the same as that in case 4, as
shown in Fig. 13, the residual solidifying area at the product area
was considerably smaller at a solidification rate of 98%.

Fig. 15 shows the results for the solidification analysis for case 6,
in which the temperature of the sand sleeve corresponded to

Fig. 10. Simulation results according to the solidification rate and solidification time in case 1.

Fig. 11. Simulation results according to the solidification rate and solidification time in case 2.
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900 �C, and the heater temperature was 1000 �C. Although the
solidification behavior was similar to that in cases 3, 4, and 5, the
size of the feeder that was not solidifiedwas large, at a solidification
rate of 98%, and the size of the product was smaller. The shape not
solidified in the product was different from that in cases 3, 4, and 5
because the product portion between the feeders exhibited a
significantly higher amount of solidification.

Fig. 16 shows the distribution and the occurring time of the hot
spot according to the simulation conditions. As shown in Fig. 16(a),
the feeder and the product were separately solidified in case 1. The

hot spot was distributed as a ring shape in case 2, in which the
heater was not installed. Fig. 16(c)-(f) show that the size of the ring
in the product decreased as the temperature of the sand sleeve and
heater increased. However, as shown in Fig. 16(f), the ring shape
was not continuous although a hot spot occurred at the feeder, as
well as directly under the feeder. As shown in Fig. 16(c)-(f), the hot
spot timewas long as the temperature of the sand sleeve and heater
increased.

Fig. 17 shows the distribution of the shrinkage porosities ac-
cording to the simulation conditions. As shown in Fig. 17(a) and (b),

Fig. 12. Simulation results according to the solidification rate and solidification time in case 3.

Fig. 13. Simulation results according to the solidification rate and solidification time in case 4.

Fig. 14. Simulation results according to the solidification rate and solidification time in case 5.
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wide shrinkage porosities occurred in the product. However, as
shown in Fig. 17(c)-(e), small shrinkage porosities were generated
at the feeder neck portion, but they did not intrude until the
product part. Fig. 17(f) shows shrinkage porosities that were only
connected to the feeder. The size of the shrinkage porosities
decreased as the temperatures of the sand sleeve and heater
increased.

Table 6 shows the calculation results of the solidification time at
the product and feeder. The solidification time ratio is defined as
the ratio of the solidification time of the feeder to the solidification
time of product. In case 1, the solidification time ratio corresponds
to 0.92. In contrast, the solidification time ratio corresponded to
0.75 in case 2, where a heater was not applied. The solidification
time ratio increased from 1.02 to 1.10 from case 3 to case 6, where
heaters were used. Although the solidification time ratio corre-
sponded to 1.02 in case 3, which was higher than that of case 1,
shrinkage porosities could occur near the product; thus, it could
intrude the product, as shown in Fig. 17(c). Above a heater tem-
perature of 600 �C, shrinkage porosities inside the carrier housing
could be removed. Therefore, it was reasonable to consider that a
heater temperature of 600 �C was the critical heater temperature in
the carrier housing for marine structures. In that case, the solidi-
fication time ratio was 1.04. In the design of the feeder system, it
could be used as the criterion value of the solidification time ratio.

A comprehensive analysis of the solidification behavior, the
distribution of hot spots, and the distribution of shrinkage poros-
ities indicated that the shrinkage porosities disappeared or were
reduced when the size of the feeder, as well as the temperature of
the sand sleeve and the heater temperature, increased. Addition-
ally, even if the size of the feeder was reduced, it was possible to
fabricate the product without shrinkage porosities and to increase
the recovery rate by 13.2% from 58.0% to 71.2% if a temperature
higher than the critical heater temperature (600 �C) was applied.
Compared with the bottom L-type junctions, the recovery rate at
the top L-type junctions increased by about 26%, which is a
tremendous value. The cost of producing the carrier housing can be
drastically decreased because the loss of material is reduced.

The mold design technology of the carrier housing proposed in
this study is made possible because of the location change of the
feeder from bottom L-type junctions to top L-type junctions, the
reduction of feeder size, and the heating of the feeders. To deter-
mine the mold design, casting simulations were performed and
analyzed several times. Through these results, the size of the feeder
and critical heating temperature can be derived.

In the case of heating the feeders, the initial investment cost,
such as heaters and the heater controller, was necessary. However,
in the industrial field, the total production cost was drastically
decreased because the casting quality was sound, the chill system

Fig. 15. Simulation results according to the solidification rate and solidification time in case 6.

Fig. 16. The distribution and the occurring time of the hot spot according to simulation conditions.
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was unnecessary, the total pouring weight of the material was low,
and cutting the feeder systems was easier. The heaters and heater
controller were reused. Also, when heating the feeders, the pro-
duction time was shorter than when not using feeder heating. The
cost and time of production could be totally decreased by heating
the feeders. If this technology was applied in the casting industry
with manufacturing carrier housing, cost could be decreased, pro-
ductivity increased, and total benefit improved.

5. Conclusions

In this study, a feeding systemwas proposed to remove internal
defects and improve the recovery rate while sand casting an
axisymmetric type of large full-spade carrier housing with
axisymmetric large offshore structures supporting the rudders of
vessels. From this study, the following conclusions were obtained:

(1) Mold design and solidification analysis were executed to
fabricate an axisymmetric carrier housing with an outer
diameter of 1335mm, an inner diameter of 780mm, and a
height of 410mm. The material was GS22CrNi3. In the bot-
tom L-type junctions, internal shrinkage porosities occurred,
and the solidification time was long (from 14,639 s to
21,208 s) although the top and bottom feeders were designed
with insulation. The recovery rate was approximately 45%.
This is a weak point in view of productivity and cost.

(2) At the bottom L-type junctions, chill systems with various
weight percentages of chill system to product were designed
and analyzed. According to the weight percentage of chill
system to product, the position and the size of shrinkage
porosities changed. At 2.62% of the weight percentage of the
chill system to product, shrinkage porosities were the
smallest in quantity, but remained the same otherwise.

(3) For the top L-type junctions, feeding systems without and
with a heater and a center-gating system with equidistant
runners and gates were designed and analyzed. In the case of
the feeding system without a heater, shrinkage porosities
with a ring shape occurred, and the recovery rate was only
58%. In the case of feeding systems with the critical heater
temperature of 600 �C, shrinkage porosities inside the carrier
housing could be removed even if the size of the feeder was
reduced. In these cases, the recovery rate could be 71.2%, and
this is useful because of the reduced manufacturing cost if
this method is applied in related industries.

(4) Extensive analyses of the distribution and the occurring time
of hot spots, the distribution of shrinkage porosities, and the
solidification time ratio were performed. The longest solidi-
fication time at the feeding systemwith a heater was 6390 s,
which is short, or approximately 3.3 times compared with
the bottom L-type junctions. This could increase productiv-
ity. Finally, it is desirable to exceed a critical heater temper-
ature of 600 �C and design above the solidification time ratio
of 1.04 to fabricate a sound carrier housing.
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