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Abstract

Flywheel energy storage systems impose high demands on the mechanical properties
and structural integrity of rotors, particularly in high-speed applications. This study
focuses on the numerical analysis of gravity casting of a steel rotor manufactured from low
alloy 34CrMo4 steel, with the aim of identifying critical regions related to molten metal
flow, solidification behaviour and shrinkage defect formation. Numerical simulations
were calculated using a MAGMASOFT® 5.5 software environment based on the finite
volume method and included both mold filling and subsequent solidification and cooling
stages. Flow stability, temperature field distribution and solidification characteristics were
researched thoroughly. The results showed that optimization of the gating and feeding
system lowered porosity under 2% within the casting and relocated shrinkage defects to the
risers. At the same time, solidification directionality was improved and the Hot Spot value
was reduced. From the perspective of casting quality, the proposed design represents the
most suitable solution, despite a lower metal utilization rate. The analysed casting forms
the structural body of a hybrid flywheel rotor intended for the subsequent integration of
high-density tungsten segments.

Keywords: flywheel energy storage system (FESS); steel casting; MAGMASOFT®;
solidification; porosity; feeding system; casting optimization; hot spot

1. Introduction
Flywheel Energy Storage Systems (FESSs) represent a promising energy storage tech-

nology characterized by high efficiency, long service life and the ability to rapidly store
and release energy. FESSs can deliver high power outputs with short response times and
complement conventional electrochemical batteries due to their low degradation rate and
environmentally friendly operation [1,2].

The rotor is the most critical component from both a structural and safety perspective.
It must withstand extreme centrifugal forces generated during high-speed operation while
maintaining sufficient resistance to fatigue damage and sudden failure. Rotor failure
represents one of the most severe risks associated with flywheel energy storage. Therefore,
the design of rotor geometry, material selection and manufacturing technology is essential
for ensuring overall system reliability [3].

The energy storage capacity of a flywheel is directly proportional to its moment of
inertia and the square of its angular velocity. Consequently, current research focuses not
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only on high-speed composite rotors but also on robust metallic designs that combine
high material density with good mechanical integrity. Steel rotors remain attractive for
applications requiring long-term operational stability, high mechanical resistance and
economic feasibility [4–6].

Low-alloy chromium–molybdenum steel 34CrMo4 is a well-established structural
material used for components subjected to high mechanical loads. Its combination of high
strength, toughness, hardenability and fatigue resistance makes it suitable for large rotating
components, including rotors for energy storage systems [7].

However, the production of large cast components from this steel is associated with
an increased risk of internal defects, particularly porosity, segregation and other structural
discontinuities. Such defects may significantly reduce the mechanical integrity and opera-
tional reliability of the final casting. This issue is especially critical for FESS rotors, where
even local material discontinuities may initiate fatigue cracks or lead to catastrophic failure
during operation [8,9]. The prediction and elimination of casting defects require a detailed
understanding of the physical phenomena occurring during mold filling and solidification.
For this reason, numerical simulation has become a standard tool for the design and op-
timization of foundry processes. These simulations enable the analysis of molten metal
flow, heat transfer, solidification behaviour and potential defect formation before actual
production, thereby reducing experimental costs and improving casting quality [10,11].
Advanced software packages such as MAGMASOFT® integrate comprehensive physical
models of fluid flow, heat transfer and phase transformations. These tools enable the
optimization of gating and feeding systems, solidification control and overall technological
conditions for steel castings [12,13].

Current trends in FESS development focus not only on optimizing manufacturing
processes but also on innovative rotor concepts that increase energy density without
a disproportionate increase in mechanical risk. One promising approach is the hybrid
rotor concept, which combines a steel structural body with locally integrated high-density
segments positioned in regions contributing most effectively to the moment of inertia [2,14].

The flywheel proposed in this study is designed as a hybrid rotor for FESS appli-
cations. It combines a steel casting made of 34CrMo4 steel with integrated high-density
segments based on tungsten heavy alloys. The primary design objective is to increase the
rotor moment of inertia while maintaining mechanical integrity, dynamic stability and
manufacturing feasibility.

The steel casting serves as the primary load-bearing structure and transfers the mechan-
ical loads generated during rotation. High-density tungsten alloy segments are integrated
into precisely defined locations within the steel body. Owing to their exceptionally high
density, these segments significantly enhance the energy storage capacity of the flywheel.
Their geometry enables a smooth mass distribution along the rotor circumference and
minimizes stress concentrations at material interfaces.

Although numerical optimization of steel castings has been extensively reported,
no studies have addressed the casting technology of a hybrid flywheel rotor containing
multiple internal cavities intended for the subsequent integration of tungsten heavy-alloy
segments. The present work therefore investigates how this unconventional geometry
influences mould filling, solidification behaviour and shrinkage defect formation, and
proposes a technological solution enabling the manufacture of this novel rotor concept.

The tungsten segments are based on W–Ni–Co and W–Ni–Fe alloys, which exhibit
high density and favourable mechanical properties. Their primary function is to increase
the moment of inertia of the hybrid rotor. An additional advantage of the proposed concept
is the possibility of utilizing recycled tungsten alloys, contributing to more efficient use of
critical raw materials and supporting circular economy principles [1,2].
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The integration of a steel casting with tungsten composite segments increased de-
mands on geometric design, manufacturing tolerances and process compatibility. The
physical and thermomechanical properties of steel require a detailed analysis of the casting
process, particularly in regions intended for the future placement of tungsten segments.
Numerical casting simulations therefore represent a key tool for evaluating temperature
fields, solidification behavior and the risk of internal defect formation.

The aim of this study is to perform a numerical analysis of the gravity casting pro-
cess of a 34CrMo4 steel flywheel rotor, focusing on mold filling, temperature distribution,
solidification behavior and porosity formation. Based on the simulation results, recom-
mendations are proposed for optimizing the gating system and technological conditions to
improve casting quality and enhance the operational reliability of FESS rotors intended for
subsequent integration with high-density tungsten segments.

The scientific contribution of this work is not numerical optimization itself, which
represents an established engineering approach, but its application to an originally de-
signed hybrid flywheel rotor containing eight internal cavities intended for the subsequent
integration of tungsten heavy-pseudoalloy segments. Such geometry introduces specific
solidification conditions that have not been reported for FESS steel rotor castings. FESSs
with this specific rotor structure are a specific problem and require specific solutions.

2. Materials and Methods
2.1. Material for Numerical Simulation

Low-alloy chromium–molybdenum steel 34CrMo4 (EN 1.7220; germany) belongs
to the group of structural steels intended for applications subjected to high mechanical
loading, where a combination of high strength, toughness and operational reliability is
required. The presence of chromium and molybdenum improves the hardenability of the
steel and enables the achievement of homogeneous mechanical properties even in large
cross-sectional components [15].

After appropriate heat treatment, 34CrMo4 steel exhibits a tensile strength ranging
from 800 to 1000 MPa while maintaining sufficient toughness and wear resistance. These
properties make it suitable for shafts, highly stressed rotating components, pressure systems
and other structural parts exposed to cyclic loading [16–19].

The microstructure of 34CrMo4 steel is heavily influenced by heat treatment. Quench-
ing and tempering result in the formation of a fine-grained martensitic structure, which
contributes to high strength, toughness and favourable fatigue properties [16,17]. The
steel also exhibits good corrosion resistance under standard operating conditions and its
properties can be further enhanced by suitable surface treatments [17,20,21]. Owing to its
combination of mechanical performance and operational reliability, 34CrMo4 steel is widely
used in mechanical engineering, power engineering and other applications subjected to
high mechanical and fatigue loading [22].

For the numerical simulations of gravity casting performed in this study, 34CrMo4 (EN
1.7220) steel was selected as a representative material for highly loaded rotating components,
specifically flywheel rotors used in Flywheel Energy Storage Systems (FESSs). Within the
MAGMASOFT® material database, this alloy is designated as GS-34CrMo4. The material
data used in the simulations included temperature-dependent thermophysical properties
such as density, specific heat capacity, thermal conductivity, latent heat of solidification and
liquid-phase viscosity. The chemical composition of the alloy complies with the relevant
standard requirements and is presented in Table 1.
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Table 1. Chemical composition of 34CrMo4 steel used for numerical simulations (wt. %) [23].

Element C Si Mn P S Cr Mo

wt. % 0.340 0.400 0.650 0.020 0.015 1.000 0.375

2.2. Scope of the Numerical Simulation

The numerical simulation presented in this study is exclusively focused on the gravity
casting process of a steel flywheel rotor. The simulated model includes only the steel
casting and the associated technological elements, namely the gating system, risers and
mould assembly.

The multimetallic heavy segments based on tungsten heavy alloys (e.g., W–Ni–Co
and W–Ni–Fe), which are incorporated into the final rotor design to increase its moment of
inertia, are not included in the numerical model and do not enter any stage of the mould
filling, solidification, or cooling simulations. These segments are considered independent
prefabricated components that are integrated into the steel rotor body only during the
subsequent assembly stage.

For this reason, tungsten heavy alloys were not included in the MAGMASOFT®

material database and their thermophysical and rheological properties were not considered
within the scope of this study.

Although the tungsten segments are not part of the numerical model, they constitute
an integral component of the proposed hybrid rotor concept. Their presence influenced
the casting design, particularly the geometry of the internal cavities intended for their
subsequent installation. Therefore, the basic characteristics of the tungsten heavy alloys
used are briefly summarized in Appendix A.

2.3. Rotor Geometry and Simulation Input Parameters

The geometry of the rotor was developed based on a detailed technical drawing
corresponding to the manufactured component. The introductory figures show the casting
after final machining. The rotor is fully rotationally symmetric about its central axis,
ensuring uniform mass distribution and minimizing geometric eccentricity. All dimensions
used for numerical modelling were taken directly from the design documentation without
scaling modifications or geometric simplifications.

The proposed design represents an original hybrid rotor concept incorporating heavy
segments. The design is intended to optimize mass distribution and improve the me-
chanical performance of the rotor while maintaining manufacturing feasibility. For the
purposes of numerical simulation, a three-dimensional model corresponding to the casting
geometry was created. This model was subsequently used as the input geometry for casting
simulations performed in the MAGMASOFT® software environment.

The overall height of the actual rotor is 321 mm, as shown in the longitudinal section
presented in Figure 1. The central part of the rotor, which forms the main load-bearing
region of the structure, has an axial thickness of 174 ± 0.05 mm. This section connects the
upper and lower bearing seats and simultaneously contains radially distributed internal
cavities intended for the subsequent installation of tungsten heavy-alloy segments. The
smooth transitions between the central body and the bearing regions follow the geometry
defined in the technical drawing and play an important role in minimizing notch effects
and reducing stress concentration during operation.
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Figure 1. Longitudinal cross-section of the rotor.

The geometry of the bearing region is shown in detail in the side view presented in
Figure 2. The upper and lower sections have the same diameter in the bearing seating
area; however, the remaining design features differ. In the upper section, the bearing
diameter is followed by a tapered transition region with machined flats intended for torque
transmission during the tightening of the retaining nut. This region is followed by a
cylindrical shaft end used to transmit torque during the acceleration and deceleration of
the flywheel. In the lower section, the bearing diameter is followed by a threaded portion
designed for a retaining nut that secures the bearings on the shaft.

Figure 2. Side view of the rotor.

The outer diameter of the rotor is Ø430 ± 0.1 mm, as shown in the front view presented
in Figure 3. The rotor body contains eight internal cavities uniformly distributed around
the circumference. The cavities are arranged with a constant angular spacing of 45◦, while
their axes are rotated by 22.5◦ relative to the principal coordinate axes. The cavities exhibit
a characteristic teardrop-shaped geometry designed to maximize the effective use of the
available space intended for the future installation of tungsten heavy-alloy segments while

https://doi.org/10.3390/app16147080
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preserving the continuity of the load-bearing rotor structure. In addition, this geometry
enables a more efficient distribution of mass to regions located farther from the axis of
rotation, thereby contributing to an increase in the rotor moment of inertia.

Figure 3. Front view of the rotor.

For the purposes of numerical simulation, all geometric features directly affecting the
volume, mass distribution and rotational characteristics of the rotor were retained. Dimen-
sional tolerances specified in the technical drawing were considered for the key dimensions.
The resulting geometry was implemented as a fully parametric three-dimensional solid
model and subsequently used as the input geometry for the numerical casting simulations.

3. Results
The final variant of the rotor was its ninth iteration. Previous variants were excluded

because their numerical simulations were considered unsuitable due to a high percentage
of various defects. The main focus of enhancements from v01 to v08 was to improve the
flow of the melt trough runner system.

3.1. Numerical Mesh of the Casting Variant v09

The gating system was designed and modelled directly in the MAGMASOFT® simula-
tion environment. The complete numerical model of the casting was discretized using a
computational mesh consisting of 65,600 cells, as shown in Figure 4. The casting process
was simulated using a sand mould composed of a bentonite-bonded moulding mixture.
The mould system was supplemented with feeder insulation sleeves and steel chills made
of common structural steel to control the solidification process. The pouring temperature
was set to 1600 ◦C, while the filling time was automatically controlled by the internal
MAGMASOFT® algorithm. The computation time for a single simulation variant was
approximately 16 min. The net weight of the casting was 33.79 kg, whereas the total weight
including the gating and feeding system reached 44.37 kg. Based on these values, the
metal yield was calculated to be 76.15%. This value falls within the upper range typically
reported for steel castings (approximately 60–80%), indicating an efficient gating and feed-
ing system design while maintaining the technological requirements necessary to ensure
casting quality.

https://doi.org/10.3390/app16147080
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Figure 4. Numerical mesh of the casting variant v09.

3.2. Temperature Field During Mold Filling—Variant v09

Figure 5 shows the temperature distribution of the molten metal during the mould
filling stage at 8.219 s after the start of pouring. At this time, the casting cavity, including
the gating and feeding system, is completely filled. The temperature ranges from 1485 ◦C
to 1600 ◦C.

Figure 5. Surface temperature distribution for variant v09.

The highest temperatures are concentrated within the gating system and in the region
of the central riser. These areas are characterized by the inflow of freshly poured molten
metal and a larger metal volume. In contrast, lower temperatures were observed in the thin-
walled regions of the outer ring and ribs due to more intensive heat transfer to the mould.

The central part of the casting and the riser maintain a higher temperature level
throughout the subsequent stages of solidification. This creates favourable conditions for
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https://doi.org/10.3390/app16147080


Appl. Sci. 2026, 16, 7080 8 of 19

compensating volumetric shrinkage during solidification. At the same time, these regions
represent potential locations for the formation of internal defects.

The temperature field does not exhibit significant undercooled regions. Therefore,
the risk of premature solidification of the molten metal is low. The smooth temperature
distribution confirms stable mould filling conditions and an appropriately designed gat-
ing system.

3.3. Evolution of the Minimum Temperature During Casting—Variant v09

Figure 6 shows the evolution of the minimum molten metal temperature during the
mould filling stage. The curve illustrates the decrease in temperature from the initial
pouring temperature of approximately 1600 ◦C to lower values as a result of heat transfer to
the mould and the increasing contact time between the molten metal and the mould cavity.

Figure 6. Minimum molten metal temperature during casting for variant v09.

During the first second of the process, a rapid decrease in the minimum temperature is
observed as a result of the contact between the molten metal and the colder mould. Between
approximately 1.5–3 s, temperature fluctuations occur due to transient flow conditions and
the filling of more complex geometric features.

At approximately 3–4 s, the minimum temperature approaches the liquidus tempera-
ture. Subsequently, the rate of temperature decrease slows down and the curve gradually
stabilizes, indicating progressive homogenization of the temperature field within the cast-
ing. After approximately 5 s, when the vent channels and the riser are being filled, an
additional slight temperature decrease can be observed.

After the completion of mould filling at 8.219 s, the minimum temperature continues
to decrease gradually, reaching approximately 1475 ◦C at the end of the monitored interval.
The temperature profile does not indicate significant undercooling during mould filling,
suggesting stable thermal conditions and a low risk of cold shuts or misruns.

3.4. Solidification Modulus of Casting—Variant v09

Figure 7 shows the distribution of the solidification modulus within the casting–gating–
feeding system during the solidification and cooling stages. The highest modulus values,
approximately 2.749 cm, are located in the region of the central riser and along the central
axis of the casting. These regions solidify last and provide feeding to compensate for
volumetric shrinkage during solidification. In contrast, the outer ring and thin-walled
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sections exhibit lower modulus values of approximately 0.620 cm, corresponding to their
faster solidification rate.

Figure 7. Solidification modulus distribution in casting variant v09.

The modulus distribution indicates directional solidification toward the central riser.
These regions may also act as locations for the concentration of internal defects and non-
metallic inclusions transported from the previously solidified sections of the casting.

3.5. Hot Spot Distribution in Casting—Variant v09

Figure 8 illustrates the distribution of the Hot Spot criterion during the solidification
and cooling stages of casting variant v09. These are the areas of cumulation of the melt with
the highest temperature. Hot Spots are to be eliminated or driven out of the body of the
final casting. The highest values are located in the region of the central riser, particularly in
its upper section, where the longest solidification time of up to 1948 s is predicted. This
region represents the last solidifying part of the casting system.

Figure 8. Hot Spot distribution in casting variant v09.

https://doi.org/10.3390/app16147080
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Secondary hot spots are identified within the gating system. Their formation is
associated with locally increased metal volume and reduced heat dissipation.

The remaining parts of the casting, including the outer ring and ribs, solidify earlier
and therefore do not represent critical regions with respect to shrinkage defect formation.

3.6. Total Porosity Distribution in Casting—Variant v09

Figure 9 shows the overall porosity distribution within the selected cross-section of
the numerical model. The maximum predicted porosity value of 100% is located in the
riser region and does not extend into the casting itself. Within the casting, porosity occurs
only locally, primarily in the thin-walled sections of the outer ring and in the vicinity of
the cavities intended for the subsequent installation of tungsten heavy-alloy segments.
Porosity is located at junction points or at the places where multiple faces meet. Here a
separation of a minuscule dose of liquid metal occurs. The solidification of these places is
occurring separated from the main body which leads to shrinkage outside of the riser. The
maximum porosity level predicted within the casting is approximately 7.5%.

Figure 9. Total porosity distribution in casting variant v09.

From a technological perspective, the predicted porosity level is relatively low. How-
ever, its distribution indicates potential for further optimization of the gating and feeding
system in order to minimize the formation of internal defects and promote a more uniform
solidification process.

3.7. Pore Volume Distribution in Casting—Variant v09

Figure 10 presents the distribution of pore volume within the casting. The
largest predicted pore volume is concentrated in the riser, where it reaches a value of
2.0483 × 105 mm3. In the remaining parts of the casting, only small and isolated pore vol-
umes are predicted. Despite their limited size, these local pores may significantly affect the
operational reliability of the component. They represent potential sites for crack initiation,
contribute to a reduction in rotor fatigue life, and may adversely affect dynamic balanc-
ing, resulting in increased vibration levels during operation. Cavities are to be limited
or minimized; in this casting, they are due to shrinkage. Therefore, the minimization of
such defects remains an important objective and requires further optimization of both the
technological parameters and the gating and feeding system design.

https://doi.org/10.3390/app16147080
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Figure 10. Pore volume distribution in the casting version v09.

3.8. Development and Optimization of Numerical Models for Casting Variants v10–v13

Figure 11 presents the numerical models of casting variants v10–v13, which differ in
the application of technological measures aimed at controlling solidification and reducing
porosity formation.

Figure 11. Numerical models of casting variants: (a) v10; (b) v11; (c) v12; (d) v13.

https://doi.org/10.3390/app16147080
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Variant v10 (Figure 11a) was designed without an external chill ring. This configuration
resulted in an unfavourable solidification pattern and increased porosity, particularly in
the regions where the spokes (ribs) are connected to the outer ring.

In variant v11 (Figure 11b), chills were positioned on the outer side of the spokes.
This modification led only to a slight improvement and porosity remained present in the
critical regions.

In variant v12 (Figure 11c), chills were applied to the bottom side of the rib-to-ring
transition area. This measure altered the solidification behaviour and shifted the porosity
toward the upper part of the outer ring, but porosity is still present.

Variant v13 (Figure 11d) included the addition of risers. Although this modification
increased the technological complexity of the casting process, it resulted in the most
significant reduction in porosity.

The simulations were performed at a pouring temperature of 1600 ◦C. The computation
time for a single simulation variant was approximately 20 min. The numerical model was
discretized using a computational mesh consisting of 99,066 cells. The net casting weight
was 38.94 kg, while the total weight including the gating and feeding system reached
67.38 kg, corresponding to a metal yield of 57.79%. For steel casts of this volume, it is still
within the boundaries of acceptance.

The progressive modifications introduced in the individual variants reflect an effort to
optimize the casting technology and achieve stable solidification conditions with a minimal
occurrence of internal defects.

3.9. Temperature Field During Mould Filling—Variant v13

Figure 12 illustrates the temperature distribution of the molten metal during the
mould filling stage 8.35 s after the start of pouring. The temperature field corresponds to
the moment when the casting cavity, including the gating and feeding system, is completely
filled. The colour scale represents temperatures ranging from approximately 1501–1600 ◦C.
The highest temperatures are concentrated within the gating system, the adjacent massive
sections of the casting, and the central riser.

Figure 12. Surface temperature distribution at the end of mold filling for variant v13.

3.10. Evolution of the Minimum Temperature During Casting—Variant v13

Figure 13 shows the evolution of the minimum molten metal temperature during
the mould filling stage. The temperature decreases from the initial pouring temperature
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of 1600 ◦C as a result of heat transfer to the mould. At approximately 4–5 s, the curve
approaches the liquidus temperature of about 1495 ◦C, after which the rate of temperature
decrease becomes less pronounced.

Figure 13. Evolution of the minimum molten metal temperature during casting for variant v13.

3.11. Solidification Modulus of Casting—Variant v13

Figure 14 shows the distribution of the solidification modulus within the casting–
gating–feeding system during the solidification and cooling stages. The highest modulus
values, approximately 2.759 cm, are located in the region of the central riser and along the
central axis of the casting. These regions solidify last and provide feeding to compensate
for volumetric shrinkage during solidification. In contrast, the outer ring and thin-walled
sections exhibit lower modulus values of approximately 0.452 cm, corresponding to their
faster solidification rate.

Figure 14. Solidification modulus distribution in casting variant v13.

https://doi.org/10.3390/app16147080
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3.12. Hot Spot Distribution in Casting—Variant v13

Figure 15 illustrates the distribution of the Hot Spot criterion during the solidification
and cooling stages of casting variant v13. The highest value, approximately 1778 s, is
located in the region of the central riser, which represents the last solidifying part of the
casting system.

Figure 15. Hot Spot distribution in casting variant v13.

Secondary hot spots are identified in the peripheral risers and, to a lesser extent, within
the gating system. These regions exhibit longer solidification times due to their larger metal
volume. Hot Spots are moved to the side or outside of the casting, which is desirable and
common practice.

3.13. Total Porosity Distribution in Casting—Variant v13

Figure 16 illustrates the distribution of total porosity in casting variant v13. The highest
porosity values are located in the region of the central riser. Within the casting itself, porosity
occurs only locally in the form of small, isolated cavities, primarily in transition regions.
These porosity levels are significantly lower than those observed in previous variants, do
not exceed 2% in blue areas and do not form continuous volumetric concentrations.

Figure 16. Total porosity distribution in casting variant v13.
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The porosity distribution corresponds to directional solidification toward the risers,
with the majority of defects concentrated outside the functional regions of the casting.
Risers are removed and, with them, a marginal volume of porosity is removed as well.

3.14. Pore Volume Distribution in Casting—Variant v13

Figure 17 presents the distribution of pore volume within the casting. The highest
value, approximately 2.9069 × 105 mm3, is located in the central riser region. No pore
volume was detected within the casting itself. The predicted pore volumes are concentrated
exclusively within the central riser and the peripheral risers.

Figure 17. Pore volume distribution in casting variant v13.

The pore volume distribution confirms directional solidification toward the risers,
with volumetric defects effectively transferred outside the functional part of the casting.

Variant v13 was therefore selected as the recommended technological solution for
rotor production.

4. Discussion
The comparison of variants v09 and v13 presented in Table 2 demonstrates that

modifications to the gating and feeding system improved both the solidification behaviour
and the porosity distribution. Variant v09 exhibited local porosity within the casting of up
to approximately 7.5%, whereas in variant v13 porosity was detected exclusively within
the risers, with no porosity identified in the casting itself. At the same time, the maximum
Hot Spot value decreased from approximately 1948 s to 1778 s, indicating more effective
solidification control and improved feeding conditions.

The improvement achieved in variant v13 is associated with the modification of the
feeding system, which enabled more effective control of directional solidification. The
additional risers provided a sufficient supply of liquid metal during solidification and
promoted the transfer of volumetric defects outside the functional part of the casting.
This effect is evident from the temperature field distribution, the solidification modulus
distribution, and the localization of Hot Spots.

From the perspective of technological design, this represents a typical trade-off be-
tween casting quality and metal yield. Variant v13 exhibited a lower metal yield of 57.79%
compared with 76.15% for variant v09. This reduction resulted from the application of
additional risers, which increased the weight of the gating and feeding system and the
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subsequent machining requirements. Nevertheless, this approach is justified because it
enables the elimination of internal defects within the casting.

Table 2. Comparison of casting variants v09 and v13.

Parameter/Characteristic Variant v09 Variant v13

Computational mesh (number of cells) 65,600 99,066

Pouring temperature (◦C) 1600 1600

Computation time (min) 16 20

Casting weight (kg) 33.79 38.94

Total weight—including gating system (kg) 44.37 67.38

Metal yield (%) 76.15 57.79

Temperature field Homogeneous Homogeneous

Minimum temperature (◦C) 1475 1495

Maximum solidification modulus (cm) 2.749 2.759

Minimum solidification modulus (cm) 0.620 0.452

Maximum Hot Spot (s) 1948 1778

Hot Spot location Central riser and gating system Central and peripheral risers

Total porosity (%) 7.5% within the casting <2%, local occurrence

Pore volume distribution Small pore volumes in the casting
and riser Restricted to risers only

Casting condition Defects present within the casting No porosity detected within
the casting

Technological complexity Lower Higher (additional risers)

Recommended application Alternative design Recommended design

From an operational perspective, the reduction in porosity is of critical importance.
Even small pores may act as crack initiation sites, reduce fatigue life and adversely af-
fect the dynamic balancing of the rotor, leading to increased vibration levels. Therefore,
the elimination of porosity within the casting itself represents a key factor in improving
component reliability and service life.

Based on the performed analysis, variant v13 can be considered the most suitable
solution in terms of porosity minimization and solidification control. The proposed con-
figuration ensures the effective transfer of volumetric defects outside the functional part
of the casting and provides stable solidification conditions, albeit at the cost of increased
technological complexity.

For the final design, the pouring temperature was further examined. In addition to
the pouring temperature of 1600 degrees, additional simulations were carried out for other
temperatures. Thanks to this, it was found that the safe range of pouring temperatures is
between 1590 and 1610 degrees without negatively affecting the casting.

Study Limitations

The presented results are based exclusively on numerical simulations performed using
the MAGMASOFT® software environment. The extended mathematical simulations were
performed for this specific steel. But the experimental cast was made using a different kind
of ferrous material with comparable physical properties. This casting was done using a
reduced model. Experimental validation of the simulation results on a real casting was not
available at the time of this study. Furthermore, the tungsten heavy-alloy segments intended
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for subsequent integration into the hybrid rotor were not included in the numerical analysis,
as they are not part of the casting process of the investigated steel rotor body.

5. Conclusions
This study focused on the numerical analysis of the casting process of a steel rotor

intended for the subsequent integration of heavy segments. The primary objective was
to optimize the gating and feeding system and minimize the occurrence of internal de-
fects. Several technological variants were evaluated with respect to their influence on
solidification behaviour and porosity formation.

The results showed that the original variant v09 exhibited local porosity within the
casting of up to approximately 7.5%, particularly in transition regions. By modifying the
gating and feeding system in variant v13, porosity within the casting was eliminated and
transferred to the risers. At the same time, a reduction in the maximum Hot Spot value and
an improvement in directional solidification were achieved.

Variant v13 was associated with a reduced metal yield of 57.79%, representing a
technological trade-off between casting quality and production efficiency. Nevertheless,
this approach is justified because the elimination of internal defects has a significant impact
on the operational reliability, fatigue life and dynamic behaviour of the rotor.

The results demonstrate that optimization of the gating and feeding system is an
effective tool for controlling the solidification process and minimizing porosity. Variant v13
represents the most suitable solution from the perspective of casting quality, despite its
higher technological complexity.
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Appendix A
This appendix summarizes the basic material characteristics of W–Ni–Co and W–Ni–

Fe tungsten heavy alloys, which are incorporated into the final rotor design in the form of
heavy segments to increase the moment of inertia. These materials are not included in the
numerical simulation of the rotor casting process; therefore, their properties are presented
here for completeness and to provide context for the proposed design concept.
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Tungsten heavy alloys based on the W–Ni–Co and W–Ni–Fe systems are multimetallic
composites containing a very high tungsten content, typically exceeding 90 wt. %. Their
microstructure generally consists of tungsten agglomerates embedded in a ductile metallic
binder matrix, which provides the required combination of high strength and sufficient
ductility. These materials exhibit a high density ranging from approximately 17.0 to
18.5 g·cm−3, which is significantly higher than that of conventional structural steels and
directly contributes to an increase in the moment of inertia of rotating components [24–29].

W–Ni–Co alloys generally exhibit higher strength, hardness and impact toughness.
These properties are associated with the beneficial effect of cobalt on the cohesion of the
interface between tungsten grains and the metallic binder matrix. The presence of cobalt
also promotes greater tungsten solubility in the matrix, contributing to solid-solution
strengthening [25,30].

W–Ni–Fe alloys typically exhibit higher ductility and formability while maintaining
high density and strength. Due to the presence of iron, these alloys may also exhibit weak
ferromagnetic behaviour. From a manufacturing perspective, W–Ni–Fe alloys are generally
easier to machine than cobalt-containing alloys [25].

Both material systems exhibit high thermal stability, elevated melting temperatures,
and good thermal conductivity. In addition, they provide good resistance to corrosion and
structural degradation, primarily due to the dominant tungsten content in their composi-
tion [25].
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