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1 Introduction
Investment casting is one of the most important 
casting processes[1-2], widely utilized in manufacturing 
complex-structured components such as cases[3], 
aero-engines[4], turbine blades[5], and pumps[6]. The 
mold shell in investment casting offers a high degree of 
design freedom and exceptional processing accuracy, 
making it particularly suitable for producing castings 
with intricate curved surfaces and thin walls[7-9]. Guide 
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blade castings, typical examples of complex structures, 
are employed in oxygen pump shells. Their primary 
function is to direct gas flow, which requires them to 
exhibit high surface accuracy, superior mechanical 
properties, and strong corrosion resistance[10-11]. With 
the large-scale production of superalloy investment 
castings, improving the qualification rate has become 
essential[12-15].

Numerical simulation is widely used in optimizing 
the investment casting process. Hu et al.[16] investigated 
the directional solidification and heat treatment 
processes of turbine blades using simulation. Wei et al.[17] 
employed simulation to study the lattice sandwich 
structure of nickel-based superalloys. Li et al.[18] 
predicted deformation in investment casting through 
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simulation. The above-mentioned work has demonstrated 
the effectiveness of numerical simulation in studying the 
forming mechanism of castings. Various physical processes of 
investment casting, including shell deformation[19], secondary 
dendrite arm spacing[20], core mechanical properties[21], thermal 
cracking[22], residual stress[23], and recrystallization[24], have been 
quantitatively analyzed using numerical simulation.

The design of gating and riser systems is critical to the success 
of investment casting processes. The gating system influences 
casting quality by regulating the position and flow rate during 
the filling process[25-27], while the riser system impacts defect 
formation, such as shrinkage cavities, by controlling the 
solidification and shrinkage behavior of castings[28-30]. 

In recent years, some new design techniques of gating and 
riser system have been proposed. Wang et al.[31] established 
a design model of response surface method to design the 
gating and riser system of open impellers. Compared with the 
conventional modulus method, the riser volume was reduced 
by 47.85% and the casting yield was increased by 15.02%. 
Wang et al.[25] proposed a new optimization method for 
gating system design using fruit fly optimization algorithm. 
Wang et al.[32] used numerical simulation technology to design 
the casting process of headstock castings. By extracting 
the average modulus and molten metal volume at the hot 
spot in the solidification simulation results, the feeder size 
was designed quantitatively. Vanikar et al.[33] developed a 
methodology for the design and optimization of an investment 
casting system based on genetic algorithms to enhance the 
accuracy and safety of the casting system through optimization 
of pouring parameters. 

In previous research, the casting numerical simulation has 
two main functions, the first is to exclude some infeasible 
process schemes at the initial stage, and the second is to 
verify the designed process at the final stage. However, a 
key limitation of current simulation techniques in gating 
and riser design is their inability to dynamically reflect the 
effects of the casting process and facilitate real-time process 
adjustments. Numerical simulations are not involved in the 
quantitative optimization of the local structure of the gating 
and riser system due to the fact that the steps of 3D modeling 
and meshing cannot be seamlessly integrated with the 
process improvements[34], and such quantitative optimization 
is currently highly dependent on the personal experience 
of engineers. To address these challenges, it is essential to 
develop an adaptive, integrated system for parametric 3D 
modeling and simulation. This system can be embedded into 
numerical calculation modules to enhance the efficiency of 
large-scale simulation tasks. Additionally, such an integrated 
system forms a critical foundation for the integration of 
advanced technologies, including simulation-driven machine 
learning, digital twins[35], and other emerging innovations.

 In this study, an automatic design model for gating 
and riser systems based on an integrated parametric 3D 
modeling-simulation framework of K4169 superalloy guide 
blades is proposed. Firstly, the 3D structure of the guide blade 
casting is analyzed using a structural feature extraction method. 

Next, the gating and riser processes are automatically designed 
within the integrated parametric modeling and simulation 
system. Subsequently, the processes are evaluated under 
varying structural parameters, with simulation results analyzed 
quantitatively. Finally, the optimal gating and riser processes 
are determined and validated through experimental verification.

2 Method and model
2.1 Casting analysis and geometric feature 

extraction
Figure 1 illustrates the structure of the casting studied in 
this study, a superalloy guide blade designed for the oxygen 
pump shell. The upper part of the casting features a hollow 
structure, which is thick and substantial. A rib plate connects 
the upper and lower layers, serving as the primary load-bearing
component, which requires excellent mechanical performance. 
The middle section of the upper part contains blades, the 
critical functional area of the casting, demanding high 
precision. The lower part includes a thick and large region at its 
center, which is particularly prone to shrinkage. Consequently, 
this area requires special attention during the riser system 
design. Additionally, the sectional view of the blade reveals 
the casting’s thinnest wall thickness (3 mm), which poses 
challenges for the smooth filling of molten metal.

The casting material used in this study is K4169 superalloy, 
a commonly utilized material for producing guide blade 
castings. K4169 alloy exhibits excellent fluidity and has a 
relatively narrow range of solidification temperature, which 
make it well-suited for investment casting processes. Table 1 
lists the main chemical composition of K4169 alloy, while 
Table 2 provides its key physical parameters. The main defects 
of K4169 alloy in the casting process are shrinkage cavities 
and gas holes. 

Firstly, the structural analysis and geometric feature 
extraction of the casting are performed. The 3D solid files are 
divided into finite difference meshes, which are then used to 
analyze the structural features. A key advantage of the mesh file 
is that each randomly generated point can be precisely located 
without the need to calculate the number of ray intersections 
to determine its exact position. Figure 2 illustrates the analysis 
process of structural features. In Fig. 2(a), a large number of 
random points are selected to calculate the central position of 
the model. Once the central position is determined, random 
points located on the casting’s edge are used to calculate the 
distances from the longitudinal straight line passing through 
the central position. These distances represent the maximum 
radii of the casting at different layers, which are essential for 
designing the exterior dimensions of the riser system. Secondly, 
the smallest cube that fully encloses the casting is identified to 
determine its maximum size range in the x, y, and z dimensions, 
as shown in Fig. 2(b). Finally, a surface identification method is 
applied to calculate the area of the casting’s outer surface. This 
calculation results are used to design the positions of the inner 
gates and risers, as shown in Fig. 2(c).
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Fig. 1: Structural analysis of guide blade casting

Table 1: Elemental composition of K4169 alloy

Table 2: Physical parameters of K4169 alloy

Ni Fe C Si Mn Cr Al Co Cu Nb Ti

55.06 19 0.04 0.3 0.3 18 0.5 0.5 0.2 5.1 1

Density
(g·cm-3)

Specific heat 
capacity

[Cal·(g·°C)-1]

Thermal 
conductivity

[Cal·(cm·s·°C)-1]

Viscosity
(cm2·s-1)

Latent heat
(Cal·g-1)

Liquidus
(°C)

Solidus
(°C)

Shrinkage rate 
of phase 
transition

7.558 0.284 0.068 0.049 54.915 1366 1120 0.011

Fig. 2: Analysis of structural feature of the casting: (a) the calculation of center coordinates and the radius of each layer; 
(b) the calculation of the smallest cube that fully encloses the casting; (c) the calculation of the upper surface
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Fig. 3: Construction of automatic design framework for gating and riser system: (a) parameters obtained by 
structural analysis; (b) local dimensional parameters of gating and riser system; (c) generation steps 
of gating and riser system

Table 3: Illustration of structural parameters

Structural
parameters Illustration

H1 (mm) Height of the internal risers

H2 (mm) Total height of the external risers

H3 (mm) Height of lower part of the external risers

D1 (mm) Side length of the direct gate

D2 (mm) Side length of the cross gates

D3 (mm) Width of the external risers

D4 (mm) Width of the internal risers

D5 (mm) Side length of the contracted neck

Riser_Num Amount of the external risers

Angle_Rate Angle of riser/circle

2.2 Construction of automatic design 
framework for gating and riser system

An automated design framework for gating and riser systems, 
based on parametric 3D modeling, is constructed, as shown in 
Fig. 3. Figure 3(a) illustrates the geometric characterization 
of the casting obtained through structural feature extraction. 
Figure 3(b) presents the basic structural framework and 
parameters of the gating and riser systems, with the detailed 
specifications of the structural parameters provided in 
Table 3. Figure 3(c) depicts the automatic design process, 
which includes the following main steps: The geometric 
feature information of the casting is firstly analyzed to select 
appropriate components from the component library for 
assembly. Constraints are then established to ensure proper 
connections between individual components. These constraints 
ensure that the connections remain intact when size parameters 
change. Due to structural limitations, each structural parameter 

has upper and lower bounds, thus adjustments within these 
limits are needed to achieve optimal design results. The 
determination of these bounds also depends on the structural 
feature.

2.3 Establishment of integrated system of 
parametric 3D modeling and simulation

To achieve the integration of parametric 3D modeling and 
simulation, an integrated framework is established, as illustrated 
in Fig. 4. In this framework, the input consists of a set of 
structural parameters, each encompassing all the necessary 
parameters for the gating and riser system. Upon importing the 
structural parameters, grid files are batch-generated according 
to the rules defined for various structural configurations. The 
simulation model is constructed using InteCast CAE software. 
Table 4 presents the calculated parameters used in the 
simulation, along with the corresponding initial and boundary 
conditions. All simulation projects in this model share identical 

initial and boundary conditions, with the structure of the gating 
and riser system serving as the sole variable. This approach 
enables a focused study on the influence of different gating 
and riser designs on casting formation by controlling other 
calculated parameters. Following the simulation calculations, 
multiple sets of simulation results are generated. Each group 
of structural parameters corresponds to a unique simulation 
outcome, allowing for quantitative evaluation of the processes 
by comparing the simulation results across different structural 
configurations.

3 Results and discussion
3.1 Automatic generation framework of gating 

and riser system
Figure 5 illustrates the results of the automatic generation 
framework for gating and riser systems, demonstrating 
that different configurations can be achieved by adjusting 
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Fig. 4: Integrated framework for parametric 3D modeling and simulation

Fig. 5: Automatic design results of gating and riser systems with different parameters: (a) Riser_Num; (b) Angle_Rate; 
(c) H2; (d) H1; (e) D2; (f) D1

Table 4: Initial and boundary conditions for simulation

Temperature 
of casting (°C)

Temperature 
of shell mold (°C)

Thickness of 
shell mold (mm)

Interface heat transfer
coefficient [W·(m²·K)-1]

Thermal conductivity 
of shell mold [W·(m·K)-1]

1,400 800 10 962.32 0.837

the structural parameters. Specifically, Figs. 5(a), (b), (c), 
and (d) show the automatic generation results for varying 
riser system parameters, while Figs. 5(e) and (f) display the 
results for different gating system parameters. The generated 
results confirm that the validity of the configurations remains 
intact when structural parameters are altered, thanks to the 
enforcement of structural constraints. Notably, the connection 
between the gating system and each riser is consistently 
maintained. As a result, thousands of gating and riser system 
configurations can be generated, provided the structural 
parameters are set within their permissible ranges. Among all 
the structural parameters, not all have a significant impact on 

casting formation. Therefore, several key structural parameters 
including gate neck sizes, cross gate sizes, external riser sizes, 
and internal riser sizes are selected to analyze the effects of 
different gating and riser processes on casting formation. 

3.2 Influence of different structures of gating 
system on casting forming processes

In the design of the gating system, a specialized structure 
called the gate neck is used to divide the fluid flow. Figure 6 
compares simulation results for different gate neck sizes, 
illustrating their obvious influence on the flow path. At the 
initial stage of flow, as shown in Fig. 6(a), when D5 is 24 mm,
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Fig. 6: Simulation results of flow process for different gate neck sizes in different values of D5: (a) filling process; 
(b) fluid temperature; (c) fluid velocity

a larger neck size directs most of the fluid into the lower 
internal riser, with comparatively less flowing into the upper 
external riser. The liquid metal entering the inner riser and that 
entering the outer riser meet at the bottom of the casting before 
eventually filling the shell. However, the size of the gate neck  
impacts the point where these two streams of liquid metal 
intersect. In the late filling stage depicted in the first condition 
(D5=24 mm) of Fig. 6(a), the inner liquid flow fills the bottom 
of the casting at first, while the outer flow is significantly 
slower. In contrast, in the third condition (D5=12 mm) of 
Fig. 6(a), the inner and outer flows nearly fill the bottom of the 
casting simultaneously. While this simultaneous filling ensures 
a relatively balanced overall temperature for the liquid metal, 
it increases the likelihood of gas entrapment at the intersection 
of the two streams. As a result, designs where the two streams 
meet simultaneously should be avoided to minimize this risk. 

Gate neck of different sizes will also have an impact on the 
temperature distribution and frontier velocity of the casting 
flow. Figure 6(b) compares the temperature distribution of the 
internal section of the three processes at the same instant of the 
filling process. When D5 is relatively large, the temperature 
field distribution of the casting is relatively uniform, which 
is beneficial to reduce the residual stress and deformation. 
When D5 is small, the distribution of the temperature field is 
not uniform enough. However, for the solidification process 
of castings, the temperature field is more consistent with the 
temperature gradient of sequential solidification when D5 
is small. It can enable the shrinkage cavity to be discharged 
more smoothly. Therefore, from the point of view of filling 
temperature field, the result is best when D5 is 18 mm. 
Figure 6(c) illustrates the difference in filling speeds of the 

three processes at the same time instant. It is clear that the 
larger the D5, the fast the overall filling speed, and all the 
high speed fluid comes from the middle channel. This leads 
to increased pressure on the middle part of the shell mold. At 
the same time, the higher filling speed will similarly lead to 
surface defects in the lower half of the casting, such as flow 
marks. On the contrary, in the case of the smallest D5 (12 mm), 
the fluid is all from the external channel, which also causes the 
non-uniform flow rate. In summary, the fluid velocity 
distribution is the most uniform for D5=18 mm.

Another key variable in the gating system design is the size 
of the cross gate. Figure 7 shows the comparison of simulation 
results for filling process with different cross gate sizes. From 
the flow regime of 0.6 s and 2.0 s, it can be seen that the filling 
speed is significantly accelerated by the increase of the size of 
the cross gate. The total filling time of the three processes is 
9.91 s, 4.66 s, and 2.73 s, respectively. The faster filling speed 
can make the temperature of the liquid metal more uniform 
after filling the casting. At the same time, the faster filling speed 
will also lead to an increase in the pressure on the type shell, 
as shown in the Fig. 7(b). Compared with the case of D2=12 mm,
the pressure at the bottom of the direct runner doubles at 
D2=28 mm, which results in a significant impact force on 
the shell and thereby challenges its mechanical properties. 
Figure 7(c) shows the shrinkage prediction results of the three 
schemes, and the shrinkage of the casting is significantly 
reduced with the increase of the size of the cross gate.

3.3 Influence of different structures of riser 
system on casting forming processes

Figure 8 presents a comparison of simulation results for mold 
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Fig. 8: Comparison of simulation results for different external riser sizes in different values of H2: (a) simulation results; 
(b) temperature field analysis; (c) shrinkage cavity analysis

Fig. 7: Simulation results of flow process for different cross gate sizes in different values of D2: (a) filling process; (b) fluid 
velocity; (c) shrinkage cavity distribution

fill with different outer riser sizes. Figure 8(a) illustrates 
the temperature field and the distribution of solidification 
shrinkage cavities in castings under three different outer riser 
sizes. The temperature field during solidification reveals that, 
as the outer riser size increases, the temperature at the riser 
remains significantly higher than that of the casting. This 

facilitates the riser’s final solidification and promotes the 
discharge of shrinkage cavities from the casting. This trend is 
also evident in the shrinkage cavity distribution results. As the 
riser size increases, shrinkage cavities shift upwards, therefore, 
the occurrence of shrinkage cavity defects in the castings 
progressively decreases. Figure 8(b) provides analytical and 
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Fig. 9: Comparison of simulation results for different internal riser sizes in different values of H1 and D4: (a) simulation 
results; (b) temperature field analysis; (c) shrinkage cavity analysis

quantitative results for the temperature field across the three 
scenarios. The data indicate that, during the final stage of 
solidification, a larger riser size leads to a lower average 
casting temperature and a higher average riser temperature. 
This suggests that a larger riser size enhances the riser’s role 
in final solidification, promoting the discharge of shrinkage 
cavities. Figure 8(c) depicts the size and volume of porosity 
during solidification, along with the process yield. The findings 
demonstrate that increasing the outer riser size significantly 
reduces the number and volume of shrinkage cavities. 
However, this also results in a marked decrease in the process 
yield, with the reduction being relatively substantial.

Figure 9(a) presents a comparison of simulation results for 
different inner riser sizes. Among the three process schemes, 
Process (2) increases only the cross-sectional width of the 
inner riser compared to Process (1). In contrast, Process (3) 
increases only the riser height compared to Process (2). This 
design allows for evaluating both the effects of inner riser 
size on casting formation and the relative influence of the two 
variables: inner riser cross-sectional width and height. An 
analysis of the temperature fields for the three processes shows 
a clear difference between Process (1) and Processes (2) and (3). 
In Process (1), the temperature in the riser is significantly 
lower than in the casting, preventing sequential solidification. 
This issue is also evident in the shrinkage prediction results 
displayed in Fig. 9(c). 

Figures 9(b) and (c) further illustrate the analytical results for 
the temperature field and the shrinkage pore distribution under 
the three processes. The results indicate that variations in the 
cross-sectional width of the inner riser (D4) result in greater 
changes to the temperature field compared to variations in riser 

height (H1). Therefore, the width of the inner riser has a more 
significant influence on the temperature field than its height. 
It is evident that increasing the inner riser width significantly 
reduces both shrinkage and porosity, underscoring its decisive 
role in mitigating these defects. However, increasing the riser 
height (H1) from 14 mm to 28 mm does not significantly 
reduce casting shrinkage and instead decreases the process 
yield. This indicates that increasing the inner riser width is a 
more crucial factor for minimizing shrinkage in the casting.

3.4 Design results and experimental verification
After considering factors such as defect formation and process 
yield, the optimization results of various structural parameters 
are obtained. The parameters which have a relatively large 
impact on casting defects are H1, H2, D2, and D5. In contrast, 
H3, D1, D3, and D4 have less influence on casting defects. 
In terms of riser size, the overall height of the inner and 
outer risers (H1 and H2) is the key parameter, while H3 only 
determines the proportion of the lower and upper part of the 
outer riser, which indicates that the filling path of the metal 
liquid in the riser is mainly related to the overall height of 
the riser. In terms of the dimensions of the gating system, 
the key parameters are the cross-sectional area (D2) of the 
cross runner and the gate neck (D5), while the influence of 
other parameters is relatively small. The main reason why D2 
affects defect formation is that it changes the overall pouring 
time, which affects the temperature field at the end of pouring. 
The main reason why D5 affects the defect formation is that 
it changes the flow path and thus affects the solidification 
process. Therefore, the above key parameters (H1, H2, 
D2, D5) can be precisely recommended to achieve the best 
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Fig. 10: Final design results and its shrinkage prediction results: (a) gating and riser system design results; (b) shrinkage 
distribution results in the gating system and risers; (c) shrinkage distribution results in castings

Fig. 11: Experimental verification of final design: (a) wax pattern fabrication; (b) gating and riser system; 
(c) final casting product

Table 5: Design results of structural parameters

Structural 
parameter

H1
(mm)

H2
(mm)

H3
(mm)

D1
(mm)

D2
(mm)

D3
(mm)

D4
(mm)

D5
(mm) Riser_Num Angle_Rate

Recommended 
value 28 54 16-20 30-34 16 50-60 12-18 18 3-6 0.2-0.4

Experimental value 28 54 18 32 16 56 16 18 4 0.3

optimization results. For the other parameters, because of their 
little influence on the defect formation, only a recommended 
range can be given, and the specific determination depends 
on the specific technological process and the convenience of 
manufacturing. The design results of the structural parameters 
are summarized in Table 5, with the 3D design results shown 
in Fig. 10. The simulation results indicate that shrinkage 
defects in the casting are effectively controlled, with almost no 
shrinkage cavities forming within the casting. 

To verify the automatic process design results and simulation 
results above, the investment casting experiment was carried 
out. In this experiment, the optimal design results of the 
gating and riser system obtained by the model were selected 
for the casting experiment. The superalloy used is K4169 and 
the shell slurry used is corundum and bauxite. The pouring 
temperature is 1,500±10 °C, the pouring time is 5 s, and the 

preheating temperature of the shell is 800 °C. In terms of 
quality inspection, X-ray testing is adopted to detect internal 
shrinkage cavity and porosity in castings. 

Figure 11 illustrates the experimental results of the final 
design scheme, which involves designing the gating and riser 
system, fabricating the wax pattern, producing the shell mold, 
and finally manufacturing the casting. The surface topography 
of the casting was analyzed, and the result is shown in 
Fig. 11(c), the casting surface is smooth with no visible 
defects. Compared with the original pouring system and riser 
system, the process yield is increased from 42% to 57%.

Figure 12 shows the distribution of shrinkage cavities in the 
internal riser. In Fig. 12, the red circle marks the casting area, 
while the red outline represents the riser area. It is evident 
that most defects have been eliminated from the casting. The 
simulation results shown in Fig. 11(b) indicate numerous 
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defects in the internal riser, no such defects are present in the 
casting, confirming that the experimental results align with the 
simulation findings. Figure 12(b) presents X-ray inspection 
results of the internal defects, showing no significant shrinkage 
issues inside the casting. This confirms that the designed 
structural parameters effectively eliminate shrinkage defects. 
The designed process not only increases the process yield by 
15%, but also ensures the quality of the castings. The results 
validate the reliability of the parametric 3D modeling-simulation 
model.

4 Conclusions
In this work, a novel parametric 3D modeling-simulation 
integrated system is established. By changing ten typical 
structural parameters, hundreds of casting processes with 
different gating and feeding systems can be generated 
and simulated in batches. Through comparative analysis, 
recommended structural parameters are given, and experiments 
are carried out based on the recommended processes. The 
results show that the recommended processes eliminate 
all casting defects and meet the quality requirements. The 
following conclusions can be drawn based on this study:

(1) In the analysis of the influence of the gating system on 
the formation and defects of castings, when the side length 
of the gate neck is 18 mm, the flow rates of the two flowing 
branches separated by the gate neck are nearly the same, which 
is more likely to cause turbulence and entrained gas defects, 
and is not good for the quality of the castings. When the side 
length of the gate neck is larger (24 mm), the temperature 
distribution within the casting becomes more uniform, which 
can prevent the formation of shrinkage cavities. The increase 
in the cross-sectional size of the gate will lead to an increase in 
the flow pressure and impact force. However, the rapid filling 
process is conducive to maintaining the uniformity of the 
temperature field, the number of shrinkage cavities in the final 
castings will be reduced. 

(2) When analyzing the influence of the riser system on 
the defects of the castings, increasing the size of the external 
riser eliminates most of the internal shrinkage cavities in the 

castings. On the contrary, increasing the size of the internal 
riser does not significantly eliminate the internal shrinkage 
cavities in the castings. The reason is that the cooling and heat 
dissipation law of the external riser is more in line with the 
sequential solidification pattern, while the heat diffusion of the 
internal riser is relatively slow. Therefore, the function of the 
riser cannot be fully exerted.

(3) Based on the results of the comparative simulation 
analysis, the recommended process parameters are given, and 
casting experiments and X-ray inspections of casting defects 
are carried out. The designed process not only increases the 
process yield by 15%, but also ensures the quality of the 
castings. The results validate the reliability of the parametric 
3D modeling-simulation model.
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