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To design an engine intake system that complies with FSC racing regulations while achieving enhanced 
operational stability, this study conducts a comprehensive review of domestic and international research 
advancements in racing engine intake systems. Through computational fluid dynamics simulations per-
formed in Workbench Fluent, critical structural parameters of the restrictor valve were optimized, resul-
ting in a 12.06% improvement in outlet mass flow rate compared to the baseline design. A three-dimen-
sional parametric model of the racing intake system was developed using Siemens NX platform. Taking 
the intake plenum chamber as a representative component, this research systematically analyzes the 
CNC machining process for the mold of the pressure stabilization chamber. The investigation encom-
passes toolpath generation, cutting simulation verification, and ultimately implements the optimized NC 
program on machining centers for physical manufacturing. The fabricated mold exhibits high dimensi-
onal accuracy and superior surface finish, providing both theoretical guidance and practical manufactu-
ring references for intake system development. This integrated approach combining numerical opti-
mization with advanced manufacturing techniques demonstrates significant potential for performance 
enhancement in motorsport engineering applications. 
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 Introduction 

Formula Student Combustion (FSC) is an automo-
tive design and manufacturing competition for uni-
versity students majoring in automotive engineering 
or related fields [1]. As the core component of the ra-
cing car, the engine critically impacts vehicle power, 
emissions, and fuel efficiency, with its intake system 
playing an indispensable role [2-3]. For safety compli-
ance, FSC regulations strictly mandate the engine spe-
cifications: displacement <600 cc, a restrictor (inner 
diameter ≤20 mm) installed in the intake manifold, 
and an intake sequence defined as air filter - throttle - 
restrictor - intake manifold - pressure stabilization 
chamber - intake runner - engine [4]. Under the re-
strictor-induced flow area constraints, optimizing the 
intake system structure and refining manufacturing 
processes are essential to enhance airflow and boost 
power output. 

Extensive research has been conducted globally on 
intake system optimization and machining techniques. 
Regarding intake design, Sharma et al. [5] obtained 
through experiments and calculations of the dimensi-
onal parameters of the components that the structural 
shape of the intake system has a significant impact on 
the airflow movement within the intake system and 
the flow rate at the outlet. Xie and Liu [6] took the 
engine intake pipe as the research object and em-
ployed the Fluent module of Ansys to simulate and 
analyze the airflow state. As a result, they achieved  

improved intake response characteristics and signifi-
cantly enhanced the overall intake efficiency of the in-
take pipe. In machining process research, Mu et al. [7] 
investigated UG-based CNC programming for ultra-
sonic-assisted cutting of honeycomb cores, demon-
strating that this approach significantly reduces manu-
facturing cycles through minimized non-cutting time 
and enhanced programming efficiency. The In-Pro-
cess Workpiece (IPW) method proposed by Ma et al 
[8], significantly enhances the efficiency of dynamic 
characteristic prediction, achieving a 19.74% impro-
vement in accuracy compared to existing methods, 
which validates its feasibility and superiority in machi-
ning processes.  

Building on these findings, this study focuses on 
optimizing the Honda CBR600 engine intake system 
for collegiate racing teams, including throttle sizing, 
manifold redesign, and runner/plenum development. 
A 3D model was constructed in Siemens NX, 
followed by CNC toolpath planning and cutting simu-
lations for the plenum mold. Physical molds were fab-
ricated on machining centers, ensuring dimensional 
accuracy and surface quality. 

 Engine Intake System 

The structure of the intake system is shown in Fi-
gure 1. It mainly consists of air filter, throttle, re-
strictor, plenum and intake manifold. 
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Fig. 1 Composition of the intake system (1. Air filter, 2. 
Throttle, 3. Restrictor, 4. Plenum, 5. Intake manifold) 
 
The working principle of the system: After passing 

through the air filter, the gas passes sequentially 
through the throttle, restrictor, and diffuser into the 
plenum. The plenum stabilizes pressure and stores air 
volume. When the engine’s intake valves open, the air-
fuel mixture (atomized fuel and air) is inducted into 
the combustion chambers under negative pressure. 
The structural design of the intake system directly 
governs volumetric efficiency, thereby critically influ-
encing engine power output and acceleration perfor-
mance [9-10]. Consequently, the system must be opti-
mized to maximize volumetric efficiency as a primary 
design criterion. 

 Intake System Design 

 Design Specifications and Requirements 

Based on the Honda CBR600 engine, the intake 
system analyzes the factors influencing its charging 
efficiency, and completes the selection of the throttle 
opening diameter, as well as the design of the intake 
manifold, manifold pipe and plenum. Among them, 
the design requirements for the intake system in the 
FSC are as follows:  

• A restrictor must be installed between the 

throttle and the engine, and its maximum in-

ner diameter is 20 mm.  

• The sole permitted intake sequence is throt-

tle-restrictor-boosting device-engine. 

 Intake System Layout 

In order to ensure that the engine has sufficient in-
take air volume and the intake resistance is at the 
lowest level, it is necessary to arrange the intake system 
reasonably. As shown in Figure 1, this depicts the lay-
out design of the intake system for the racing car de-
veloped by our institute. The air filter is located on the 
top of the vehicle, positioned above the driver's hel-
met but below the main roll cage. Its opening faces the 
forward direction of the racing car, thereby increasing 
the windward area and enhancing the wind force du-

ring high-speed operation. This design effectively sati-
sfies the intake requirements. The end of the intake 
manifold is connected to the center of the pressure 
stabilizing chamber with a smooth transition. This 
symmetrical structure ensures balanced airflow distri-
bution across all four cylinders, thereby optimizing en-
gine performance. 

 Restrictor Inlet/Outlet Taper Angle Opti-
mization 

As a critical component of the intake system, the 
restrictor is constrained by a minimum cross-sectional 
diameter of 20 mm [11]. To maximize gas flow, the 
design and optimization of its key structural parame-
ters—inlet taper angle (ITA) and outlet taper angle 
(OTA)—are essential. Figure 2 illustrates the re-
strictor’s 3D geometry, with a fillet transition applied 
at the minimum diameter section. 

 

 

Fig. 2 3D structural diagram of the flow-limiting valve 
 
A preliminary simulation was conducted on a re-

strictor model with an inlet cone angle of 16° and an 
outlet cone angle of 7°. The preprocessing phase em-
ployed ANSYS Meshing to generate a structured he-
xahedral-dominant mesh. Given the symmetrical 
structure of the model, half of the geometry was ana-
lyzed to enhance computational efficiency, as depicted 
in Figure 3(a). Boundary conditions were defined as 
follows: inlet (Pressure inlet) at 101325 Pa, outlet 
(Pressure outlet) at 97870 Pa, turbulence intensity of 
5%, and turbulence viscosity ratio of 0.5. The genera-
ted mesh was subsequently imported into Fluent for 
further analysis. The boundary conditions correspon-
ding to the engine's idle state were applied, and the 
solution was computed. Post-processing revealed the 
results, including an outlet mass flow rate of -
0.0642402 kg/s. Additionally, the pressure contour, 
velocity vector, and gas flow streamline are illustrated 
in Figure 3. 

In Figure 3, the maximum pressure occurs at the 
inlet end of the restrictor, with a value of 1.006×105 
Pa; the minimum pressure occurs at the throat of the 
restrictor, with a value of 7.349×104 Pa; the maximum 
flow velocity occurs at the throat of the restrictor, with 
a value of 1.999×102 m/s, which conforms to the re-
levant principles and knowledge of fluid mechanics. 

The structural optimization of the restrictor aims 
to enhance engine volumetric efficiency by maximi-
zing the outlet mass flow rate. With inlet taper angle 
(ITA) and outlet taper angle (OTA) as input variables,  
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and outlet mass flow rate as the output parameter, a 
Response Surface Methodology (RSM) optimization 
was performed using ANSYS Workbench [12-13]. 
The input and output parameters were systematically 
integrated into the RSM module for analysis.  

As illustrated in Figure 3, the angle between flow 
streamlines/vectors and the horizontal plane is 
smaller than that of the restrictor’s outer boundary. 

This discrepancy suggests that reducing the OTA can 
increase outlet mass flow. Consequently, the OTA 
range was defined as 5°–7°, and the ITA range as 14°–
18°. A Design of Experiments (DoE) approach gene-
rated nine design points (Table 1), systematically ex-
ploring parameter interactions to identify sensitivity 
trends. 

 

Fig. 3 Mesh Diagram, Pressure Contour, Velocity Contour, and Gas Flow Streamlines of the Restrictor 

Tab. 1 Nine design points in the optimization process 

No. Inlet Taper Angle (°) Outlet Taper Angle (°) Outlet Mass Flow Rate (kg/s) 

1 14 5 -0.0715993 

2 14 6 -0.0719891 

3 14 7 -0.0653747 

4 16 5 -0.0701039 

5 16 6 -0.0701039 

6 16 7 -0.0642402 

7 18 5 -0.0663646 

8 18 6 -0.0655345 

9 18 7 -0.0625694 

 
These design points enabled sensitivity analysis of 

parameters relative to the optimization objective (Fi-
gure 4), as well as the generation of corresponding re-
sponse curves (Figures 5–6) and response surfaces (Fi-
gure 7).  

Figure 4 illustrates the sensitivity of design varia-
bles to the objective function. The plotted data range 
reveals that the outlet taper angle (OTA) exerts a sig-
nificantly stronger influence on the outlet mass flow 
rate than the inlet taper angle (ITA). Response curves 

in Figures 5 and 6 depict the impact trends of indivi-
dual variables. As shown in Figure 5, the outlet mass 
flow rate decreases progressively with increasing ITA. 
Conversely, Figure 6 demonstrates that the mass flow 
rate initially rises with OTA but declines beyond 5.6°, 
indicating a nonlinear relationship. 

The response surface plot (Figure 7) visualizes the 
combined effects of ITA (Y-axis) and OTA (X-axis) 
on the outlet mass flow rate (Z-axis). The maximum 
mass flow rate (-0.07199 kg/s) occurs near X=5.6°  
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(OTA) and Y=14° (ITA). Cross-referenced with Ta-
ble 1, the optimal parameters were selected as 
OTA=6° and ITA=14°, balancing manufacturability 
and performance. This optimized configuration achie-
ves a 12.06% improvement in mass flow rate compa-
red to the baseline design, confirming the efficacy of 
the methodology. 

                        

Fig. 4 Sensitivity of design variables to the optimization ob-
jective 

 

 Fig. 5 Response curve for inlet taper angle  

 

Fig. 6 Response curve for outlet taper angle 

  

Fig. 7 Response surface of parameters  

 Additional Parameter Design of the Intake 
System 

3.4.1 Throttle Bore Diameter 
Under the FSC regulation constraints (mechani-

cally controlled throttle), the bore diameter was deter-
mined through the fluid dynamics flow equation: 

2Δ

 
d

p
Q C A


=  (1) 

Where:  
Cd…The discharge coefficient (empirical range 

0.6-0.7),  
A…The flow area,  
Δp…The pressure differential,  
ρ…The air density.  
Reducing the bore diameter from  D1

=45 mm to D2=40 mm decreased the flow area by 
20.9% (calculated as ΔA/A1=1−(D2/D1)2), thereby 
increasing localized flow velocity v=Q/A to enhance 
throttle response. Consequently, a 40 mm bore diame-
ter was selected. 
 
3.4.2 Restrictor Structural Parameters 

The intake manifold length was designed using 
Helmholtz resonance theory: 

res
2

c A
f

VL
=  (2) 

Where:  
c=340 m/s…The sonic velocity,   
A=πD2/4…The cross-sectional area,  
V…The plenum volume,  
L…The manifold length.  
Sensitivity analysis revealed: 

• At L>250 mm, the resonance frequency fres

 falls below idle excitation frequency (fidle=nidle

/120=66.7 Hz), causing high-speed airflow 

deficiency. 
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• At L<150 mm,  fres shifts to mid-range (fmid

=133 Hz), impairing low-speed torque. 

• Multi-objective optimization yielded an opti-

mal length L=200 mm. 

 
3.4.3 Intake Runner Length: Calculated using the 
formula 

L1=30c/nq (3) 

Where:  

c=340 m/s (speed of sound),   

n=8000 r/min, 
q=5 (pulsation coefficient),  

yielding L1=255 mm. 

3.4.4 Plenum Volume 
The plenum volume was determined by volumetric 

efficiency theory: 

plenum

1

v ref

mRT
V

p f
 


 (4) 

Where:  

m =0.064 kg/s (standard air mass flow),  
fref=133 Hz (characteristic frequency),  
ηv=0.85 (empirical volumetric efficiency).  
The minimum theoretical volume Vmin=2.8 L was 

expanded to V=3.5 L with manufacturing tolerance. 
A cylindrical geometry (D=150 mm,  L=200 mm) sa-
tisfies spatial constraints (V=πD2L/4=3.53 L). 

The finalized intake system parameters are summa-
rized in Table 2.

Tab. 2 Key parameters of the intake system 

Parameter Value 

Throttle Bore Diameter (mm) 40 

Restrictor Inlet Taper Angle (°) 14 

Restrictor Outlet Taper Angle (°) 6 

Restrictor Total Length (mm) 200 

Intake Runner Length (mm) 255 

Plenum Volume (L) 3.5 

 Design and CNC Machining of the Ple-
num Mold 

The plenum stabilizes pressure and stores energy 
within the intake system [14]. Its fabrication involves 
two stages:  

• (1) Designing and CNC machining the ple-

num mold based on its 3D model;  

• (2) Manufacturing the final plenum using car-

bon fiber fabric, resin, and the machined 

mold. 

 Machining Process of the Plenum Mold 

The CNC machining process critically impacts part 
quality and efficiency [15]. The plenum mold (Figure 
8) integrates the plenum and a truncated restrictor 
section to simplify machining. 

 

Fig. 8 Plenum mold 
 
ABS was selected as the mold material. The opti-

mized CNC process is detailed in Table 3.

Tab. 3 CNC machining process for the plenum mold 

Step Operation Tool Type Method 

1 Roughing Φ25 End Mill Cavity Milling 

2 Semi-Finishing (IPW*) R3 Ball-Nose Mill IPW Cavity Milling 

3 Finishing R2 Ball-Nose Mill Fixed Contour Milling 

*IPW: In-Process Workpiece 

 NX CAM-Based CNC Programming 

According to the numerical control (NC) machi-
ning process planning, the NC automatic program-
ming flow of the pressure stabilizing cavity mold is 
shown in Figure 9.  

Among them, the small planar body generated by 
roughing the mold is used as the blank body for semi-
finishing the surface. This small planar body is called 
IPW (In Process Workpiece) [16]. Using IPW for pro-
cessing can avoid re-cutting the already processed  



November 2025, Vol. 25, No. 5 MANUFACTURING TECHNOLOGY 
ISSN 1213–2489 

e-ISSN 2787–9402 

 

716 indexed on http://www.webofscience.com and http://www.scopus.com  

areas and improve the overall processing efficiency 
[17], as shown in Figure 10. 

 

Fig. 9 NX programming flowchart for the plenum mold 
 
In the Figure 10, Figure 10(a) represents the pro-

cessing time without using IPW, and Figure 10(b) re-
presents the processing time with IPW. It can be seen 

from the figure that the processing time is reduced by 
5 minutes after using IPW, shortening the processing 
time of the process and improving the processing effi-
ciency. 
 

 

Fig. 10 Comparison of machining time with and without 
IPW application 

 CNC Milling Simulation 

After the tool path programming for each process 
is completed, through tool path simulation, over-
cutting, tool collision and unreasonable path are chec-
ked, and the surface quality of the workpiece is obser-
ved to modify the parameters in the programming in 
time. The tool path and cutting simulation results are 
shown in Figure 11. 

 

Fig. 11 Cutting simulation results of the plenum mold 
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 Post-Processing and NC Code Generation 

Upon completion of tool path programming, the 
system generates a Cutter Location (CL) data file.  
As machine tool controllers cannot directly interpret 
CL data files, this intermediate output must undergo 
post-processing—a critical conversion stage that 
translates the geometrical information into machine-
specific Numerical Control (NC) code. The post-pro-
cessed NC program, containing axis movement 
commands and machining parameters compatible 
with the target CNC system, is subsequently saved in 
.ptp format. This standardized file format serves as the 
executable input for numerical control machine tools, 
facilitating seamless integration between CAM soft-
ware and physical machining operations. 

 CNC Machining of the Plenum Mold 

The experimental platform employs a VMC850 
three-axis CNC machining center equipped with a 
FANUC 0i-MC control system. Mold fabrication for 
the pressure stabilization chamber was executed on-
line via the machine's memory card interface. When 
machining ABS, two major issues, temperature rise 
and elastic deformation, are mainly considered [18-
19]. Tool selection parameters prioritized three candi-
date materials: high-speed steel,   cemented carbide, 
and diamond [20]. Since high-speed steel has better 
grinding performance and toughness [21], high-speed 
steel is selected for machining ABS. At the same time, 
to prevent excessive cutting force from causing local 
overheating and elastic deformation of the workpiece, 
the following machining parameters are adopted. 

The multi-stage machining process commences 
with roughing operations conducted at 1,500 r/min 
spindle speed and 300 mm/min feed rate, implemen-
ting differential allowance allocation with zero bottom 
surface allowance and 0.5 mm sidewall retention [22]. 
This initial phase requires 1 hour to complete material 
stock removal. Subsequently, the semi-finishing stage 
employs elevated spindle speeds of 2,000 r/min, while 
maintaining 250 mm/min feed rates, uniformly pre-
serving 0.3 mm machining allowance. Through imple-
mentation of IPW, this intermediate phase shortens 
the entire semi-finishing stage within 1.5 hours, im-
proving the efficiency of semi-finishing stage. The fi-
nal finishing operations utilize precision parameters of 
2,000 r/min spindle rotation and reduced  
200 mm/min feed rates, executing critical dimension 
control throughout the 2.0-hour finishing cycle [23]. 

 

Fig. 12 Milled Plenum Mold and Final Carbon Fiber Com-
ponent 

Figure 12(a) illustrates the machined pressure sta-
bilization chamber mold on the VMC850. Subseque-
ntly, the carbon fiber solid of the pressure stabilization 
chamber was fabricated using carbon fiber cloth, resin, 
and other materials through processes such as surface 
application, vacuum infusion, and precision grinding. 
The resulting carbon fiber solid is presented in Figure 
12(b). 

 Conclusion 

This research focuses on the optimization design 
and manufacturing process of the engine intake sys-
tem for FSC racing cars, aiming to enhance stability 
and volumetric efficiency under strict competition re-
gulations. Based on Workbench Fluent, the critical 
structural parameters of the intake system, particularly 
the inlet and outlet cone angles of the restrictor valve, 
were optimized using the Response Surface Methodo-
logy (RSM). The optimal combination of parameters 
was determined as a 14° inlet cone angle and 6° outlet 
cone angle, resulting in a 12.06% improvement in the 
outlet mass flow rate. Furthermore, a three-dimensio-
nal model of the intake system was established using 
Siemens NX, and the numerical control (NC) machi-
ning process for the pressure-stabilizing cavity mold 
was systematically designed. By adopting the In-Pro-
cess Workpiece (IPW) technique, the semi-finishing 
path was optimized, reducing the machining time by 5 
minutes and improving overall efficiency. The mold 
was successfully fabricated on a VMC850 three-axis 
machining center with high dimensional accuracy and 
surface quality. The final carbon fiber pressure-stabili-
zing cavity was manufactured through vacuum-assis-
ted resin infusion and polishing processes. 

The integration of Fluent-based simulation and 
NX CAM-driven machining demonstrated significant 
advantages in enhancing design precision and produ-
ction efficiency. The proposed methodology not only 
meets the technical requirements of FSC regulations 
but also provides a practical framework for the rapid 
development of high-performance intake systems. Fu-
ture work will extend this approach to optimize other 
components of the intake system and conduct 
comprehensive performance tests under real-world 
operating conditions. Additionally, exploring advan-
ced materials and hybrid manufacturing techniques 
could further improve the durability and lightweight 
characteristics of racing components, contributing to 
the overall competitiveness of the vehicle. 
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