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ABSTRACT: The intake system of a racing engine plays a crucial role in determining its performance, particularly
in terms of volumetric efficiency, power output, and throttle response. According to Formula Society of Automotive
Engineers (FSAE) regulations, the engine intake system must incorporate a 20 mm diameter flow-limiting valve within
the intake manifold. This restriction significantly reduces the airflow into the engine, leading to a substantial drop in
power output. To mitigate this limitation, the intake system requires a redesign. In this study, theoretical calculations
and one-dimensional thermodynamic simulations are employed to determine the optimal parameters for the intake
system. A numerical simulation of the intake system’s flow field is then conducted to refine its structure and layout.
Finally, experiments are performed on an engine equipped with the optimized intake system, and its feasibility is
evaluated based on experimental results. The findings indicate that the maximum engine torque increases from 56.36 to
59.91 N-m, while the maximum power output rises from 59.16 to 63.94 kW. To further enhance performance and
adaptability across different competitions, a variable-length intake manifold control system is also designed, improving
both power delivery and overall operational stability of the racing car.
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1 Introduction

The intake system of a racing engine plays a pivotal role in determining its performance, particularly in
terms of volumetric efficiency, power output, and throttle response. According to the rules of the Formula
Student China (FSC), stringent requirements—such as the mandatory use of a 20 mm restrictor downstream
of the throttle body—impose unique challenges for optimizing airflow dynamics while minimizing pressure
losses and ensuring uniform distribution across cylinders [1]. To address these challenges and enhance both
charging efficiency and air intake balance, racing teams are adopting a systematic approach that combines
computational fluid dynamics (CFD), one-dimensional (ID) engine cycle simulations, and geometric
optimization to achieve competitive advantages.

Recent advancements in computational and experimental methodologies have enabled engineers to
tackle these constraints with unprecedented precision. For instance, Pogorevc and Kegl [2] utilized gradient-
based optimization algorithms coupled with computational fluid dynamics (CFD) to achieve a 5%-8% power
increase across the 7500-11500 rpm range in a Honda CBR600 engine. Similarly, Guo et al. [3] redesigned a
restrictor valve with a 14° inlet angle and 22° outlet angle, reducing intake unevenness among cylinders to
1.4% and increasing total airflow by 5.5%. These improvements directly translate to enhanced acceleration
and drivability in racing scenarios.
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Variable intake systems further amplify performance gains. Vaz et al. [4] implemented a variable-length
intake manifold on a CBR600RR engine, shifting peak torque to 58.5 Nm at 9000 rpm and increasing power
from 74 to 86 HP. Alves et al. [5] proposed a three-stage variable-length intake manifold, optimized via
GT-Power simulations and NSGA-II algorithms. Their design increased volumetric efficiency by 15% at
9000 rpm and boosted mid-range brake power by 12%, leveraging Helmholtz resonance through diam-
eter/length adjustments. This approach quantitatively balanced volumetric efficiency across rpm ranges,
demonstrating multi-stage intakes mitigate fixed-geometry compromises while enhancing cylinder filling
and peak performance. Computational tools like GT-Power and CFD simulations have proven indispensable
in such optimizations, enabling precise tuning of parameters such as runner length, plenum volume, and
restrictor geometry [6,7].

As demonstrated by Sedlacek and Skovajsa [8], CFD-driven geometric optimization of plenum cham-
bers and resonance pipes can reduce maximum deviations of inter-cylinder mass flow to 2.2% while
achieving a 12% reduction in total pressure losses. Fan et al. [9] presented a parametrically optimized super-
charging system for FSAE engines by integrating GT-POWER simulations with experimental validation. The
optimized system demonstrates enhanced torque delivery across rpm ranges, improved transient response
through pressure regulator tuning, and balanced fuel efficiency—providing a systematic framework for
mechanical supercharging in Formula Student applications.

In this study, a novel design incorporating a guide vane cascade is proposed to optimize the intake
system. The primary objective of this design is to augment the charging efficiency of the intake system while
preserving a streamlined structural configuration. Furthermore, given that the majority of contemporary
racing teams employ a fixed intake manifold length, thereby restricting the engine’s capacity to attain
peak power across a broad spectrum of engine speeds, an additional design scheme for a variable intake
manifold is introduced. By dynamically adjusting the intake manifold length, this scheme enhances the
aerodynamic performance of the intake system at different engine speeds, thereby facilitating more efficient
power generation by the engine.

2 Design of the Intake System
2.1 Determination of the Volume of the Plenum

To make the air intake of each cylinder more balanced, a plenum is generally added between the intake
manifold and the intake manifold to stabilize the fluctuation of the gas in each intake manifold. Based on
empirical data from previous racing car development efforts and the development experience of similar
engines [10], it is found that when the volume of the plenum is 5 to 6 times the displacement of the engine,
the dynamic performance of the engine and the response of the throttle valve are the best. In order to make
the assembly of the entire vehicle more compact, the final selection of the volume of the plenum is 3.533 L.

2.2 Determination of Intake Manifold Length

The Triumph 675R engine is a high-speed engine, and its parameters are shown in Table 1. In order to
make the peak torque appear earlier and increase the torque in the front and middle-speed range of the engine
to adapt to the circuit with lots of short tracks and corners, the optimized engine speed is set at 9000 rpm.

2.3 Dynamic Effects of the Intake System

The dynamic effects that affect the charging efficiency of the intake system mainly include the ram and
tuning effects [11].
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Table 1: Parameters of Triumph 675R engine

Engine Configuration 3 Cylinder 12 Valve DOHC

Displacement 674.8 cc
Compression ratio 13.1
Firing order 1-2-3
Bore 74 mm
Stroke 52.3 mm
Maximum power 91.91 kW at 12,500 rpm
Maximum torque 72 N'm at 11,750 rpm

When the intake valve opens, it creates a negative pressure in the cylinder, drawing air in and
simultaneously generating a negative pressure wave that travels to the plenum. This wave reflects back as
a positive pressure wave, which, if timed correctly with the valve’s cycle, can force additional air into the
cylinder, enhancing charging efficiency—this is known as the tuning effect [12].

The pressure rise induced by airflow restriction at the piston wall is directly influenced by the intake
valve closure delay post-BDC during the compression stroke. This calibrated delay strategically exploits the
fluid momentum of the incoming air-fuel charge—specifically, the residual kinetic energy of gas molecules
moving toward the intake valve even as the piston begins its upward stroke. This engineered inertia-driven
charging process is formally categorized as the ram effect in internal combustion thermodynamics [13].

These dynamic interactions between pressure waves and the timing of the intake valve operations are
crucial for optimizing engine performance.

(1) Ram effect in the intake system

For the inertia effect of the intake system, the pressure wave completes a back and forth in the intake

manifold to generate a vibration, and the natural frequency of the vibration f, is as follows:

fo= i (1)

where L is the length of the intake pipe (m), and ¢ is the speed of sound of the gas (m/s).
When the engine speed is #, the intake frequency f; is:

n
- 2
fi= 5 @

The number of fluctuations g, of the inertial effect is equal to the ratio of f, to f;, then:
fe  60c
= — = — 3
when dg equals to 1, 2, 3, . . ., it indicates that the intake system is in resonance, which is beneficial for

enhancing the charging efficiency of the intake system. Therefore, the length of the intake manifold can
be optimized to improve charging efficiency at various rotational speeds by applying the natural frequency
formula of vibration.
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(2) Tuning effect in the intake system

For the wave effect of the intake system, the pressure wave completes two round trips in the intake
manifold to generate a vibration, and the natural frequency formula of the vibration is as follows:

fo

c

= 4
il (4)
2.4 Calculation of Intake Manifold Length

Calculate the length of the intake manifold according to the ram effect and tuning effect of the intake
system, by the formula:

_é_60c

qg_fj_l’lL (5)
_E_S.Oc

qb__fj_nL (6)

where ¢ = 20+/T;, here, T; = 298 K, and ¢ = 345.254.

When g, =1.5,2.5,3.5, - - -, the g¢ = 3,5,7, - - -. The length of the manifold that produces the resonance
effect by the inertia effect and the wave effect is the same.

According to the dynamic effect calculation, when the length of the intake manifold is 256 mm,
qgg = 8.991, q, = 4.496. When the length of the intake manifold is 329 mm, g, = 6.996, g1, = 3.498. The above
two manifold length inertia effect and wave effect jointly produce a better resonance effect. To make the
whole vehicle assembly more compact, the total length of the intake manifold is tentatively set at 256 mm.
As shown in Fig. 1, The intake system is roughly divided into six parts: flow-limit valve, intake pipe, plenum,
intake manifold, fuel injection base, and intake pressure sensor. The flow-limit valve is used to limit the
intake air volume of the engine. It is precisely due to the influence of the flow-limit valve, which significantly
reduces the power and fuel economy of the engine.

. / flow-limit valve

— intake pipe

——

_— plenum

./
intake

manifold .
|__ intake pressure

Sensor

el injection
base

Figure 1: Structure diagram of engine air intake system with flow-limit valve
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2.5 Analysis of the Influence of Intake Manifold Length on Engine Power

The one-dimensional thermodynamic model of the Triumph 675R engine is shown in Fig. 2, comprises
the intake system, exhaust system, cylinder, and crankcase. This model has been calibrated and validated
against experimental data as detailed in our previous publication [14]. Specifically, the comparative analysis
revealed a maximum torque deviation of 7.0% (60.57 N-m simulated vs. 56.36 N-m measured) and a
maximum power deviation of 6.3% (62.67 kW simulated vs. 58.73 kW measured). This validation confirms
that the model achieves engineering-level accuracy, which is sufficient for analyzing the influence of intake
manifold length on engine power performance. The detailed validation methodology and error analysis can
be found in [14].
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Figure 2: One-dimensional thermodynamic model of the Triumph 675R engine

In this section, a one-dimensional thermodynamic model is used to analyze the dynamic performance
of the engine when the intake manifold length is 256 and 329 mm. It can be seen from Fig. 3 that when the
length of the intake manifold is 256 mm, the peak torque of the engine appears earlier, the torque in the low-
speed range is higher, and the power in the high-speed range is higher, which is more conducive to adapting
to the multi-curve track. Therefore, the selected intake manifold length is 256 mm.
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Figure 3: Comparison of the external characteristic curves of the engine with different intake manifold lengths
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2.6 Numerical Simulation of Air Intake System Flow Field

The 3D model of the intake system was established using CATIA as shown in Fig. 4. During the three-
dimensional CAD modeling process, the upper and lower plenums were modeled separately. Following
the assembly of these components, a topological sharing method was employed. This method allows for
the creation of a unified fluid domain when generating the CFD mesh, ensuring the continuity of physical
quantities at the junction where the upper and lower plenums meet.

Figure 4: Geometry (left) and mesh (right) model of the intake pipe

The fluid domain of the intake system was discretized using tetrahedral meshes. A grid independence
study was conducted with three distinct mesh resolutions: coarse (20,460 elements), medium (40,558
elements), and fine (50,720 elements). Comparative analysis of total mass flow rates under identical pressure
differentials across inlet and outlet revealed a 1.2% discrepancy between coarse and fine meshes, while the
medium and fine meshes showed only 0.2% variation. These results demonstrate that the medium mesh
resolution achieves sufficient convergence accuracy with minimal computational compromise.

The selected medium mesh configuration contains 40,558 elements with 2,299,469 nodes. Mesh quality
assessment confirmed compliance with numerical requirements, exhibiting a maximum distortion value of
0.79961 (below the critical threshold of 0.9). The validated mesh topology is presented in Fig. 4.

Since the pressure at the end of the intake manifold has been fluctuating and only the intake valve will be
opened during the intake stroke, Matlab is used to fit the pressure curve at the end of the intake manifold in
the intake stroke, and then the average value is obtained as the exit boundary condition. The pressure curve
at the end of the intake manifold is shown in Fig. 5, and the mean pressure of the intake stroke at the end of
the intake manifold is 91,515 Pa.
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Figure 5: Pressure curve at the end of the intake manifold

The flow field analysis of the intake system was performed by Fluent. The control equations of mass,
momentum, and energy are outlined in Ref. [15]. This paper adopts the boundary condition of constant
pressure difference, the reference pressure is set to 10,1325 Pa, the pressure at the inlet is 0 Pa, and the outlet
pressure is set to —9810 Pa from the 1D simulation of the engine. The calculation domain is discretized
using tetrahedral mesh. The number of meshes is 40,558, the number of nodes is 2,299,469, and the
maximum distortion of the mesh is 0.79961, the distortion is less than 0.9, which implies mesh quality meets
the requirements.

The airflow in the intake system is regarded as a compressible turbulent flow [16], and the solution
was obtained using a pressure-velocity solver with the Realizable k — ¢ turbulence model [17,18]. For spatial
discretization, the second-order upwind scheme was employed throughout the analysis, coupled with
the SIMPLE algorithm for pressure-velocity coupling. The accuracy validation of the CFD simulation is
thoroughly explained in our previous publication [14]. The air intake volume and maximum imbalance
coeflicient of the air intake system are obtained from the analysis shown in Table 2.

Table 2: Intake mass flow and imbalance coefficient

Mass flow rate of the first cylinder (kg/s)  0.048
Mass flow rate of the second cylinder (kg/s) 0.052
Mass flow rate of the third cylinder (kg/s)  0.046
Total mass flow rate (kg/s) 0.146
Imbalance 12.3%

It can be seen from Fig. 6 that the airflow streamline symmetry of the entire air intake system is good, but
the airflow filling in the plenum is not full. The maximum imbalance coefficient is 12.3%, and the imbalance
coeflicient is too large to meet the working requirements of the engine.
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Figure 6: Streamline of the intake system without guide vane cascade

3 Optimal Design of Intake System

Due to the requirements of the competition rules, the structure of the air intake system is also quite
different from that of ordinary vehicles. The special mechanism of the air intake system, it directly affects
the air intake volume and air intake balance. In this section, the optimized structure of the air intake system
was designed to improve air intake balance and charging efficiency. Furthermore, a set of electronic control
systems for variable intake manifold was designed to improve the adaptability of the engine to different
test items.

3.1 Structural Optimization of the Intake System
3.1.1 Optimization of Flow-Limit Valve

To improve the balance of intake air, guide vanes are added at the inlet end of the flow-limit valve. The
guide vane cascade is composed of four spatially curved blades arranged in a circumferentially symmetrical
pattern, fixed to the inner wall at the inlet of the flow-limit valve. The shape of the guide vane cascade
is designed to effectively guide the airflow to rotate around the axis while minimizing the impact on the
intake resistance.

The overall structure of the guide vane cascade is shown in Fig. 7.

Using the same boundary conditions, the flow field analysis is carried out on the intake system with the
guide vane cascade added at the inlet end of the flow-limit valve. The analysis results are shown in Table 3.

It can be seen from Fig. 8 that the airflow streamline of the entire air intake system is relatively smooth
and uniform, and there is no backflow and turbulence. Due to the action of the guide vane cascade, the airflow
streamline is symmetrically distributed in the center, and the airflow in the plenum is filled and filled. The
total intake air mass flow is increased by 16.4%, the maximum imbalance coefficient is 1.8%, the imbalance
coefficient is small, and the intake balance meets the requirements.



Fluid Dyn Mater Process. 2025;21(7)

Figure 7: Overall structure of the guide vane cascade

Table 3: Intake mass flow and imbalance coefficient

Mass flow rate of the first cylinder (kg/s)
Mass flow rate of the second cylinder (kg/s)
Mass flow rate of the third cylinder (kg/s)
Total mass flow rate (kg/s)
Imbalance

0.057
0.057
0.056
0.170
1.8%

Velocit
Streamiine 1

5.018e+002
.- 3.764e+002
2.509e+002
1.255e+002

0.000e+000
[m s*-1]

Figure 8: Streamline of the intake system with guide vane cascade at the inlet end of the flow-limit valve
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3.1.2 Intake Manifold Optimization

In order to achieve full combustion of the mixture and improve the fuel economy of the engine, it can be
achieved by adding a guide vane cascade similar to the front end of the flow-limit valve in the intake manifold,
the structure of which is shown in Fig. 9. Using the same boundary condition, the flow field analysis is carried
out on the intake system with the guide vanes added at the inlet end of the flow-limit valve and the intake
manifold. The analysis results are shown in Table 4.

Figure 9: Manifold guide vane diagram

Table 4: Intake mass flow and imbalance coeflicient

Mass flow rate of the first cylinder (kg/s) ~ 0.054
Mass flow rate of the second cylinder (kg/s) 0.056
Mass flow rate of the third cylinder (kg/s)  0.056
Total mass flow rate (kg/s) 0.168
Imbalance 3.6%

It can be seen from Fig. 10 that the airflow streamline of the entire intake system is relatively smooth
and uniform, there is no backflow and turbulence, and the airflow in the plenum is filled. The total intake
mass flow is increased by 15.1%, and the maximum imbalance factor is 3.6%. By comparing and analyzing the
results, it can be found that when the total intake mass flow and the maximum imbalance coefficient change
little, adding a guide vane in the intake manifold can greatly increase the intake swirl and make the oil-air
mixing more efficient. It is sufficient to improve the combustion speed and combustion efficiency, thereby
improving the power and fuel economy of the engine.
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Figure 10: Streamline of the intake system with guide vane cascade at both the inlet end of the flow-limit valve and
manifold

3.1.3 Engine Bench Test

To verify whether the intake system with the diversion cascade is beneficial for improving the engine
power and fuel economy, it is necessary to conduct bench experiments on the engine equipped with the new
intake system. After a series of hardware modifications to the engine, the ECUs of the original engine can
no longer match the engine. To calibrate the parameters of the engine, the engine control system needs to be
redesigned. In this paper, an engine bench test was conducted using the MoTeC M800 ECU electronic control
system. The electronic control system was developed through the formulation of a control strategy, sensor
matching and calibration, and control parameter setting. The calibration of the engine’s steady-state working
parameters was completed using experimental equipment from the internal combustion engine laboratory
bench. Fig. 11 illustrates the construction of the experimental bench, while Fig. 12 shows a comparison
between the bench test results and the initial calibration results.

The excess air ratio was the same as that used in the initial engine bench test, and the injection pulse
width of the engine decreased following installation of the guide vane cascade. As shown in Fig. 12, the power
and torque of the engine in the full speed range are higher than that in the initial bench test, especially in
the medium and high speed range, where the maximum torque increases from 56.36 to 59.91 N-m and the
maximum power increases from 59.16 kW to 63.94 kW. This performance augmentation originated from the
optimized diversion cascade configuration which increased effective air mass flow.

3.2 Design of Intake Manifold Length Variable Control System
3.2.1 Determination of Intake Manifold Length

The competition sequence of the Formula Student China Competition is: a straight-line acceleration
test, skidpad track, high-speed obstacle avoidance test, and endurance test [1]. Among them, in the straight-
line acceleration test and the Fig. 13 skidpad track test, the working range of the engine speed has little change,
and the time required to complete the project is less, so the intake manifold length can be designed according
to its specific engine speed working range.
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Figure 11: Engine test bench
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Figure 12: Comparison of bench test results and initial bench calibration results
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Figure 13: Structural of the the proposed variable intake manifold assembly with servo mechanism
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During the straight-line acceleration test, the car starts running on a track with a total length of 75 m.
The time required to complete the project is 4 to 5 s. The working speed of the engine is 8000~14600 rpm,
and the average speed is 12500 rpm.

The skidpad track line connecting the two centers is both the start line and the finish line. The car starts
from the starting line, runs one full circle around one of the concentric circles (each with a diameter 0f18.25 m
and a track width of 3.0 m between their inner and outer boundaries), and then returns to the connecting
line, which is defined as one lap. The time required to complete the project is 10~16 s, the engine operating
speed range is: 4000~7000 rpm, and the average speed is 5300 rpm.

According to the calculation based on the dynamic effect formula, the lengths of the intake manifold
are 95 and 159 mm, respectively, for the straight-line acceleration test and the skidpad track. These lengths
are chosen to optimize the resonance effect, which is enhanced by the combined inertia and wave effects of
the intake system.

3.2.2 The Working Principle of the Actuator

The drive mechanism of the intake manifold length variable control system is shown in Fig. 13, and the
working principle of the actuator is shown in Fig. 14. The initial length of the intake manifold is 129 mm. At
this time, the overlapping length of the upper and lower sections of the intake manifold is 30 mm, that is, the
BC length is 30 mm. This length is calculated based on 9000 rpm and is mainly used for high-speed obstacle
avoidance testing and endurance testing. According to the competition schedule, the first thing to do is the
straight-line acceleration test. The length of the intake manifold should be 95 mm, that is, the length of the
BC should be 64 mm. At this time, the motor needs to drive the screw to rotate counterclockwise 17 times
(looking from top to bottom). Then carry out the skidpad track test. The length of the intake manifold should
be 159 mm, that is, the length of the BC should be 0 mm. At this time, the motor needs to drive the screw to
rotate clockwise for 32 circles (viewed from top to bottom). Finally, the high-speed obstacle avoidance test
and durability test are carried out. The length of the intake manifold should be 129 mm, that is, the length
of the BC should be 30 mm. At this time, the motor needs to drive the screw to rotate counterclockwise 15
times (looking from top to bottom).

Intake Manifold Initial Length
129mm

J

4

Straight-line

Motor rotates 17 times

¥y N
Intake manifold length

Y

-

acceleration test counterclockwise 95mm
v
. ™) g . ™y
Intake manifold length | Motor rotates 32 times Figure
159mm & counterclockwise 8 loop test
A L o
v
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- 1 I
obstacle avo ce test . »
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Figure 14: The working principle of the actuator
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4 Conclusion

The integration of a guide vane cascade at the end of the flow-limit valve demonstrates significant
performance improvements. CFD simulations reveal a 16.4% increase in total intake air mass flow rate
compared to the baseline configuration. This enhancement stems from two synergistic effects: First, the
cascade system accelerates gas flow disturbance, promoting faster air delivery. Second, the optimized swirling
flow pattern enables rapid plenum filling, achieving an exceptionally low maximum imbalance coeflicient of
1.8% across intake manifolds.

The integration of guide vanes into the intake manifold significantly enhances intake swirl, promotes
uniform oil-gas mixing, and improves combustion efficiency, ultimately boosting engine power and fuel
economy. CFD simulations demonstrate that the optimized design increases the total intake mass flow by
15.1% while reducing the maximum intake air imbalance coefficient to 3.6%.

By comparing the results of the bench experiments, the enhanced air intake design increased maximum
engine torque by 6.3% (from 56.36 to 59.91 N-m) and boosted peak power output by 8.1% (from 59.16 to
63.94kW). Through the real car test, the engine with the new air intake system demonstrated increased power
output, leading to faster acceleration of the car on the circuit. This study validates that strategic placement of
guide vanes provides a cost-effective solution for optimizing in-cylinder charge motion, balancing minimal
pressure loss with significant performance gains.
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