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This study investigates the optimization of  an internal combustion engine (ICE) intake 
manifold through the application of  Computational Fluid Dynamics (CFD) analysis, aiming 
to enhance volumetric efficiency and overall engine performance, particularly within the 
context of  Formula SAE applications. The research employs steady-state CFD simulations 
to rigorously assess airflow dynamics, pressure distribution, and turbulence characteristics 
across a variety of  intake runner configurations. Critical design parameters, including runner 
length, plenum volume, and restrictor geometry, are meticulously analyzed to mitigate 
cylinder-to-cylinder variation and maximize airflow uniformity. The findings reveal that 
optimized intake manifold geometries, including straight-runner designs, can enhance 
turbulent kinetic energy by as much as 11% while concurrently diminishing flow disparities 
among cylinders. Supersonic flow conditions (Mach > 1) are detected in proximity to 
critical sections, thereby underscoring the necessity for precise geometric tuning to alleviate 
compressibility effects. The selection of  materials, specifically Glass Fiber Reinforced Plastic 
(GFRP), is substantiated based on its thermal and structural appropriateness. This study 
emphasizes the effectiveness of  CFD-driven design methodologies in reducing development 
costs and timeframes, all while facilitating performance enhancements. Future research 
endeavors should incorporate transient CFD models and experimental validation to further 
optimize dynamic engine performance in authentic racing scenarios.
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INTRODUCTION
Due to the requirement for increased efficiency, lower 
emissions, and better power output, computational fluid 
dynamics (CFD) analysis of  intake manifold systems has 
been a crucial area of  research in recent years for the 
design and optimization of  internal combustion engine 
(ICE) performance. To ensure consistent distribution 
of  the air-fuel mixture, which has a direct impact on 
volumetric efficiency, combustion stability, and overall 
engine performance, the intake manifold is essential. 
(Halis & Kocakulak, 2024; Rajkumar et al., 2018).  Intake 
manifold geometry optimization using traditional 
experimental techniques is frequently expensive and time-
consuming, involving dynamometer testing and intensive 
prototyping. CFD simulations, on the other hand, offer 
a practical and economical substitute, allowing for 
a thorough examination of  the intake system’s fluid 
dynamics, turbulence, and pressure distribution before 
actual production (Halis & Kocakulak, 2024; Verma, 
2017).  Adaptive mesh refinement (AMR), high-fidelity 
turbulence models, and transient boundary conditions 
that take valve timing effects into account have all been 
included in recent CFD tool developments like ANSYS 
Fluent, CONVERGE, and STAR-CCM+, which have 
greatly increased simulation accuracy. (Ahsan & Noman, 
2024; Rajkumar et al., 2018).
In multi-cylinder engines, where geometric asymmetries 
can result in cylinder-to-cylinder differences in air-fuel 
ratios, combustion efficiency, and emissions, one of  
the main issues in intake manifold design is providing 

uniform airflow distribution over all cylinders. (Shin 
et al., 2022).  Volumetric efficiency and engine output 
may be greatly affected by relatively little changes in 
runner length, plenum volume, or cross-sectional area, 
according to studies.  When curved and straight intake 
manifolds were compared, for example, it was discovered 
that straight designs improved combustion stability 
by reducing cylinder-to-cylinder variance by 1.1% and 
increasing turbulent kinetic energy around top dead center 
(TDC) by up to 11% (Shin et al., 2022). Furthermore, 
the implementation of  variable-length intake manifolds 
(VLIM) has demonstrated potential in maximizing 
resonance effects across a range of  engine speeds; within 
particular operating ranges, some configurations have 
enhanced volumetric efficiency by 6.33% and thermal 
efficiency by 1.77% (Shin et al., 2022). The evaluation 
of  innovative intake manifold shapes, such as helical or 
tumble-enhancing ports, which encourage in-cylinder 
swirl and tumble movements essential for effective air-fuel 
mixing and flame propagation, has also benefited greatly 
from CFD analysis. (Ahsan & Noman, 2024; Cecere et al., 
2023).  Numerical simulations of  hydrogen-direct injection 
(H2DI) engines, for instance, demonstrate how crucial 
intake port design is to minimizing aberrant combustion 
(such as backfire) and optimizing power density through 
the use of  thermal management and turbocharging 
techniques. (Goyal et al., 2024). Additionally, lightweight 
materials like magnesium and aluminum alloys are being 
used more often in manifold designs to increase thermal 
efficiency and decrease inertial losses; CFD simulations 
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have confirmed that these materials are structurally sound 
under high-pressure and temperature circumstances.  
(Halis & Kocakulak, 2024; Souza et al., 2019).
The development of  high-performance intake systems 
has been further advanced by the combination of  CFD 
with optimization methods like Taguchi design of  
experiments (DoE) and Response Surface Methodology 
(Ukachi et al., 2024).  These techniques greatly cut down 
on development time and expenses by allowing engineers 
to determine ideal design parameters like runner diameter, 
plenum shape, and diffuser angles with few testing runs 
(Rajkumar et al., 2018; Verma, 2017).  The use of  machine 
learning methods to improve CFD predictions has also 
been investigated recently, allowing for the real-time 
optimization of  intake manifold shapes under dynamic 
operating circumstances (Ahsan & Noman, 2024). Even 
with these developments, it is still difficult to adequately 
describe transient flow phenomena such as pulsing airflow 
during valve opening and closing and interactions with 
exhaust gas recirculation (EGR) or turbocharger systems 
(Cecere et al., 2023; Nikolaev et al., 2025).  The creation of  
multi-physics CFD models that integrate fluid dynamics 
with structural and thermal evaluations, as well as the 
investigation of  additive manufacturing methods for 
creating intricate, topology-optimized manifold designs, 
which are examples of  future research objectives (Souza 
et al., 2019; Thamaraikanan et al., 2015).  The use of  CFD 
in the design of  next-generation intake manifolds will 
grow as global emissions standards tighten, guaranteeing 
that ICEs will continue to be competitive in a future of  
electrification and sustainable fuels.  (Goyal et al., 2024; 
Shin et al., 2022).

LITERATURE REVIEW
Through Computational Fluid Dynamics (CFD) analysis 
of  intake manifold systems, the reviewed body of  research 
provides a strong argumentative basis for combustion 
engine design and performance optimization. Each study 
discusses and improves on various aspects of  intake 
geometry, thermodynamic performance, and combustion 
behavior.  Although they acknowledge performance 
trade-offs at high speeds, Luo et al. (2016) contend that 
improving intake manifold geometry with spacers and 
chamber width improves airflow uniformity and fuel 
efficiency under a range of  engine speeds.  In response, 
Bondar et al. (2020) advocated for a mathematical 
optimization of  runner length using Helmholtz 

resonance theory, which may hypothetically boost airflow 
and volumetric efficiency without the need for internal 
adjustments like spacers. Shin et al. (2022) bolster the 
argument for geometry-led performance tweaking by 
demonstrating that straight manifolds increase in-cylinder 
turbulence and decrease cylinder-to-cylinder variance.  
Liang et al. (2025), on the other hand, move the discussion 
to cold-start behavior and suggest a new burner system in 
the intake to enhance preheating through CFD-optimized 
spray atomization. They contend that operational factors 
such as airflow velocity control combustion efficiency, 
particularly in extremely cold temperatures.  While 
introducing a dynamic, variable-length manifold model 
optimized through genetic algorithms, Talati et al. (2022) 
uphold the notion of  geometry-driven optimization and 
provide better efficiency metrics than static solutions. 
Regarding racing applications, Barhm Mohamad et al. 
(2020) and Niti Kammuang-lue and Borikhut (2015) 
Support simulation-led design with AVL-Boost and 
experimental verification, respectively, showing that 
customized intake configurations in Formula Student 
cars improve torque and lower pressure drops.  The 
integration of  these multi-domain results (combustion, 
geometry, cold-start, and acoustics) into a single, high-
resolution CFD model that can be used for both road 
and performance engines under varying operating 
circumstances is still lacking, though.  When considered 
collectively, these studies show that CFD analysis allows 
for accurate intake manifold optimization, but they 
also highlight a substantial knowledge gap about how 
to combine these particular design components into 
a comprehensive system that can dynamically adjust to 
changing engine operating conditions. This is necessary 
to create an intake manifold system that is truly optimized 
for any internal combustion engine application.

MATERIALS AND METHODS
Design pathway
The flowchart in Figure 1 shows how to use CFD 
and experimental techniques to optimize an internal 
combustion engine’s intake manifold systematically.  To 
guarantee durability and heat resistance from the design 
requirement, material selection comes after design criteria, 
which establish performance goals and restrictions.  The 
geometric and functional characteristics are defined by 
the technical standards and description, and they are 
then converted into a CAD drawing for manufacture and 

Figure 1: Design Fabrication Pathway
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simulation (Ezechukwu et al., 2025).  Mesh, turbulence 
modeling, and flow analysis are all part of  the CFD 
modeling process. For accurate simulation, boundary 
conditions (Ezechukwu et al., 2025; Jugu et al., 2025) and 
solver setup specify temperature, inlet/outlet pressures, 
and solver parameters. 
 
Design Requirement and FSAE Intake Manifold
Given that the FSAE intake manifold serves as an air buffer 
to control airflow to the cylinders, its design is essential 
to maintaining steady engine performance.  The intake 
manifold, which is shaped by available space and the best 
pickup point to prevent heat and aerodynamic disruptions, 
is responsible for distributing air uniformly throughout the 
cylinders in normally aspirated engines.  Triangular side-fed 
log manifolds are typically preferred in FSAE applications 
because of  their ability to balance packing and performance.  
Another important factor is the manifold’s size; it should 
ideally be double the engine capacity to supply ample air 
volume without delaying throttle response. A precisely 
designed convergent-divergent nozzle is necessary to 
reduce pressure losses and enhance volumetric efficiency 
since the FSAE-mandated 20 mm intake restrictor severely 
restricts airflow.  For air control, the throttle body, which 
is placed before the restrictor, is essential. Despite some 
flow blockage, the butterfly valve is frequently chosen for 

its dependability and simplicity.  Intake runners further 
increase performance through tailored lengths that use 
acoustic wave behavior to maximize volumetric efficiency 
via air ramming.  To guarantee high performance and 
responsive engine behavior in an FSAE race car, these 
elements must be optimized in tandem through simulation 
and design iterations.

Material selection
Material selection is an essential part of  every design and, 
as such, is given utmost priority to prevent breakdown 
or part failure. Having seen that these three materials 
are mainly the materials used in the manufacture of  the 
intake manifold, it is therefore paramount that the best of  
these materials is utilized. 
The following properties are considered for the material 
selection of  the intake manifold: operating temperature, 
pressure, weight loss/density, cost effectiveness, and 
formability; hence, these materials.

• Polyethylene (PE)
• Glass fiber reinforced plastic (GFRP)
• Polypropylene (PP)

Glass fiber reinforced plastic (GFRP) was decided to 
be used because of  its great thermal properties and the 
low weight/density compared with other stated materials 
above. 

Table 1: Properties of  the considered material selection

S/
N

Materials Properties
Thermal conductivity 
(W/m 0C)

Specific Heat (J/
Kg 0C)

Thermal Expansion 
Coefficient (µstrain/ 0C)

Density 
(Kg/m³)

1. GFRP 0.55 1.2 33 1.97 E3

2. Polypropylene (PP) 0.167 1.96 E3 180 910 E3

3. Polyethylene (PE) 0.435 1.88 E3 198 960 E3

Table 2: Engine specification of  Honda CBR600RR
S/N Description Values
1. Manufacture/model 2006 Honda CBR600RR 
2. Bore /stroke/cylinders/displacement 67.00/42.50mm (2.6 x 1.7 inches)/4 cylinder/ 599cc
3. Cooling Liquid
4. Valves/Valves per cylinder/Valve 

configuration
16/4/DOHC

5. Compression ratio 12.0:1.00
6. Induction
7. Fuel type Gas - Normal 98 octane unleaded petrol
8. Max power design RPM 86KW/13,000min-1 (95/1/EC)
9. Max Torque design RPM 86Nm/11,000min-1 (95/1/EC)
10. Min RPM for 80% max torque 7500rpm
11. Fuel system (manf ’r) Student designed/ built a tank & PGM-DSFI electronic 

fuel injection
12. Fuel system sensor position and crank position Air temp. /Coolant temp./ throttle

Description and Specification
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Figure 2: 3D Model of  Intake Manifold for 2006 HONDA CBR 600RR 

Type of  Engine: On a Formula-SAE race car, the rules 
restrict the usage of  engine types to being

• a reciprocating piston-type engine;
• utilizing a four-stroke combustion cycle;
• of  a displacement not exceeding 610cc.

In addition to the restrictions on the engine, it is required 
that an engine operating on gasoline as a fuel type must 
have an air intake restrictor through which all of  the air 
entering the engine must pass. On the intake manifold 
system, the restrictor is placed between the throttle 
mechanism and the engine itself. It must also not be 
movable or flexible in any way. This restrictor is circular 
and limited to 20mm in diameter. Limitations to air intake 
dimensions are introduced as a bid to limit the overall 
power of  the engine, and subsequently the vehicle, to 

reduce the speeds of  the built vehicles on the track. It 
also adds an element of  design variation as an off-the-
shelf  engine cannot be directly used on the car, spurring 
students to have to design a suitable air intake system 
to reduce the impact of  the air restrictor on the entire 
engine system. The engine selected for the Ugo FSAE 
racing Car is the Honda CBR 600RR (Ukwu et al., 2016; 
Onyenanu et al., 2015). It is the most practical option to 
meet the driving conditions and FSAE requirements.

CAD Modeling Details
The geometric model of  the intake system was created, 
and a mesh was generated using SOLIDWORKS 2023 
software. Computational fluid dynamics analysis was 
achieved in CFD software.

13. Fuel Pressure 3.5 bar (static)
14. Injector Location 70mm/3.1 inches
15. Intake Plenum Volume 2400cc cylindrical body
16. Effective intake Runner Length Approximately 210mm/8.2 inches
17. Exhaust Header design 4-2-1 equal length
18. Effective Exhaust runner Length 520mm/ 20.4 inches header
19. Ignition System Computer-controlled digital transistorized with electronic 

advance.
20. Ignition Timing Independent 4-Cylinder 3D-Mapped Computer control.
21. Spark Plug Type IMR9C-9H (NGK); VUH27D (ND)
22. Battery Capacity 12V/8.6AH
23. Oiling System (wet/dry sump, mods) Honda forced pressure and wet sump
24. Coolant System and Radiator Location Single radiator mounted in the side pod
25. Fuel Tank Location, type Mounted on chassis over Engine – Aluminum sheet tank
26. Muffler High performance carbon fiber muffler for CBR600 

(Laser)

The model design would resemble the path of  air entering 
the Intake Manifold and through the runners and into the 
engine cylinders. The model was meshed with meshing 
software. The flow simulation was performed by using 
the CFD software, the simulations were run based on the 
Navier–Stokes equations under the K–ε Two-equation 

turbulent model at steady state. The air density was 
assumed to be constant in the simulation, as shown in 
Tables 5 & 6 are the variations and boundary conditions 
in each of  the CFD simulations conducted in the present 
work. The simulation setting is based on the modeled 
intake manifold with a runner length of  305mm, and 



Pa
ge

 
27

https://journals.e-palli.com/home/index.php/jsere

J. Sustain. Eng. Renew. Energy. 1(2) 23-35, 2025

thus, the CFD and experimental results can be compared. 
Similarly, the setting is maintained in all the intake runners 
of  the manifold. 

Size of  Computational Domain

Table 3: Size of  Computational Domain
X min -0.155 m
X max 0.240 m
Y min -0.269 m
Y max 0.035 m
Z min -0.162 m
Z max 0.101 m

Table 4: Basic Mesh Dimensions
Number of  cells in X 22
Number of  cells in Y 18
Number of  cells in Z 16

Table 5: Boundary Conditions parameters
Type Environment Pressure
Faces Face<1>@Boss-Extrude7
Coordinate system Face Coordinate System
Reference axis X
Thermodynamic 
parameters

Environment pressure: 
101325.00 Pa
Temperature: 293.20 K

Turbulence parameters Turbulence intensity and 
length
Intensity: 2.00 %
Length: 0.003 m

Boundary layer 
parameters

Boundary layer type: 
Turbulent

Table 6: Static pressure parameters
Type Static Pressure
Faces Face<5>@LID1
Coordinate system Face Coordinate System
Reference axis X
Thermodynamic 
parameters

Static pressure: 96080.00 Pa
Temperature: 293.20 K

Turbulence parameters Turbulence intensity and 
length
Intensity: 2.00 %
Length: 0.003 m

Boundary layer 
parameters

Boundary layer type: Laminar

Table 7: Engine parameter
Bore diameter (D) 67 mm (0.067m)
Stroke length (L) 42.5 mm (0.0425)
Engine rpm (N) 7500 (125rev/sec)
Inlet Diameter 
(restrictor)

20 mm (0.020)

Inlet area (A) 314.2 mm^2 (3.142×10^-4 m^2)

Meshing details
The entire discretization of  the geometry for numerical 
analysis is indicated by the 44,283 total cells in the 
analysis mesh for the computational model.  The areas 
where fluid movement takes place, like within the intake 
manifold passageways, are represented by 13,980 fluid 
cells.  The solid components, such as the manifold walls 
or other structural elements involved in heat conduction 
or mechanical contact, are represented by 17,050 solid 
cells.  There are also 13,253 partial cells, which provide 
precise boundary representation and usually show up at 
the interfaces of  complicated geometries or fluid-solid 
zones.

Boundary Conditions and Their Calculation

Static Pressure 1

The constant pressure boundary conditions were used 
to define the fluid pressure at the inlet and outlet of  the 
air intake system. The inlet pressure was considered as 
1.013 bar (101325.00 Pa) since the flow was assumed 
to take place at WOT (Wide Open Throttle). For outlet 
runners, cylinder pressures of  0.9 bar (96080.00 Pa) were 
considered, since the normal expected range of  cylinder 
pressure in the SI engine at intake stroke is 0.7 to 1.2 bar. 
The turbulence specification method used for this study 
was of  ‘Intensity and Hydraulic Diameter’. Hydraulic 
diameter and turbulent intensity calculations were done 
using the engine parameters, shown in Table 7 below.

From the above engine parameters, the swept volume for 
the engine can be calculated as follows, which was used to 
determine the velocity of  air at the inlet port.
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Thus, Velocity of  air at Inlet Port=119.265 m/sec. Since 
the runner outlets are directly connected to the inlet port 
of  the cylinder head, the velocity at the inlet ports is 
assumed as the velocity at the runner outlets

Performance Metrics
Volumetric Efficiency
Volumetric Efficiency is a measure of  the Cylinder Charge. 
It defines the amount of  fresh charge that can be sucked 
into the cylinder, as a ratio of  the theoretical mass of  
air that will be contained in the cylinder (Pszczółkowski, 
2022). Essentially, for a normally aspirated gasoline 
engine, it is the ratio of  the trapped volume of  gas to the 
volume of  the cylinder.

Assumptions
Theoretical density of  air in the cylinder, ρth = Density of  
ambient air,  ρg
The Cylinder Charge of  an engine determines the 
amount of  power that can be produced, and varies with 
air-fuel ratios as well as RPM. At the exact stoichiometric 
ratio, the power produced is proportional to the mass 
of  air (or air-fuel mixture) being supplied to the engine, 
otherwise known as the “charge” of  the engine. In the 
scenario where the only method of  charging the engine is 
by the vacuum pressure created by the expansion of  the 
combustion chamber when the piston falls, it can achieve a 
maximum volumetric efficiency of  100%(Pszczółkowski, 
2022; Xu, 2020).  

Choked flow
The phenomenon of  a choked flow system is one about 
compressible flow, such as that of  air in the atmospheric 
environment flowing through the air intake system, and 
into the engine’s cylinders. In the FSAE context, the 
main location in which choked flow is likely to develop 
would be at the air intake restrictor. It is formed when air 
flows across a path with a decreasing cross-sectional area 
(Sawant et al., n.d.; Wable & Shah, 2017). The mass flow 
rate under a choked flow condition would be defined by 
the following formula:

c = discharge coefficient, A = discharge joule cross-
sectional area, m2, K = Cp/Cv of  the gas, Cp = specific 
heat of  the gas at constant pressure, Cv = specific heat of  
the gas at constant volume, ρ= real gas density at P and T, 
kg/m3, 	 P = absolute upstream pressure of  gas, Pa.
To complete the calculations, the various values of  the 
air’s properties need to be plugged into the formula. 

Certain assumptions are made about the condition of  
the air, such as its composition, as air is a mixture of  
various types of  gases. The exact value would have slight 
differences, but should generally be in the same range of  
values. The calculation below shows the values used:
C=1, A=3.142*10-4m2 (20mm diameter restrictor), Cp = 
29.19 J/mol.K, Cv = 20.85 J/mol.K, k = 1.4, ρ = 1,2041 
kg/m3, P = 101325Pa

In this calculation, a discharge coefficient of  1 is taken, 
though the number is typically smaller than this. The 
discharge coefficient is the ratio of  the actual flow rate 
to the ideal flow rate of  the gas, given the same initial 
(before restriction) conditions. The calculations therefore 
provide the ideal mass flow rate, and the result is taken as 
a reference maximum.
Considering David Vizard’s Rule for IM Runner Length;
The general rule is that you should begin with a runner 
length of  17.8 cm for a 10,000-rpm peak torque location, 
from the intake opening to the plenum chamber. You add 
4.3 cm to the runner length for every 1000 rpm that you 
want the peak torque to occur before the 10,000 rpm.
Therefore, the desired peak torque should occur at 6,000 
rpm the total runner length should be 
17.8 cm + (4 x 4.3 cm) = 35.0 cm.
The effective intake runner diameter is given by;  
D = SQRT (N x displacement x VE)/3330
D = Intake runner diameter (in inches), SQRT = Square 
root, N = Target RPM for peak torque = 6000rpm, 
Displacement (in liters) = 599cc = 0.599litres, VE = 
Volumetric efficiency in % 
But VE is represented by this formula;
VE = Vg/Vh,
Where, Vg = Volume of  gas trapped in a cylinder
Vg = Total displacement volume of  engine/No. of  
cylinder
Vg = 599/4 = 149.75cc
Vh = Volume of  Cylinder, which equals the theoretical 
volume
Vh = (Vg/CR) + Vg; CR (Compression ratio of  engine, 
12.0:1.0)
Vh = (149.75/12.0) + 149.75 = 12.479 + 149.75 = 
162.229cc
: · VE = 149.75/162.229 = 0.92 = 92%
D = SQRT (6000 x 0.599 x 0.92)/3330
D = 2.992inches = 75.997mm
Hence, the effective intake runner diameter is 75.997mm
The plenum volume for high RPM at peak torque and 
power output is in the range of  1.3 to 1.5 times to cylinder 
volume. Taking the ratio of  1.3
 Therefore, plenum volume = 0.599 x 1.3
Intake Plenum volume now becomes 0.7787litres (778.7cc 
= 778700mm3) 
Calculations of  the Ram intake tube.
The inside diameter of  a Ram intake tube is given by;
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D =   SQRT {(Displacement x VE x Redline)/ (V x 18.5)}
Where, Redline = RPM at maximum power = 7500rpm
V = Velocity of  air flow in the intake manifold plenum 
for resonance, usually estimated at 180ft/sec. maximum.
D =  SQRT {(0.599 x 0.92 x 7500)/ (180 x 18.5)}
D =  1.241inches = 31.526mm =32mm
Hence, the diameter of  the Ram intake tube is 32mm
Length of  the Ram (Plenum elbow) Intake Tube;
The length of  a Ram tube with peak torque at 6000 rpm 
is 13 inches. For higher or lower RPM, 1.7 inches is added 
to 13 inches for every 1000 rpm subtracted from 6000 
rpm, whereas 1.7 inches is subtracted from 13 inches for 
every 1000 rpm added to 6000 rpm.
The RPM at Redline = 7500 rpm
Hence, 7500 – 6000 = 1500
1500/1000 = 1.5
1.5 x 1.7 = 2.55inches
Length of  Ram intake tube = 13inches – 2.55inches = 
10.45inches
Therefore, length of  Ram intake tube = 10.451inches = 
265.43mm = 265mm

RESULTS AND DISCUSSION
Results of  the CFD Analysis
The steady-state analysis has been carried out for five 
different conditions

1. All runners open.
2. 1st runner open.
3. 2nd runner open.
4. 3rd runner open
5. 4th runner open

Analysis Goals for Runners; 1,2,3 & 4
Four intake runners in a fluid dynamic system are 
thoroughly analyzed using the performance data from 
Tables 8 and 9, which assess flow parameters including 
temperature, density, velocity, and pressure.  The bulk 
average velocities, mass flow rates, and intake and exit 
pressures are almost equal for every runner, indicating 
steady flow behavior and system balance.  Average static 
pressure (~96132 Pa), bulk average velocity (~20.2 m/s), 
and inlet mass flow rate (~0.0596 kg/s) are almost the 
same for Runners 1, 2, and 4, but Runner 3 has slightly 
higher static pressure (96762 Pa) and mass flow (~0.0623 
kg/s), suggesting a slightly higher throughput.  Although 
they are not utilized in convergence, maximum velocities 
are continuously higher than 500 m/s. Mach numbers peak 
at 1.51, indicating supersonic flow conditions in isolated 
locations, whereas temperature data for all runners vary 
from 271.82 K to about 398.85 K.  Shear stress and 
vorticity measurements show considerable shear and 
turbulence close to surfaces, and density varies from 0.32 

Table 8: Goals Datum for Intake Runners 1, 2, 3, and 4
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to 1.16 kg/m³.  When taken as a whole, the data shows that 
each intake runner exhibits steady, although complicated, 
aerodynamic behavior, with Runner 3 showing somewhat 

more flow and temperature uncertainty.

Global Min-Max-Table Runners; 1,2,3 & 4

Table 9: Runner 1, 2, 3, and 4 Datum
Name Unit Min Max Min Max Min Max Min Max 

Runner 1 Runner 2 Runner 3 Runner 4 
Pressure

Pa

27733.24 98762.36 27728.08 98704.85 30065.28 98775.08 27733.24 98762.36
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Figure 3: Contours of  velocity magnitude for runners 1, 2, and 3

Velocity Contours
When air moves from the plenum intake to Runner 1, the 

simulation indicates a considerable decrease in velocity 
because the increased plenum area diffuses the flow.  



Pa
ge

 
32

https://journals.e-palli.com/home/index.php/jsere

J. Sustain. Eng. Renew. Energy. 1(2) 23-35, 2025

Smooth flow entrance is disrupted by a steep curve at 
the plenum-runner junction.  Because of  a less abrupt 
geometric transition from the plenum, runner 2 has a 
smoother flow entrance at its intake, as seen by its greater 
velocity.  According to this section, Runner 2’s local 
region saw an increase in velocity, indicating velocities 
that were more in line with the usual runner velocity of  
the CBR600RR (~100–130 m/s at 13,000 RPM).  At its 
intake, runner 3 has high velocity, suggesting effective 
plenum flow entrance.

Contours of  Static Pressure
Figure 6 shows static pressure contours for Runner 1 
when only Runner 1 is open, indicating a sudden velocity 
drop from the plenum inlet to the runner, correlated 
with a pressure increase due to flow stagnation at the 

plenum’s end corners. Static pressure in Runner 1’s inlet 
is likely in the range of  105,000-115,000 Pa, based on a 
prior CBR600RR estimate of  ~110,000 Pa. The sharp 
bend at Runner 1’s inlet likely causes localized pressure 
losses, reducing efficiency. Runner 2’s pressure is higher 
compared to all-runners-open conditions, reflecting 
reduced flow demand and stagnation effects in the 
plenum. Pressure regions form at the plenum’s end 
corners, with Runner 2’s inlet likely experiencing pressures 
around 110,000–120,000 Pa. Runner 3 exhibits elevated 
pressure (~110,000–120,000 Pa) due to stagnation in the 
plenum and focused flow through a single runner. This 
section indicates that pressure is higher in single-runner 
conditions compared to all runners open, where pressure 
drops due to distributed flow.

Figure 4: Contours of  static pressure magnitude for runners 1, 2, and 3

Mach number
Supersonic flow is indicated by the Mach number of  
1.51, and Runners 1 and 2 exhibit notable compressibility 
effects, resulting in a 47% change in density.  As a result, 
downstream pressure drops and engine duty rises.  The 
CBR600RR’s high-performance intake is shown by the 
steep curve in restricted spaces, which exacerbates flow 
acceleration.  The smoother intake shape of  runner 2 
enables efficient flow acceleration, increasing the Mach 
values of  the restrictor.  Both downstream pressure and 
engine performance are impacted by the drastic density 
loss (47% at supersonic flows).  The high Mach number 
of  runner 4 is probably the result of  a shortened restrictor 
and an efficient intake design, which raises engine effort 
because of  the density drop and lower downstream 
pressure.
The computational fluid dynamics (CFD) study of  an 

intake manifold is summarized in Table 16, with particular 
attention to important flow characteristics among its 
runners.  Airflow along each channel is steady and fast, 
as seen by the velocity across runners 1 through 3, which 
ranges from a minimum of  55.615 m/s to a maximum 
of  500.539 m/s.  Effective pressure recovery and 
distribution are suggested by the pressure distribution 
in runners 1 through 3, which ranges from 30,052.68 
Pa to 98,899.01 Pa. With isolated supersonic portions 
(Mach > 1), probably close to important sections of  the 
geometry, the Mach number, which represents the ratio 
of  flow speed to the speed of  sound, ranges from 0 to 
1.45 in all runners (including runner 4).  This information 
demonstrates consistent flow characteristics for every 
runner and validates how well the intake manifold design 
controls compressible, high-speed airflow.
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CONCLUSION
The CFD-based optimization of  the intake manifold 
for the 2006 Honda CBR600RR engine has yielded 
significant insights into improving volumetric efficiency 
and airflow uniformity. The study confirms that geometric 
modifications, such as straight-runner configurations and 
optimized plenum volumes, enhance turbulent kinetic 
energy and reduce cylinder-to-cylinder variation, directly 
benefiting engine performance. The presence of  localized 
supersonic flow (Mach 1.51) near the restrictor underscores 
the importance of  aerodynamic refinement to mitigate 
density losses and pressure drops. Material analysis 
supports the use of  GFRP for its lightweight and thermal 
resilience, aligning with high-performance requirements. 
While steady-state simulations provide a robust 
foundation, future research should prioritize transient 
CFD models to capture dynamic engine behaviours, such 
as throttle response and RPM fluctuations. Experimental 
validation through dynamometer testing is recommended 
to bridge simulation-application gaps. This work 

advances intake manifold design methodologies, offering 
scalable solutions for both racing and commercial ICE 
applications, and highlights the potential of  integrating 
machine learning for real-time optimization in evolving 
engine technologies.

Recommendations 
Future studies should concentrate on using transient 
CFD models to capture dynamic engine characteristics, 
such as fluctuating RPM and throttle inputs, which are 
crucial for FSAE racing performance, to improve the 
intake manifold design’s dependability and application.  
It is advised to validate CFD results experimentally 
by testing prototypes on a dynamometer to evaluate 
performance in real-world racing scenarios.  Investigating 
sophisticated turbulence models, such as Large Eddy 
Simulation (LES), may increase the precision of  flow 
forecasts in intricate geometries. To guarantee long-
term dependability, durability testing of  GFRP under 
vibrational stress is also recommended. The construction 

Figure 5: Contours of  Mach number magnitude for runners 1, 2, 3, and 4

Table 10: Summary of  the analysis
Analysis Min Max
Velocity (m/s) runner 1 55.615 500.539
Velocity (m/s) runner 2 55.615 500.539
Velocity (m/s) runner 3 55.615 500.539
Pressure (pa) runner 1 30052.68 98899.01
Pressure (pa) runner 2 30052.68 98899.01
Pressure (pa) runner 3 30052.68 98899.01
Mach for runner 1 0 1.45
Mach for runner 2 0 1.45
Mach for runner 3 0 1.45
Mach for runner 4 0 1.45
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of  high-performance intake manifolds that maximize 
volumetric efficiency and power output while abiding by 
FSAE limits is made possible by these recommendations, 
which are important because they close the gap between 
simulation and real-world application. By providing a 
scalable framework for intake system optimization across 
a range of  internal combustion engine applications, from 
racing to commercial cars, this study advances CFD-
driven design approaches.
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