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Abstract

This paper involves the design and construction of the intake manifold system of the FSAE car including the air shroud, air filter, 

throttle body, restrictor plenum, fuel injectors, fuel rail and runners. To ensure the quality, the proposed system is designed based on 

the FSAE rules. The design process of the intake manifold system will consist of the usual engineering processes including computer 

modelling, Finite Element Analysis and finally Computational Fluid Dynamics testing in order to determine the validity of the model 

and to tune the design in order to obtain the optimum performance out of the intake manifold system as a whole.
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1 Introduction
The essential modulus of an internal combustion engine 
is an intake manifold system. In order for a combustion 
engine to function a number of key components must be 
included to provide the engine with the three basic ingredi-
ents it requires, fuel, air and a spark. The intake manifold 
assembly of an engine provides two of these ingredients 
to the engine (namely fuel and air) and plays an integral 
role in the overall function of the engine. The importance 
of the presence of fuel, air and a spark in a combustion 
engine is quite intuitive and with the growing number of 
cars on the road today, is something the average person 
is quite familiar with. With that said however, the impor-
tance of how, when and the amount of each component that 
is supplied is key to the overall performance of an engine 
and is generally what is modified when tuning an engine.

Ceviz and Akın [1] investigated the effect of the intake 
manifold plenum length/volume on the spark-ignited 
engines performance. This work revealed that the fuel 
consumption parameters are highly affect by this variable 
and the engine performance can be improved by utiliz-
ing continuously variable intake plenum length, especially 
at high load and low engine speeds. Using CFD analysis 
and noise emission testing, Kennedy et al. [2] developed 
a new air intake system for a single seat race car for the 
2011 formula student competition in Silverstone. The use 
of rapid prototyping techniques to produce a physical 
model, the design of a new throttle body, as well as the 

process for engine remapping and dyno test results were 
proposed in their study. Butt et al. [3] proposed a novel 
method based on the sliding mode technique for online 
prediction the discharge coefficient of throttle body of a 
gasoline engines. A classical first Sliding mode observer 
was created to determine intake manifold pressure and the 
model uncertainty due to the uncertain and time varying 
discharge coefficient was compensated by the discontinu-
ity/switching signal of sliding mode observer. This discon-
tinuity was utilized to evaluate discharge coefficient as a 
time varying signal. This coefficient can be considered to 
tune the intake manifold model to engine measurements.

Potul et al. showed that the gas dynamics of an intake 
system has a dominant role to evaluate the engine perfor-
mance [4]. This dynamics are different for fuel injected and 
carbureted engine and vary according to different factors 
including angle of the valve, number of cylinders, tempera-
ture at inlet and etc. In addition, the effects of intake runner 
length on the performance characteristics of a four-stroke, 
single-cylinder spark-ignited engine. It was shown that the 
runner length had a significant effect on the rpm at which 
peak value of torque was occurred. Shinde [5] optimized 
a venturi type restrictor to fit in the intake manifold of a 
Formula SAE vehicle engine and to allow maximum pos-
sible mass flow rate. From Computational Fluid Dynamics 
(CFD) results, converging and diverging angles of venture 
according to minimum pressure drop across the restrictor 
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were achieved. This type of restrictor was used in reduc-
ing power of engine in this work. Rishack et al. [6] studied 
the effect of different shapes of intake manifold on a sin-
gle cylinder four stroke gasoline engine using CFD soft-
ware package FLUINT 6.3 [7]. Both the Navier-Stokes 
equations and the standard k-ε turbulence model were used 
to show the air movement nature and examine the intake 
manifold optimal geometry. They proposed that a Simulate 
numerically and experimentally makes it feasible to select 
an optimized and reliable intake system geometry.

Seshadri [8] improved the reliability and performance 
of a turbocharged Honda CBR250RR engine which was 
used by University of Texas Arlington Formula SAE 
team. This study showed that an unbalanced distribu-
tion of air flow among all cylinders lead to Incorrect air/
fuel ratios and subsequently excessive exhaust gas tem-
peratures and pre-ignition detonation. To tackle these 
issues, a 3D modeling and internal flow distribution are 
performed using SolidWorks and CFD analysis, respec-
tively. Vichi et al. [9] designed the engine intake system of 
the Firenze Race Team vehicle with the aim of providing 
an optimum performance in terms of both the maximum 
power and the drivability. For this purpose, they firstly 
optimized the plenum volume in order to limit the influ-
ence of the restrictor. Then a novel intake system made up 
of a variable length duct was considered for improving the 
engine response time during both the accelerations and 
decelerations. Shelagowski and Mahank [10] carried out 
a research project to optimize the geometry of the intake 
restrictor in order to maximize flow over a range of outlet 
pressures. The CFD flow modeling software was used to 
analyze and visualize the fluid flow during the design pro-
cess. They observed good correlation between the simula-
tions and experiments in terms of flow rate.

According to Formula SAE regulations, in order to limit 
the maximum power, an air restrictor with a certain diame-
ter should be imposed in the intake line. Romani et al. [11] 
proposed that an appropriate way to overcome the limita-
tions caused by the restrictor, engine can be equipped with 
a turbocharger which usually includes a wastegate (WG) 
valve to avoid knocking phenomena and limit the maxi-
mum boost pressure. They showed the implementation of 
an electronic control system for the WG valve instead of 
a pneumatic actuator provides higher power values and 
a more extended torque curve. Using AVL BOOST soft-
ware [12], the influence of different air restrictor diameters 
for the performance of Formula SAE car engine was inves-
tigated by Melaika et al. [13]. In this work, engine perfor-
mance related parameters including air intake hydraulic 

resistance, cylinder Volumetric Efficiency, and engine 
power and fuel consumption were considered. Da Trindade 
Marcelino et al. [14] carried out both numerical and exper-
imental analyses to study the impact of the pressure loss 
generated by the restrictor on the Volumetric Efficiency 
and fuel consumption variables. It should be noted that 
the mass of air supplied to the combustion chamber will 
be reduced by installing the restrictor in the intake sys-
tem, therefore the behavior of the engine will be affected 
as a whole due to the alteration of the pressure gradient 
between the atmosphere and the combustion chamber.

An optimization process was implemented by 
Lešnik et al. [15] to find the influence of intake trum-
pet length on air mass flow and pressure fluctuations. 
They showed that at certain trumpet lengths, pressure 
fluctuation can increase the flow of air mass per engine 
cycle, and consequently affects engine-rated power and 
torque. Sardar and Sardar [16] proposed an intake man-
ifold design which improved the acceleration of the car 
at the dynamic events at a Formula Student Competition. 
They used Helmholtz resonator theory and CFD analysis 
to choose appropriate runner length and plenum volume 
for the intake system. Prasetyo et al. [17] proposed an arti-
cle with focus on the design process of the engine intake 
system and the optimization of both the engine output 
power and stability for the Bengawan FSAE team vehicle. 
The system was analyzed via CFD simulation to study 
some key parameters including the pressure, velocity, 
and airflow of the intake. Based on the 1D GT-POWER 
simulation platform, a numerical study was done by 
Silva et al. [18] on the geometry of an intake manifold of 
an internal combustion engine. Through an optimization 
process using the Brent method, it was shown that higher 
Volumetric Efficiency, effective power and torque can be 
achieved according to the motor speed conditions.

A CFD modeling of formula student car of intake sys-
tem was performed by Mohamad et al. [19], which showed 
better simulation quality compared to the previous mod-
els. In order to save a substantial amount of time and 
resources, using the AVL-Boost software, the intake sys-
tem was examined acoustically and simulated by means of 
1-D gas dynamics.

This paper concerns a formula SAE design project 
to design the intake manifold, fuel injection system and 
throttle body for the existing engine. The rest of this paper 
is organized as follows. In the Section 2, design consider-
ations and selected components are described. The CFD 
design analysis of the system is proposed in the Section 3. 
Finally, conclusions are presented in the Section 4.
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2 Design approach
The engine that is being used for the James Cook University 
Formula SAE motorsports car is a liquid cooled, four-
stroke transverse four-cylinder engine (Honda CBR 600 
F2). It should be mentioned that the intake manifold design 
should be based on FSAE rules [20].

2.1 Design considerations
Cold air shrouds are one of the most highly scrutinized 
components of a car. The aerodynamics of the design was 
the largest contributing factor. Smooth transitional flow 
from the inlet to cylinders is key in order to gain the largest 
performance potential from the engine. The main compo-
nents of the throttle body remain fairly constant between 
all of the different designs but the method by which each 
is controlled (be it electronically or mechanically) differs 
between each design. The FSAE rules are very specific 
about what designs for throttle body are allowed for use 
on the FSAE car. The only factor requiring selection being 
the inlet and outlet diameters of the throttle body pipes [21].

The FSAE restrictor did not provide the optimum per-
formance airflow to the engine and as such minor modifi-
cations to the design such as diameters and contraction rate 
were altered during the design selection process. There were 
two main choices as to which fuel injection system would 
be used for the FSAE car, the fuel injection system or the 
carburettor system. The system chosen for this applica-
tion was the fuel injection system as it allows for fine-tun-
ing of the relatively small engine at hand to give higher 
performance while still having appropriate fuel economy. 
There are numerous considerations in the design of the ple-
num that would greatly influence the overall design of the 
intake system. The FSAE car engine is positioned such that 
it is possible to employ a centre fed plenum and take advan-
tage of the excessive space above the engine. The location 
of the intake on a plenum greatly varies its shape, as the 
plenum must facilitate streamline flow.

There is no universally correct volume for a plenum 
as the most efficient volume is a function of the engine 
displacement, conditions where it is being used and the 
application of the vehicle. Because of this it is advanta-
geous to build a plenum with a variable volume. By placing 
a spacer between the two-plenum halves (effectively adjust-
ing the plenums volume), the engine can be tuned to specific 
conditions efficiently [22]. In designing the runners, there 
was little variation between the existing industry designs. 
The cross sectional shape was chosen to be circular due to 
the inlet port mating and the improved flow properties at the 
boundaries over that of a square or oval shaped runner.

2.2 Components of the selected design
The cold air shroud was designed such that it would allow 
the required amount of smooth laminar flow. The triangu-
lar inlet of the design was chosen to maximise the amount 
of air captured by the shroud whilst remaining within the 
constraints of the frame (see Fig. 1).

The taper to the circular outlet was included for sim-
plicity in order to provide the required throttle body inlet 
shape whilst maintaining smooth transitional changes 
in the airflow.

The inlet and outlet radii of the throttle body (36.276 mm 
and 28.03 mm, respectively) were the only key design fac-
tors of the throttle body, which was a pre-fabricated design. 
The diameters were chosen such that a large enough vol-
ume of airflow was able to enter the plenum (see Fig. 2).

Similarly the inlet and outlet diameters of the restrictor 
were the only key design factors and needed to be designed 
such that they matched the diameters of the throttle body 
and the plenum respectively. The geometry of the restric-
tor is proposed in Fig. 3.

As shown in Fig. 4, the fuel injection system consists of 
two major components, the four fuel injectors and the fuel 
rail. Both the fuel injectors and fuel rail are pre-fabricated 

Fig. 1 Cold air shroud geometry

Fig. 2 Throttle body geometry
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designs for the 600cc engine and therefore no additional 
geometrical dimensions had to be designed for the fuel 
injection system.

The plenum consists of three different components; 
four velocity stacks and an upper and lower plenum half, 
see Fig. 5. The design of the velocity stacks has little influ-
ence on the performance of the plenum, however it must 
have a height sufficient to draw air from the high veloc-
ity pocket and a diameter to compliment the runners. 
The lower plenum acts to house the velocity stacks and 
form a large portion of the plenum volume. It will also 
have a flange located on the top edge to compliment the 
flange on the top half of the plenum. The upper plenum 
has a flange on the lower edge to facilitate the lower half, 
as well as harbouring the intake port and dual plenum slit.

There is no optimal plenum volume as the tune of the 
engine will be different for each application. However, a 
larger plenum will produce a higher maximum power but 
a smaller plenum has a better throttle response. As the 
FSAE car will most likely be undergoing rapid accelera-
tion and deceleration as opposed to maintaining high revs, 
it is advantageous to have a smaller plenum volume.

A general guide is that the minimum plenum volume 
should be about 2x the engine displacement of 600 cc. 
Therefore the volume of the plenum should be approxi-
mately 1.2 L. However, to enhance the tune ability of the 
engine the design has been constructed such that the vol-
ume can be adjusted [22].

Five separate components make up the runner assem-
bly. The injector mounts, joint tubes, outer sleeves, run-
ner lengths and O-ring runner seals are shown in Fig. 6. 
In order to provide a suitable design that may be easily 
modified at a later date, the injector mounting assembly 
has been made easily removable. This means that the run-
ner is not permanently attached to the outer tube.

In designing the runner assembly, two major factors of 
the design were mass air flow and wave theory. In design-
ing for the former, the amount of air the engine draws 
at maximum revolutions had to be taken into account. 
The cross sectional area had to then be designed such that 
the flow did not exceed a Mach index of 0.5. The calcula-
tion for determining the airflow can be seen below.

The engine operates on a four-stroke cycle having 
a displacement of 599 cm3 and operates at a maximum 
of 12000 rpm. On a one-cylinder basis, the piston com-
pletes a cycle every 2 rpm of the crankshaft. This includes 
each of the intake, compression, power and exhaust 
strokes. Theoretically, during each cycle the engine draws 
in 149.75 cm3 of air (assuming a Volumetric Efficiency (V.E.) 
of 100 % which of course is not true in reality). The V.E. 
of the engine is likely to be between 75–85 % (as is the 
standard for most production engines) and will be signifi-
cantly lower once the restrictor is fitted. Peak Volumetric 
Efficiency occurs at the peak torque of the engine, which 
is 10500 rpm for this particular engine. For the basis of 

Fig. 5 Plenum geometry Fig. 6 Runners

Fig. 3 Restrictor geometry

Fig. 4 Fuel injector geometry
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this calculation however, it is assumed that the V.E. of the 
engine is 75 % at 12000 rpm, which will tend to overesti-
mate the volume of air and as such result in a design which 
performs better than the minimum requirement.

At 12000 rpm, this translates to 673.88 L/minute per 
cylinder and 2695.5 L/minute for the engine as a whole. 
The runner cross section was chosen as circular, due to 
the predicable flow that would occur such as high velocity 
in the center of the flow and a theoretical zero value at the 
edges. This shape is also better suited than that of a square 
cross sectional and is easier to manufacture.

Due to the high speeds that will occur within the runner, 
the runner cross sectional area is an important design fea-
ture. At such high velocities of flow (for the current 36 mm 
inside diameter, the flow rate of 0.0449 m3/s and cross sec-
tional area of 1.0179 × 10−3 m2, the velocity of the flow will 
be 44.145 m/s which is significantly less than a Mach index 
of 0.5), any slight steps or downs will create a large amount 
of turbulence. Therefore this value has been chosen as an 
inside diameter with a wall thickness of 3 mm to suit the 
rubber mount currently situated on the engine. This elim-
inates any steps in geometry. This size runner has also 
proven to be suitable in the modelling of the system.

The runner length also affects the torque characteristics 
of the engine. Longer runners were chosen over a shorter 
design for two reasons. Firstly, for the FSAE competition, 
the engine will not be at the higher end of its rpm range 
for any significant period of time due to the nature of the 
designed course. A broad midrange engine is better suited 
to the challenges presented. Secondly, having a longer 
intake runner allows ram tuning is beneficial.

Ram tuning includes designing the length of the run-
ner to reverberate the pressure wave resulting from the 
intake valve slamming shut to be timed so that at a thin 
band of rpm it will enter the open intake valve and boost 
Volumetric Efficiency. To design for this, several calcu-
lations had to be performed. As the engine completes its 
cycle, it is the camshaft that opens and closes the intake 
and exhaust valves. The camshaft profile determines the 
duration and lift of the valves. It is this duration that needs 
to be calculated. First however, the rpm range must be 
chosen. The engine currently produces maximum torque 
at 10500 rpm. It is torque that accelerates the vehicle. As it 
is assumed that the current camshaft is to be retained, 
the value of 10500 rpm will be used. The camshaft spec-
ifications for this engine (assuming stock cam fitted, 
as appears to be) are the intake opens 22° before top dead 

centre and closes at 43° after bottom dead centre. Thus the 
duration for which the intake valve is open can be calcu-
lated to be 245°; sum of 22°, 43° and 180°).

This means that the intake is open for 245 degrees of 
the cranks rotation. The crank rotates twice for the intake 
to open once. This means that the intake is closed for 475°; 
the difference of 720° and 245°; of a crank rotation. It is 
also necessary to find the time that the intake valve is closed 
such that the pressure wave can be timed to be back at the 
intake when it is opening again. Thus converting 10500 rpm 
gives 175 rev/s. Since one revolution is equal to 360 degrees, 
the crankshaft is travelling at 63000 degrees per second.

Hence the period that the intake is closed is 475 degrees 
of the crankshaft cycle which is equal to 7.539 ms 
(475 degrees / (63000 degrees / second)). This period is 
commonly referred to as the critical time factor. How far 
the pressure wave travels in this time must also be cal-
culated. Assuming an ambient temperature of 200 °C, 
the speed of sound in air is 343.2 m/s. Therefore in 
7.539 ms the pressure wave will travel 2.587 m.

For a runner, this pressure wave must travel up and back. 
So for the first "bounce" of this pressure wave to return to 
the valve the runner must be 1.294 meters long. This is not 
a reasonable length. Table 1 shows values of the harmonic 
or "bounce" numbers and the length of the intake runner 
required to take advantage of each. The first harmonic is 
the most energetic as it has only had to reverberate once. 
This reverberation and travelling through the medium 
takes energy away from the pulse and so it is advanta-
geous to use the earlier harmonics over the latter ones.

Each harmonic consists of the pressure wave travelling 
from the intake valve up the port, up the runner, into the 
plenum and hitting the back of the plenum and travelling 
back down this track. The lengths given in Table 1 are rep-
resentative of this as a total dimension. For example, on the 
4th harmonic the pressure wave travels up the intake and 
back 3 times to find that the valve is closed and continues 
to reverberate. On the 4th return however, the intake valve 
is now open and the pressure waves enters the combustion 
chamber. Thus it is desirable that this fourth value be used 
for the design. The lengths of the earlier harmonics are too 
large to be used within the intake system and the last two 
don't offer as much gain as the fourth. A total intake length 

Table 1 Runner lengths and corresponding harmonics

Harmonic 1 2 3 4 5 6

Length (m) 1.294 0.647 0.216 0.324 0.259 0.215
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(plenum to valve) was then chosen to be 324 mm. The port 
depth of the engine was measured to be 105 mm, the rub-
ber mount to be 6 mm, the joint tube to be 18 mm and 
the designed plenum depth as 60 mm. These values are 
taken off the length of 135 mm which the runner assem-
bly required. The final design of the internal surface of the 
runner assembly is then of circular cross section, diameter 
36 mm, runner body thickness 3 mm (although each com-
ponent varies) and length of 135 mm.

2.3 Force calculations
The forces acting on this system consist of its own weight, 
vibrations resulting from operation of the engine, wind 
pressure acting on the intake and any inertial forces result-
ing from acceleration whether straight line or cornering. 
Due to the low mass of the system in comparison to the 
strength of the steel fixtures required to mount it, the 
weight and inertial forces need not be taken into account. 
Rubber mounts are specified to dampen the vibrations 
form the operation of the engine. Also, the wind pres-
sure at 100 km/h on the intake has been calculated below, 
assuming the intake is a flat plate. This assumption will 
yield an overestimate of the forces involved.

P v S= × × 
1

2

2ρ
air air

,  (1)

where ρair and vair are air density and velocity, respectively; 
P and S are correspondingly the pressure and the shape 
factor for flat surface. Thus:

P = × ×[ ] =1

2
1 25 27 77 1 6 771 17

2
. . . . .

N

m
2

 (2)

Calculating the force F on the area of intake gives:

F P A= × = × =771 17 0 04 30 84. . . .N  (3)

3 Design analysis and results
The meteorological conditions of the track site where the 
car is to be raced should be sourced to determine the rela-
tive parameters of the surrounding air (see Table 2).

From these values Solidworks CFD analyses were con-
ducted for each component and for the system as a whole.

For each components, the CFD analysis were carried out 
for three cases including wide open throttle velocity, peak 

velocity and idle velocity. They are summarized as follows 
before presenting flow analysis of the whole system.

For the cold air shroud were desirable throughout all 
3 cases. The flow remains smooth and laminar and con-
firms the validity of the design for the purpose of the 
FSAE car. For the restrictor, smooth laminar flow has been 
maintained throughout the restrictor throughout the vari-
ous velocities-confirming the validity of the design.

The high-pressure pocket as a result of the backpressure 
of the slit forces the flow to disperse along the length of the 
plenum. This shows that the slit is effective at spreading 
the flow to all four cylinders.

The velocity profile over the velocity stack entrance 
shows relatively uniform and high intake velocity. 
The velocity profile of the flow through the dispersion 
slit shows that the slit effectively increases the flow width 
from 50.8 mm at the intake to the full spread of the cylin-
ders at 246 mm. This confirms the validity of the design 
and the effectiveness of the intake slit.

With a 20 mm spacer inserted, the flow in the plenum 
has more room to recirculate, creating more turbulence. 
For a 40 mm spacer, the flow on the left hand side of the 
plenum is disrupted greatly and the slit loses its effec-
tiveness. As a result, the flow in the center of the plenum 
is of a higher velocity and flow on the left hand side has 
stagnated. Furthermore, with a 60 mm spacer inserted, 
the plenum forms two distinct vortexes over pairing cyl-
inders. The flow through the slit is disrupted because of 
this with the flow not utilizing the full width of the slit. 
This results in higher velocities through the center, prob-
ably exacerbating the vortices.

The runner design has been proved to be valid main-
taining smooth laminar flow throughout the various 
flow cases.

An intermediate assembly comprising of the restrictor 
and plenum was constructed in Solidworks and a transient 
analysis conducted upon it in order to gain an understand-
ing of the nature of the components when in an assembly 
and under transient conditions.

Form Figs. 7 to 10, the transient analysis of the inter-
mediate system at wide-open throttle flow velocity has 
demonstrated the effectiveness of the plenum and the 
restrictor. The slit produces strong and even flow to the 
entire length of the plenum, ensuring the entire plenum 
provides adequate flow to all four cylinders. This final 
transient flow analysis has confirmed the effectiveness 
and validity of the center fed plenum design operating 
in conjunction with the flow restrictor.

Table 2 Meteorological averages

Parameter Humidity Temperature Wind speed

Value 70 % 21.125 °C daily max. 45 km/h
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Results for the whole system are shown in Figs. 11 to 16 
in key frame format from the animation. As can be seen, 
the design performs well maintaining the design flow 
characteristics throughout the cycle.

4 Conclusion
This paper provides key considerations for designing and 
analyzing the manifold for a Formula SAE vehicle pro-
duced by James Cook University students. The existing 

Fig. 7 Transient flow analysis – frame 1

Fig. 8 Transient flow analysis – frame 2

Fig. 9 Transient flow analysis – frame 3

Fig. 10 Transient flow analysis – frame 4

Fig. 11 Flow analyses summary – frame 1 (0.0044 sec)

Fig. 12 flow analyses summary – frame 2 (0.0052 sec)

Fig. 13 Flow analyses summary – frame 3 (0.0064 sec)
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