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ABSTRACT

The Formula SAE competition demands that teams pursue synergistic designs in creating a competitive
high performance vehicle. As a result, the design of each component fitted to a vehicle, including that of the intake,
must be undertaken with a sound foundation of technical understanding in conjunction with creativity and
innovation. Intake design is shown to make a significant contribution to engine performance, volumetric efficiency
and BSFC. Hence, this work aims to assist the YODHA Formula SAE team 2016 of Hindustan University develop
an understanding of current intake analysis and tuning techniques such that they may be innovatively applied to the
design of a high performing intake system as a part of a holistic engine tuning approach. Extensive research has
been conducted into the mechanisms by which an intake design may enhance engine performance. In particular, an
intake design is understood to effect engine performance via influences upon engine brake horse power, brake
torque, volumetric efficiency & BSFC. In addition, research has identified methods such mechanisms may be
analysed and predicted. LOTUS Engine simulation software was used to demonstrate and analyse the performance
and efficiency of intake system componentry and their design parameters. Specifically, a derivative of the design
concept was manufactured with in-built variability to enable an experimental investigation of the design and to also
help validate data obtained using LOTUS Engine simulation. Finally, LOTUS Engine simulation was used to
enable a theoretical analysis which underpinned a design proposal for a high performing intake manifold.
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1. INTRODUCTION

Quality design of an intake system requires a sound understanding of its contribution to both the overall
power output of an engine and efficiency. Furthermore it is important to understand the mechanisms that enable
these contributions as well as their significance. A wide variety of sources were studied to determine current intake
theories, design and analysis methods as well as to better understand the restrictions imposed by Formula SAE
intake regulations.

Previous Vehicles Intake Study: The Hindustan University students had designed & prototyped many cars in the
past for FSAE. But none of the cars used a proper air intake manifold design that meets the requirements set by
FSAE regulations. According to the regulations the air must pass through a single throttle body and 20 mm air
restrictor. Additionally, the team strived from developing an intake system that can be able to achieve about 75%
of the stock engine’s power output, seamlessly integrating with the existing engine system & it’s responsive and
drivability. The design processes were split into following stages: - study of stock engine, corns of previous intake
design, engine simulation, calculating optimum intake runner length & plenum volume, modelling and analysing.
The two major things are to minimizing airflow restriction and maximizing charge intake into the engine cylinders.
These were given heavy focus during initial design and modelling using solid works.

Intake Restrictor: FSAE car engine intake manifold is to be fitted with a venturi type restrictor; this research
paper mainly focuses on optimization of the air intake restrictor. The ultimate goal of using a 20mm air intake
restrictor is to restrict the mass air flow rate and to reduce its maximum power. The objective of this research paper
is to achieve maximum possible mass flow rate to the engine from 20 mm air restrictor by optimizing a venturi
type design and by reducing the pressure difference across the venturi at all speed. To get proper maximum mass
flow rate based on standard results analytical calculations are done & to calculate maximum pressure drop across
the restrictor CFD is used. The converging angle of 12 degrees & diverging angle of 6 degrees which is observed
from CFD minimum pressure drop can be achieved.

There are several challenges that must be overcome in the design of a successful engine package. These
include heavy vibrations, the potential for fluid leaks, stress on components due to acceleration, and failure due to
thermal loading. Furthermore in order to limit the explosive power these engines can make and thus keep all
drivers safe, an engine intake restrictor is required on all race cars. This means the air intake systems have to be
redesigned and optimized to compensate for the reduced mass air flow available to the engine. Many engines also
require re-tuning of the spark and fuel maps as a result. To complete all portions of the dynamic competition is
considered an accomplishment in and of itself. Many teams go to competition each year only to break down before
completing the dynamic events.

Design Goals: The primary design goal is to provide equivalent amounts of air to each cylinder. The several
objectives that can be considered when designing an intake manifold are:
a) To prevent output power loss, the pressure loss must be lowered in the manifold.
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b) To prevent the cylinders to pull same vacuum, equal static pressure distribution must be maintained in the
plenum. This leading to even air flow in each cylinder.
c) To prevent pressure loss the bends & sudden change of geometry must be minimized.
d) To provide better Air/Fuel mixture to result in proper combustion & performance, the air velocity inside the
cylinder must be maximized.

Figure.l. Intake Ports

2. MATERIALS AND METHODS
Concept Development and Investigation: The final output goal of this project is a complete optimum power
output of the engine package for use in the 2016 competition. Product development decisions are intended to
compliment the design of the race car as a whole while ensuring reliability. Therefore a Honda CBR 600cc engine
has been selected as the power plant. The high power density makes it well suited for motorsports events. It is
common practice for Formula SAE teams to use motorcycle engines for their power plants.
Objectives: The following is a list of the general project objectives required to meet the overall goal of a complete,
reliable engine package.
Engine Selection: An appropriate power plant must be selected that is in line with the over-all design strategy of
the race car. Criteria include weight, power band, torque curve, package ability, and reliability.
Software Tool and Model Creation: The engine support systems are redesigned to package and function within the
constraints of the race car. The software model allows for the prediction of the effect of these changes on the
performance of the engine.
Intake System and Plenum Design: The intake system is the most crucial design objective of the project. The
mandatory intake restrictor changes the flow characteristics of the air stream as it flows into the engine. The
primary purpose of the model is to develop a proto-type intake system that helps mitigate the effects of the
restrictor. The addition of an intake plenum provides a reservoir of air for the engine to draw on during transient
flow. This is expected to improve the overall responsiveness of the engine. This will be done by Ram & Pulse
intake tuning method.

Table.1. Vehicle Specification

Honda cbr 600cc engine

Engine Displacement 599cc liquid-cooled inline 4-cylinder.
Bore (in mm) & Stroke (in | 67mm x 42.5mm.
mm) Dual Stage Fuel Injection (DSFI) with 40mm throttle bodies, Denso 12-hole
Induction System injectors.
Compression Ratio 12.2:1
Ignition System ECU controlled digital transistorized with 3-D mapping.
Valve Train Type Double Overhead Cam ; 4 valves per cylinder
Drive train
Transmission Type Six-speed manual.
Final Drive 525 O-ring chain drive system.
Intake valve
Opens at Imm. [22° BTDC (Before Top Dead Centre)]
Closes Closes — (0.04 inch) lift. [43° ABDC (After Bottom Dead Centre)]
Exhaust valve
Opens Opens —at 1mm. [38° BBDC (Before Bottom Dead Centre)]
Closes Closes — (0.04 inch) lift. [7° ATDC (After Top Dead Centre)]
Firing Order 1-2-4-3

Study of the Stock Engine:
e The current engine is a Honda CBR 600cc engine which puts out bhp 110bhp@12,500 rpm and 64.67Nm
of torque at 10,500 rpm.
e The engine employs a ram air intake mounted on front of the bike which leads to a plenum which serves
the four cylinders.
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Figure.2. Stock Intake Manifold
Uneven distribution: The far left and far right cylinders will be starved for air so they will be running richer than
the cylinders in the middle. A lot of black smoke in the exhaust confirms this theory.

Solution: Intake plenum will be redesign to get the sufficient amount of enriched air for complete combustion of
AJF mixture.

Figure.3.Previous Intake Manifold Design

Poor volume: The intake plenum can only hold 600cc of air which is good for only one complete cycle of all the
cylinders. This would lead to starving of the engines for air at very High rpm.

Solution: At high speeds the air ratio with the fuel is less so intake plenum will be redesign for receiving sufficient
guantity of air.

No exhaust design: The stock exhaust system was used after removing the catalytic converter. This must have led
to a mismatch of the intake, engine and exhaust; since the intake has been designed the exhaust must also be
designed.

Solution: Re-calculate the exhaust pipe lengths and design a new exhaust system for Optimum performance.

Lotus Engine Simulation: It was not practical to execute excessive dynamometer runs using the Dynamite
dynamometer available in order to determine the engine’s power output either unrestricted or during intake and
exhaust geometry testing. Due to these circumstances, the decision was taken to use the Lotus Engine Simulation
software to approximate the torque & power output of the engine.

Lotus Engine Simulation can also be used for simulating engine performance and gas dynamics for
multiple engine configurations. By using the Lotus Engine Simulation software, and using all of the CBR 600
engine specifications as inputs to the various intake and exhaust components of the engine, it was possible to
obtain an approximate graphical representation equal to exact representation of the manufacturer. The engines
unrestricted horsepower and torque, which can be seen below.
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Figure.4. Feeding the Basic Engine Data to the Figure.5. Setting of Valve Timing
Software
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Figure.7.Setting of Running Conditions

j9ining the exhausts and adding a muffler
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Figure.8. Stock Engine Torque-Power Curve

The software predicts a maximum torque of 64Nm@210100rpm and a maximum power of 78kW or
105hp@14000 rpm which compared to the stock engine values of 64.67Nm @ 10500 rpm and 110hp @ 13900
rpm are pretty accurate.
Intake Simulation:
Simulating stock engine with 20mm restrictor
FSAE rules require a restrictor of 20mm mounted on the mouth of the intake plenum to restrict the power
output of the engines. This means that even though the stock engine produces 110hp, breathing through an
orifice of 20mm would result in sever power loss.
This power loss needs to be known so that the real performance of the engine can be gauged.

This is done by running a simulation in Lotus Engine Simulation with the throttle diameter of 20mm as

shown below.

Discharge CF 1.0000

Minimum C.5.A () 1169.46

Equiv. Diameter (mm) 20]
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Figure.9. Stock Engine with 20mm Restrictor
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Preliminary Design and Design Proposal:

Design Requirements:

As per the design of any engineering product, the design of a performance intake system must be
conducted relative to specified requirements. Therefore before implementing knowledge gathered as a part of the
concept development stage, customer requirements were explicitly stated. For a performance intake for the Honda
CBR 600c engine, they are stated in order; Equal distribution of pressure to all cylinders.

Design Proposal: The conducted parameter study was used to inform the formulation of a final design concept.
Limitations of Lotus Engine Simulation: As the one-dimensional software LOTUS is limited in the accuracy with
which it can represent any part of an engine which inherently consists of three dimensional flow behaviour to some
extent. As a result spurious data can sometimes be obtained from simulations conducted, seen within some of the
provided plots as seemingly random spikes. However, the majority of data is conformant to a definite trend which
is for the most part where the value in this software is derived.

Of particular note, by utilising a one-dimensional simplification the model relies highly upon the quality of
its inputs rather than directly resolving aspects of engine operation. As a result, there exists a central requirement
for the validation of the model whilst it is under development.

3. RESULTS AND DISCUSSION
Torque-Power Curve with 20mm Restrictor: As a result of reduction in intake orifice, the power of the engine
drops significantly to 53Kw or 70hp @ 12500 rpm.
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Figure.12. Torque-Power Curve with 20mm Restrictor
Notice that the rpm which maximum rpm is developed also decreases as a result of the engine not being
able to breathe properly.
Calculating the Optimum Intake Runner Length for the Engine:
e Total open time for intake valve: 245 degrees.
o Time for arrival of the wave back at the intake port: 21+90 since the intake opens 21 degrees before TDC
(Top Dead Center) and the optimum time for the wave to arrive back at the cylinder port is when the piston
slowing down on the suction stroke that is after 90 degrees (21+90=111degrees).
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Tuning for 12000 rpm for maximum power at maximum rpm:

e Time taken for one degree of rotation : 1/72000

e Time take for 111 degree of rotation : 1/72000*111

o Distance travelled by sound in the above time at 345 m/s : (1/72000*111*345)/2
e Dividing the distance by two (outgoing and incoming) : 18.75cm

So the optimal intake runner length for maximum power at 12000 rpm is 18.75cm.
Simulating the Engine with Changed Runner Lengths on Lotus Engine Simulation

|Cimansian Summany

| Tatal Lengih {rmm)

EEs

[Na. of Ciemeters

2

[St=n Diameter (mm)

32530

[Endd Ciimrmeter (rmrm)

+ [Fipe Graphical Display

20750

. [Fipesatuma

B
BED

. [Eunaca araa mme

1 66/ 9e+004

Ma. of Mashes

24

. [Well Thickness fmm)

j-4.000

Cooling Type

Air Cooled =1

[T mperaiure (")

20,00

Faxt HTC (AmeE)Y

["wimil A mtarial

ALLOVARLE UFSTREAN PLEHENTS

B A e = T [

ALLOVAELE DCWNSTREAN ELEMENTS

oo S S S

Figure.13. Engine with Changed Intake Runner Length
e The intake runner lengths on the engine model on the simulator are changed to 18.75mm.
e The model is run without any change in any other parameter and the results are compared with the

previous model.
Torque-Power Curve with Change in Intake Runner Length. As a result of a tuned intake, the power output of the
engine increases by 5% over the restricted engine as can be seen in the graph below.
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The tuned pipe gives the engine a power boost of 14% and also increases the torque.
Table.2. Comparison of Power output table

Engine set up Power out put | Increment
Stock engine 110bhp

Stock engine with previous intake and stock 4 into 1 exhaust. 70bhp 36% Loss
Stock engine with restrictor and tuned intake pipes. 75bhp 6% Gain
Stock engine with restrictor, tuned intake and 4 into 1 stock exhaust system | 80bhp 14% Gain
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Figure.15. (a) Equal distribution of pressure for all cylinders & (b) Equal Velocity of air along the intake

length
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4. CONCLUSION

The aim of this work is to underpin all future development by the FSAE team, of a high performance
intake system for a four cylinder engine. In accordance with findings presented, the presented intake design will be
able to provide the required power and efficiency without prejudice to engine performance. Performance intake
tuning techniques have been discussed and demonstrated such that this design should be able assist in shaping the
torque and power output characteristic of the engine for the benefit of vehicle competitiveness. Moreover, the
importance of conducting of intake tuning as a part of an integrated engine performance tuning process has been
identified. The presented design and analysis methodology has provided a meaningful demonstration of the intake
operation and design. Finally this demonstration has culminated in the proposal of an efficient intake design.
Recommendations & Future Work: The complexity of operation and analysis of the intake provides a wide
scope. This research has attempted to provide the basic foundations of intake and its design and analysis however
in doing so; depth of research has been sacrificed for breadth. As a result continued work should hope to explore
more specialised techniques of intake design and analysis to extend upon the basic concepts presented herein.
Some topics of interest would stem from tuning interactions assumed constant within this study. For instance, the
simultaneous tuning of the intake and exhaust as well as valve timing is documented as a significant method of
engine performance optimisation. For a four cylinder engine there is limited further work that could be undertaken
in the way of intake tuning via pipe design. This would be expected to enhance performance as well as to justify a
lighter intake and therefore it seems worthy to recommend an investigation into the feasibility of the idea.
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