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Abstract

When dealing with the internal combustion engine it is important to note that the engine itself is extremely inefficient in its use of the energy added into the system. Some of theses losses are innate in the combustion engine while others are limited to manufacturing trade offs. One such area that can greatly improve the characteristic of an internal combustion engine lies in the tuning of the intake and exhaust manifolds. Considerable increases in the volumetric efficiency of the engine and power output can be achieved by optimizing the design of these components. By focusing in on manifold design and options currently available the complexity of this topic becomes evident. A thorough and carefully thought out design must be employed to insure the best possible performance of the engine. In undergoing this large-scale task certain consideration must be given not to just the designed pieces but in the reproducibility of the parts that make up the design.  For a sound design has to have a base in reality, therefore a part must be clear and concise without too many complex features. If there are to many complex features the cost then skyrockets. Sometimes theses complex parts cant be avoided and so come some sacrifices. After the design has been made and manufactured a clear-cut assembly and fit is very important especially in this case where small leaks will decrease the efficiency of the engine. The following report focuses on the overall design of the intake and exhaust system, derived by our team of engineers as well as the pitfalls and problems incurred while producing the end product.

Introduction

Scope:

Design an intake and exhaust system for a prototype racecar that is to be scheduled for mass production at minimal cost for the weekend autocross racer.  The intake and exhaust system must be able to provide maximum horsepower and torque across the engine’s power band, provided a restricted intake and noise limits placed on the design.
FSAE Competition:*


The Formula SAE competition is for engineering students to conceive, design, fabricate, and compete with small formula-style racing cars.  The restrictions on the vehicle chassis and engines are limited so that the knowledge, creativity, and imagination of the students are challenged.  The cars are built with a team effort over a period of about one year and are taken to a host institution for judging and comparison with approximately 100 other competitors from across the globe.  The end result is a great experience for young engineers that provides a meaningful engineering project as well as the opportunity to be a part of a dedicated team.  The event promotes positive interaction between the academic world and the automotive industry.


For the purpose of this competition, the students are to assume that a manufacturing firm has engaged them to produce a prototype car for evaluation as a production item.  The intended market is the weekend non-professional autocross racer, therefore, the car must exhibit very high performance in terms of acceleration, braking, and handling qualities.  The car must be low in cost, easy to maintain, and very reliable.  In addition, the car’s marketability is enhanced by other factors such as aesthetics, driver comfort, and the use of common parts.  The manufacturing firm is planning to produce 1000 cars per year at a cost below $9000.  The challenge to the design team is to produce and fabricate a prototype car that best meets these goals and intent.  Each design will be compared and judged with other competing designs to determine the best overall vehicle.


Over the course of three days, the cars are judged in several different categories: static design and safety inspection, solo performance trials, and high output track performance.  These events are scored to determine how well the vehicle performs.  In each event, the manufacturing firm has specified minimum acceptable performance levels that are reflected in the scoring equations.

*From 1999 Formula SAE Competition Magazine.

Previous Design:


A formula SAE team can bring the same car to competition twice provided substantial changes have been made to the car between the two competitions.  However, after two years the team must produce and entirely new car.  The design can be very similar but the new vehicle must be built from scratch.  The FAMU/FSU FSAE team competed with the same vehicle in 2000 and 2001 therefore a new car is being made for the 2002 competition (in May).  The “new car” is based heavily on the previous design.  While this car is in the process of being built, the “old car” is being maintained in working order.  However, it is in working order in the sense that it has the possibility of running, if we really wanted.  Most of the time it is partly disassembled so that parts of it can be closely inspected and measured and younger members can get familiar with the design and the basic sense of a formula-style racecar.  Also, it is not uncommon for parts of the car to break down through normal wear and tear of the vehicle.  When it is running, however, it gives members the chance to test out new ideas and component designs on a working vehicle.  Pictures of the engine and rear end of the old car can be seen in figures 1 and 2.


The intake system on the old car did not receive any serious design work, but was modeled after what had been seen on other cars at previous competitions.  It consists of curved runners, a cylindrical plenum a small throttle and air filter and a poorly constructed restrictor that had to be touched up at competition to pass inspection.  Since the intake can have a drastic effect on engine performance, and a new one had to be built anyway, the team decided a senior design project should be devoted to insuring that the best possible intake system was on the new car.
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The exhaust system on the old car was a factory built 4 to 1 type exhaust system that got cut and bent a little to fit into the car.  While the stock exhaust must be a good design if the motorcycle company decided to use it, our application is very different than what it was originally intended for.  And since a new exhaust system had to be put together, the team decided some design work was in order to select the best set up for competition.

Figure 1: Left side of old car engine bay.

Figure 2: Right side of old car engine bay.

[image: image2.wmf] 


Background:

Intake

On the intake side of the engine air and fuel are mixed together and their flow to the cylinders is regulated.  Several different components must work together for the intake system to perform these tasks successfully.  The main components of the intake manifold include the air filter; throttle body, plenum, fuel injectors, and runners.  The air filter removes impurities in the air so it will not hinder the combustion process.  The throttle body provides the user with a means to manage the flow of air into the engine itself, increasing the opening to supply more air.  The plenum serves as a reservoir for the incoming air to be pulled from when each cylinder requires a charge of air.  Fuel can be regulated and mixed with the air through a number of methods from carburetion to electronic fuel injection.  Then finally the air flows through the runners and into the engine where it is combusted. 


Intake manifolds use a wide variety of shapes and sizes to take advantage of every possible combination of all the various components to maximize the needs of a particular engine.  Several variations of intake manifold design can be seen in figure 3.  In doing so it is important to understand a few qualities that are desired in an intake system.  First of all a smooth laminar flow is wanted in areas of the intake where no fuel is present.  This will minimize the losses due to wall friction and bends in the manifold system.  Yet, when fuel is introduced into the system it is necessary for the flow to become turbulent.  This will increase the flow velocity at the same time increasing the atomization of the fuel air mixture to create a proper burn once in the combustion chamber.  
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Figure 3: Various intake manifold designs.

The Main goal behind tuning an intake manifold is to increase the volumetric efficiency (VE) of the engine.  “Volumetric efficiency” is a misleading term, in that it is actually a measure of the mass flow of air into the engine.  The VE takes into account the losses throughout the system from the air filter to the intake valves themselves.  The volumetric efficiency of an engine can actually be greater than 100% due to the addition of a super charger or turbo charger which increases the density of the air charge going into the engine.

Another important consideration in the design of the intake manifold comes from the manner in which the fuel is introduced into the engine.  Currently there are two main methods of fuel addition, carburetion and fuel injection.  Illustrations of these two systems can be seen in figures 4 and 5.  Modern systems are increasingly moving to computer controlled fuel injection systems to take advantage of this more efficient control mechanism.  In a carbureted engine the fuel is introduced at the beginning of the intake system, just after the air filter.  This is inefficient because the intake must be designed to maintain turbulent flow to create a good atomization of the fuel and air.  Also in carbureted engines, the mixed fuel and air mixture can collect on the walls of the runners and plenum affecting the fuel to air mixture ratio.  With multi-point fuel injection the fuel is introduced at the intake valves, after the air filter, plenum and a good portion of the runners.  Fuel injection systems also make it possible to monitor and change the fuel air ratio throughout the rpm range based on feedback from the engine itself giving cleaner more efficient operation.
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Figure 4: Carbureted intake design.


Figure 5: Fuel injected intake design.

Exhaust

The exhaust system is comprised of the exhaust manifold, exhaust pipe, muffler and tailpipe.  Once again the shape and size of the manifold can affect the performance of the engine and therefore become dependant on the objectives of a particular engine.  For most engines a simple cast iron manifold is used due to cost and manufacturability.  This technique is suitable for most production vehicles, yet there has been a large push in recent years to “tune” the manifold.  


When the exhaust valve opens an expansion wave is sent down the exhaust pipe, traveling at the speed of sound.  This wave is then reflected back when it encounters a change in geometry of the exhaust system.  This change in geometry is the point where two pipes combine into one.  There are several theories that claim this wave phenomenon can be harnessed to aid in the removal of exhaust gas from the cylinder if the exhaust is designed, in a certain fashion.  One theory states that it is disadvantageous for the wave to be traveling back towards the cylinder at any time when the exhaust valve is open.  Another states that if the wave returns to the exhaust valve at the right time, it will help to evacuate the cylinder as it is reflected back down the exhaust again.
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Tuned manifolds are typically referred to as headers.  The push toward the design of a header has been motivated by an increase in demand for performance engines and to optimize the engine to comply with more stringent emissions standards.  An optimal exhaust system creates as little backpressure as possible. This enhances flow through the system and prevents backflow, which is when exhaust gases flow back into the cylinder.  To reduce backpressure a large free flowing muffler is desired as well as a piping system with minimal bends thus eliminating many possible sources of loss.

Figure 6: Typical muffler design.

Intake System

Throttle Body:

Design


The throttle, which regulates the flow of air into the intake system, is positioned between the air filter and the restrictor.  It has a diameter twice that of the 20mm restrictor.  The throttle should be larger in diameter than the restrictor to prevent unnecessary pressure loss but the advantages of increasing the throttle size will die off after a point.  Calculation 4112.01 shows that the head loss decreases sharply as the throttle diameter increase from 20 mm to about 35 mm.  Increasing the diameter above about 50 mm has no appreciable effect on the head loss.  This suggests an optimum throttle size of 40 mm.  


The old throttle performed satisfactorily on the old car and there was no need to invest time and effort in changing the basic design, so the new throttle was modeled after the one on the old car.  The throttle body (dwg # 4212.02) is cylindrical with an inside diameter of 40mm and uses a butterfly type valve to limit airflow.  The leading edge is rounded to reduce entrance losses from the air filter, which will connect directly to it.  Two independent springs will exert closing forces on the butterfly valve as required by the FSAE competition rules for a physically redundant system preventing the throttle from remaining in the open position. 

Materials Selection


The materials used in the new throttle were also modeled after the old design.  The throttle body is made of aluminum because it is lightweight and easy to machine.  The connecting rod (dwg # 4212.03) must be strong because of it’s fine features, and it will be threaded to hold the butterfly plate mounting screws, so it was cut from steel.  The butterfly plate (dwg # 4212.01) is made of aluminum since it does not need to be as strong as the pivot rod.

Intake:

Restrictor


The FSAE competition rules require that a restrictor, no more than 20mm in diameter, be placed after the throttle and before the plenum.  This restricts the airflow into the engine; thereby limiting the power the engine can produce.  However, the more power the better, so the restrictor (dwg # 4213.00) has been designed to reduce the limiting effects as much as possible.


Anytime a fluid exits a confined flow into a reservoir there is an associated pressure loss.  This loss is proportional to the velocity of the exiting fluid.  The air has a very high velocity as it passes through the restrictor so it is advantageous to slow it down before it enters the plenum.  This is accomplished by using a conical diffuser between the restrictor and the plenum.  Both the angle of expansion and the final diameter of the diffuser affect the losses in this section.  Calculation 4112.03 shows that the decrease in losses starts to level off when the exit diameter exceeds 40 mm and reaches an absolute minimum at approximately 60 mm.  The benefit of enlarging the exit from 40 to 60 millimeters is negligible though, so increasing beyond 40mm would only make the diffuser longer than it needs to be.  Figure 5 in calculation 4112.03 shows that an area ratio of 2, corresponding to an exit diameter of 40mm, yields maximum pressure recovery with an expansion angle (2() of 5 degrees.  However, since both size and weight were an issue in the design, the expansion angle was chosen to be 10 degrees, which results in only slightly lower pressure recovery.

Plenum


The plenum acts to smooth out turbulence in the flow and assure that each runner “sees” the same flow area.  The plenum also contains the manifold absolute pressure (MAP) sensor.  Through correspondence with Tachih Chou, a technical specialist at Ford, it was decided that a plenum volume of twice the displacement of the engine is desirable for our application.  The plenum was designed to be close to this volume; CAD calculations show the design to have a volume of 1430 cm3.  However, due to its complex geometry, the dimension of the physical plenum may be slightly different from the drawings.

Runners


The fuel is introduced to the air in the runners through a direct multi-port injection system.  The runners were kept straight to eliminate any pressure losses due to changes in direction.  The cross sectional area of the runner decreases towards the engine to ensure an increasing velocity and favorable pressure gradient when the fuel is introduced.  The best rate of reduction is achieved using an angle of 6 degrees (Dr. Chiang Shih).  Tachih Chou recommended a runner volume equal to 1.5 times the displacement of a single cylinder.  These parameters, and the intake port diameter of 3.429cm, which the runners interface with, yield a runner 15.7cm long.

Materials Selection


The restrictor, plenum and runners are all molded in carbon fiber.  Carbon fiber is strong and lightweight, which will help to reduce the weight of the car.  It is also a good insulator, which will shield the incoming air from the heat of the engine and help to keep it cool.  Cool intake air is desired because the cooler the air, the denser it is, which allows a larger mass of air/fuel mixture to flow into the cylinders, therefore creating more power.  Also, the molding process produces a very smooth surface on the inside of the intake, which will help in reducing the pressure loss through the system.


The injector mounts are the only pieces not made of carbon fiber.  These pieces were machined out of aluminum and attached to the runners with carbon fiber epoxy.  The injectors must create an airtight seal in the injector mounts using rubber O-rings so the O-ring seats were cut using a precision reamer made specifically for the injectors.  These mounts could not have been made of carbon fiber so aluminum was chosen for ease of machinability and low weight.

Air Filter:


The air filter is a K&N model RU-1750.  Originally the design specified a K&N model RX-4050 Extreme filter, however, many weeks after placing an order for this filter, we were informed that this filter is not currently being manufactured by K&N.  The K&N brand was chosen for it proven record in high performance engine applications.  K&N air filters are lighter and provided less restricted airflow than other comparable filters.  The increased airflow will allow the engine to breathe better and increase volumetric efficiency.

Exhaust System

Headers:


To prevent the expansion wave from traveling back towards the cylinder while the exhaust valve is open would require the headers to be 227cm or longer (calc. 4121.01).  This length would be difficult to work into the space available, it would require more material and labor to produce and it would be heavier than a shorter design suggested by alternate theories.  Colorado State University claims that the optimum time for the wave to return is 120 degrees of crank rotation after the exhaust valve initially opens.  A header 113.4cm long would achieve this tuning (calc. 4121.01).  However, this is still relatively long compared to the size of our vehicle so cutting this length in half would allow the wave to return, once and then be reflected back again to return after the desired time period has elapsed.  This gives a header length of 56.7cm.


Our design uses Honda headers for a CBR 600.  These headers were donated to our team from Recycled Cycles of Tallahassee.  We found that these header pipes have the same lengths recommended by our calculations.  We have to assume that they were designed and built around the same theory that guided our design calculations, so very few modifications were necessary.  The modifications that were made consisted of cutting off an excess length of pipe after the headers converged into one and routing the exhaust pipe to fit the geometry of our vehicle.  In addition to changing the post-convergence portion of the header, a hole was added to provide a means of attaching an O2 sensor that is linked to the fuel management computer to ensure a proper burn of the gasses in the engine. 
Muffler:


The muffler is a High performance dual tube muffler that combines the best features of a glass pack and an original equipment muffler.  The casing is constructed of heavy-duty 16-gauge aluminum.  The muffler also has sound dissipating baffles that ensure the exhaust system achieves the proper required sound level.  The Muffler was ordered from JCWhitney and the part number is 22ZX2856X.
Testing


A problem that has plagued the FSAE club this year is availability of funds.  Because of various administrative complications, the club was unable to access any club money until very recently.  This has been detrimental to both this senior design project and club progress towards competition this year.  In regards to the intake and exhaust systems, inaccessibility of funding has been primarily responsible for making planned testing of the components impossible.  

The new engine for the new car could not be shipped earlier in the year because the club was unable to produce payment.  And a new fuel filter could not be purchased to restore the old car to running condition, so the club has been without a working engine for the last semester.  This has prevented many tests and measurements from being taken. 

It had been planned to measure the volumetric efficiency of the engine with both the old and the new intake systems in place.  This would allow a quantitative comparison of the two designs showing how much, if any, improvement had been achieved.  This, of course, was not possible without a working engine.

Another test was devised to measure pressure and pressure variations at different points in the intake.  This would show the pressure recovery obtained after the restrictor and would show whether each cylinder was experiencing the same inlet pressure.  This test also could not be done without a working engine.

On the exhaust side, the exhaust temperature was to be measured at various points along the exhaust.  This could be used to determine if all cylinders were exhausting at the same temperature, which is a good indication of whether or not all cylinders are receiving the same air/fuel ratio and burning properly.  This, too, was impossible without a running engine.

Lack of funding also made the purchase of a fuel injector test kit to test and inspect the spray patterns of the fuel injectors impossible.  It prevented the purchase of a decibel meter to measure the noise level of the exhaust, which however, could not be measured without a running engine anyway.  And it eliminated ceramic coating of the exhaust from the design, which was specified to add thermal insulation to the exhaust pipes.

Now that the bank account is finally accessible the club is in a last minute rush to finish the car in time for competition.  Many parts still need to be ordered and delivered, however, if time permits, some of the planned tests may still be performed for general knowledge and presentation at competition.  

Conclusion


As both a senior design project and as a project for the benefit of the FSAE competition, we consider the design and construction of our intake and exhaust systems to be successful.  While there were difficulties along the way, and some aspects did not go as well as hoped for, we produced what we feel is the best possible design for our customer within the time frame specified.


The final intake design utilizes multi-point fuel injection and a carbon fiber intake body.  Calculations to find the optimum throttle size and restrictor geometry yielded 40mm throttle body reducing to the 20mm restrictor and then expanding at an angle of 10 degrees back to 40mm before entering the plenum.  The runners, plenum and restrictor were molded as a single carbon fiber piece to reduce weight and assure a clean inside surface and smooth transitions in order to limit unnecessary pressure loss.


The engine will exhaust through headers 57cm long, a length calculated to exploit the pressure wave phenomenon, which takes place inside the exhaust, to scavenge exhaust gasses from the cylinders.  An appropriate muffler was ordered from JC Whitney to reduce engine noise to an acceptable level.


Our main difficulty in the completion of the project was the monetary situation.  The FSAE club was unable to access their bank account for most of the year.  This made acquiring materials very difficult and also prevented nearly all testing of the products due primarily to the lack of a working engine.  However, despite these difficulties we managed to produce a final working product that will greatly aid the FSAE club in the national competition.

