2 Stroke Technology

Chapter 3 – Pipe Design

3.0 Introduction to pipes

2 stroke pipe designs have evolved from a simple straight piece of pipe to the finely tuned acoustical instruments of the “Expansion Chambers” used today.  Acoustics and sonic waves are a very important consideration in the design as they amplify desired effects of scavenging the cylinder, and then push back in the fuel-air charge that spills out of the exhaust port.
In Chapter 1 we introduced the major events that occur in a 2 stroke motor.  In Chapter 2 we discussed how port timing determines the timing of these events.  Chapter 3 will identify the components of the pipe, and how the port timing and pipe design fit together as a system to determine the timing of the events, and how that relates to the expected power output.

There are complex factors at work in the pipe.  Sonic waves travel at the velocity of sound.  The velocity of sound changes with temperature and pressure.  Sonic waves can dramatically change the pressures at a given point in the pipe for a period of time. 
As the shape of the internal walls of the pipe change, so to does the effect of the sonic wave characteristics.  The sonic wave is actually an echo rebounding from the changes of angles in the walls of the pipe.  These echoes produce changes in pressures at various points and can actually pull a slight vacuum in a length of pipe that has just prior been blasted with pressure similar to the exhaust port opening.  As a 2 Stroke has to deal with blowing out the exhaust, then blowing in some fuel-air with both sets of ports open, you can see how the structure of the pipe can be optimized for the most effective flow.
The pipe becomes an integral part of the system, and the sequence of events now becomes very crucial when looking for the most power over a specific range of RPM.  The system is very dependent on the time period of each event as it relates to power.  The time period for some events change in relation to the RPM, such as port opening times.  Other events, like the sonic waves traveling through the pipe are fixed and do not change with RPM.  There are pipes (slippy pipes) that are designed to change shape to accommodate a wider RPM band, but we will not dwell on these.  Also by changing exhaust temperature one can extend the RPM band a bit by taking advantage of the differential of the velocity of sound.  
Only a few tuners in the Pro-Karting world design and build their own pipes.  But even the Sunday afternoon club racer can take advantage of simple tuning characteristics of changing pipe length to modify the power band to best suit the conditions of the track.

3.1 Pipe Components

Figure 3.1

Spacer Shims
Overall length can be added to a pipe with spacer shims that fit between the manifold and cylinder.  Some pipes also offer a “Flex Pipe” as the Header that can be tuned to various lengths.

Manifold

This provides a sealed junction to mount the pipe to the cylinder.  It’s easy to overlook the importance of having a leak free junction to a properly designed pipe, as this bleeds off pressure and temperature.  Some can classes may try to get away with a built-in leakage as the exhaust is not designed to operate in an optimized manner. 
Header
Normally the first 6-8” of the pipe have parallel or small angles to allow the exhaust flow to stabilize in a somewhat laminar flow to reduce turbulence.  This stabilizes density and velocity, results in more efficient utilization of the sonic waves.
Divergence Cone

Similar to a megaphone, the divergence cone reduces pressure upstream by sending a sonic wave in the direction of the source of the pressure.  After the gas has been stabilized in the header, it reaches the expanding area of the divergence cone, and the pressure drops.  That pressure drop results in sending a sonic wave upstream (towards exhaust port) which also lowers pressure.  Each change in wall angle creates an individual sonic wave.  The pipe in the illustration shows 2 divergence cone angles.  The change of angle from one to the next determines the amplitude of the sonic wave to drive the corresponding pressure.  These angles also determine the period of time for the sonic wave actions.  More pressure change is always at the expense of shorter periods.  The divergence cone can generate enough negative pressure to draw air into the transfer ports as it creates a lower pressure then atmospheric pressure.
Drum

There is some notable debate about the actual effects of the drum.  It is primarily used to delay divergence and convergence sonic waves to create the optimal timing for these events.  The drum can also introduce either desired effects of stabilizing the flow, or undesired effects by creating a resonance (turbulence) under certain conditions.   
Convergence Cone

By the suction created in the divergence cone, air-fuel mixture is drawn into the header.  The convergence cone generates a positive pressure to push the fuel-air back into the cylinder, completing the supercharging effect.  Like the Stinger, the convergence cone may have multiple angles.
Stinger

With the body of a pipe shaped like the abdomen of a Bee, the stinger is aptly named.  It creates a calibrated bleed down of exhaust pressure to maintain a control of the density inside the pipe.  If the density changes too much throughout the desired RPM range, the pipe becomes less effective.  Stinger design is a balance between maintaining the lowest pressure yet most consistent density throughout the cycle.
Silencer (Not Shown)
Complimenting the effect of the stinger, the silence both attenuates the sound and helps maintain backpressure.  It also provides some attenuation of sonic waves that may resonate to nullify useful sonic waves.

Exhaust Gas
The star of the pipe show, exhaust gas is rapidly cooling as it exits the cylinder.  When the exhaust port first cracks open the actual temperature of the exhaust is well above 1800°  F average.  As it has a very low density compared to the metal around it, as the hot gases come in contact with the metals through which it is routed, the boundary surfaces are quenched to cooler temps.  That said, the temps of the gases in contact with the walls drop to the 800° range, while the center of the flow may still be much higher.  That’s why the motor does not melt down when running properly.
When the exhaust port first opens, it is still under significant pressure and temperature that affect the velocity of sound.  As the events in the pipe are responses from sonic waves, this is a crucial element to understand.  To appreciate the differentials of velocities of sound in different temperatures, densities, and mediums, Table 3.1 identifies these characteristics.
Table 3.1 Velocities of sound in various Gases
	Gas
	Pressure
	Temp (F)
	Velocity (Feet Per Second)

	Air
	1 Atm (14.7PSI)
	32° 
	1087

	Air
	25 Atm
	32° 
	1088

	Air 
	100 Atm
	32° 
	1150

	Air
	1 Atm
	68° 
	1129

	Air
	1 Atm
	212°
	1266

	Air
	1 Atm
	932°
	1814

	Air
	1 Atm
	1832°
	2297

	Carbon Monoxide
	1 Atm
	32°
	1106

	Carbon Dioxide
	1 Atm
	32°
	846

	Exhaust
	2 Atm
	1200°
	1670


From Table 3.1, the velocity is affected mostly by temperature and composition.  Richening the mixture will both cool the exhaust (lower speed) and change the composition from more CO2 to CO (higher speed).  Retarding the spark however adds heat to the exhaust without changing the composition significantly.  More about why retarding spark timing is important later.
For our purposes we will use 1675 feet per second as the average velocity of sound through the pipe, and 1275 feet per second for Fuel/Air charge velocities in most equations.
At these velocities, things happen very quickly in a 2 stroke motor turning 5 digit RPM ranges.  Table 3.2 provides the distances these gases flow in short periods of time relative to motor velocities.
Table 3.2  Gas flow and time comparisons

	Factor
	Air/Fuel Flow
	Exhaust Flow
	Motor

	Distance per Second (inch)
	15,300 
	20,100 
	

	Distance per mSecond (.001 Seconds) (inch)
	15.3
	20.1
	

	Distance per µSecond (.000001 Seconds) (inch)
	.0153
	.0201
	

	Time of revolution at 6000 RPM (µSeconds)
	* 153 inches/Rev
	* 201 inches/Rev
	10,000

	Time of revolution at 6000 RPM (mSeconds)
	
	
	10

	Time of revolution at 9000 RPM (mSeconds)
	* 114.8 inches/Rev
	* 150.8 inches/Rev
	7.5

	Time of revolution at 12000 RPM (mSeconds)
	* 76.5 inches/Rev
	* 100.5 inches/Rev
	5

	Time of revolution at 15000 RPM (mSeconds)
	* 57.4 inches/Rev
	* 75.4 inches/Rev
	3.75

	Time of  ° of revolution at 12000 RPM (µSeconds) (Note there are 360 degrees per revolution)
	* .212 inches/Degree
	* .279 inches/Degree
	13.9



* Figures provided to show relative distances per Motor Velocity Unit

While Table 3.2 indicates steady state velocities, it does not reflect the lag or delay due to flow reversals that take place.  A sonic wave may move through the system at these velocities, but the actual acceleration of gases adds a lag to the velocity. 
3.2 Effects of Cone Wall Angles on Sonic Waves

There is a direct correlation to the wall angles of the cones, and both the amplitudes and time periods of the waves.  A steeper angle will provide higher amplitude of wave at the expense of a shorter period of time.

Figures 3.2 and 3.3 demonstrate these effects.

Figure 3.2 Narrow Divergent cone angles
	
[image: image1]
	A Narrow angle produces a lower amplitude sonic wave, but for a longer period of time.  Shown at 10° wall angle, the typical wave it would produce is shown on the right.
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Figure 3.3 Steep Divergent cone angles
	
[image: image3]
	A steep angle produces a higher amplitude sonic wave, but for a shorter period of time.  Shown at 15° wall angle, the typical wave it would produce is shown on the right.
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The same relationship of angles, amplitudes and time applies to the convergence cones.  
Different pipe designers take different approaches, but are constrained to working with the same sets of physics.  There are a number of pipe design calculators available on the web, but none provide the system view and variations necessary to truly optimize the pipe.

The basic design is best done from a simple set of definitions using single angles for the divergence and convergence cones.  Pipe design is one of continuous refinement.  But even with a commercial pipe, one can make very simple changes with flex length or shims at the exhaust manifold, changes to silencer and coatings without ever touching a welder.  Some pipes are cut shorter and re-welded to modify the characteristics best suited to a motor and even track configuration.
Once a basic pipe design has been completed and analyzed, some pipe builders begin to experiment with multiple wall angles.  For example, the Honda RS 125 road racing pipe has a tapered header, with 3 angles of divergent cone wall, and one angle for convergent cone wall.
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3.3 Effects of simple changes on pipes

Skipping over the details of sizing each stage of the pipe, most people typically change the overall length using flex header lengths, or shims to manifolds.  Discussed here will be changes made to the pipe length, silencers, and coatings.

The effects on changes in lengths apply to existing pipes that have been proven in their standard configuration.  However each track,  motor configuration, chassis, and driver may find simple pipe tuning can enhance their performance.

· Adding length to the pipe will produce a higher peak torque value at a lower RPM, with a narrower power band.  This set-up works best on tight twisty tracks where acceleration off the turns is a premium.  On a typical tight track, adding length may also affect chassis set up.  With a slight increase of torque at the bottom end of the power band, it will produce more stress on the chassis as it is loaded in the turn.  For example, with a 10” flex length for a Yamaha, the chassis may be set up on the sweet spot, but with a 10-1/2” flex, the chassis may bind a bit with power on at the apex.  Don’t confuse slower lap times with changes that may have been imparted to the chassis as a result of changing pipe length.  Nor does this mean a longer pipe will always be faster on a short course – the example was provided to illustrate that pipe changes can affect things beyond the power band.
· Reducing length to the pipe will produce lower peak torque, at higher RPM, and result with a wider power band.  This typically works better on courses were longer straights are involved, especially road courses.
· Silencers can have an effect on the scavenging action as well as attenuation to sonic waves reverberating from the divergent cones.  A “loosely packed” silencer will tend to have a lesser effect on cancellation of reverberations.  Sometimes these reverberations show up on dyno runs as slight drops in torque at specific RPMs.  This all depends on the pipe, but in some cases when a drop occurs on the dyno, it can sometimes be traced back to these reverberations.  The silencer imparts a restriction on the exhaust.  This restriction will maintain some backpressure in conjunction with the stinger.  To a point, more pressure will maintain more heat, enabling the sonic waves to increase velocity with RPM.  That’s a good thing as the shorter time period for between pulse cycles is optimized.  The downside is that increased backpressure will begin to work against the negative pressure wave at some point.  In addition, the exhaust is pulsing though the silencer, which allows it to breathe into the packing somewhat.  The packing literally acts as a pressure reservoir.  Changes to silencers are not always predictable.  In some cases using different packing materials can add or take away power.  Packing comes in various grades of fiberglass and steel wool.  Basically a tighter packing will provide more of a reservoir effect to balance pressure for a longer period of time, but with less load leveling affect.  This leads to increased bottom end, a wider power band, but a sharper top power band drop-off.  The packing for some silencers can also be shortened.  This adds to the sound level but can actually improve both bottom end and top end performance in some cases.  The length of the silencer also has an effect.  A longer silencer tends to add more heat at higher RPM extending the range.  But a longer silencer has its limits as it can also affect the bottom range adversely.  The best thing to do is test the silencers you have with various packing to see what works best with your configuration.  Some of the top motor builders do this, but its seldom revealed.
· Coatings Can have profound effects on the pipe characteristics.  The pipe is designed to maintain a range of wall temperatures that cool the gases as they flow through.  Heat is radiated from the pipe in both convective (air flowing over it) and radiant transfers.  Radiant heat is what every MX shifter driver feels on their right leg….Most coatings like paint or plating has little effect on convective heat.  Header paint has little effect on heat transfer contrary to popular opinion.  Plating can have a profound effect on radiant heat.  Nickel plating has the characteristic of reflecting radiant heat to a degree, but most plasma coated ceramics can make a huge difference in heat retention.  The ceramics can solve the MX shifter drivers hot leg dilemma, but they also affect the pipe significantly.  Generally ceramic coatings will have the same effect as shortening the pipe say ½”, as will nickel coatings to a lesser degree maybe ¼”.  
3.4 The event relationships of port timing, pipe design, and RPM 
In Chapter 1 you were introduced to the concept of events.  In Chapter 2, porting events were discussed.

Repeating the events:

· Top Dead Center (TDC) as a reference point

· Crankcase compression

· Exhaust Open

· Cylinder blowdown

· Negative exhaust pressure wave(s)

· Transfer ports open

· Crankcase blowdown

· Bottom Dead Center (BDC)

· Crankcase boost charging

· Transfer ports close

· Crankcase volume charging

· Positive exhaust pressure wave(s)

· Exhaust Port closes

· Ignition 

The italicized events will be covered in more detail in Chapter 5 - Induction System & Carb.

To get a grip on the concepts of how port timing and pipe design work together, we will examine a common configuration among 125cc shifter classes for port specs and pipe design.  There will be an MS Excel spreadsheet introduced that allows the user to input variables to evaluate changes.  This exercise will allow you to understand the changes to the events as the motor speed changes. 
The Event Calculator is an MS Excel worksheet that has been composed with formulas and macros designed to create bar charts illustrating the timing of events.  The following is a simple set of instructions for using the chart.

Warnings and Troubleshooting
· Download the file and save it to a location on your hard drive.  It does not contain any viruses or any instructions that can harm a PC.  Some Excel applications will prompt a user to enable/disable macros.  If you disable them, it will not work.

· The file has one worksheet labeled “Pipe Inputs”.  Above Row 45 are input zones highlighted in yellow.  All yellow highlighted cells must be populated with valid data to operate.  The data that is currently in the cells is actual data taken from a CR125 motor and pipe used by a SKUSA SuperPro Driver in 2002.  This data will be used as an example we will cover.
· DO NOT add worksheets manually to this file.  Excel has some limitations that may cause the macros to fail.  If you screw up the file, just download another copy, it’s free after all.  Cell A47 has a button that opens a form.  By only inputting data in all the yellow cells, the form will automatically generate worksheets that store your settings, and create charts for each RPM range.  The form has the capability to delete sets of charts/specs automatically, but you will be prompted for each worksheet it deletes.

· If a macro error occurs, it will open a form with “Microsoft Visual Basic” in the top with 4 buttons, just press the “End” button.  This means something didn’t work, likely bad data.  You can manually delete any worksheets EXCEPT Pipe Inputs that may have been generated during the operation.

· Below Row 50 are the values that are derived from the inputs using formulas.  If you attempt to change these values, they will corrupt the file.

· When prompted for a worksheet name, DO NOT use existing names, or the operation will fail.

Example Exercise with the Event Calculator
1) Download the file to your PC.
2) Open the file in MS Excel (version 5 or later)

3) Read and make note of the values in the yellow highlighted area.  Note that cells C37-C44 are for adjusting lengths of pipe components.  You can alter the working length +/- in inches if it exists.  C2 in cell B43 has a value of zero, and does not exist.  Anytime the corresponding value in column B is “0”, it should also be “0” in column C.
4) Review the Pipe Dimensioning Image to identify the corresponding data points in cells B37-B44.  The inputs are limited to (3) max. Diversion Cone angles, and (2) max Conversion Cone angles. 

5) Leaving the values in tact, click on the pink button in cell A47, and a form will open.

6) In the top of the form in the Build New Charts frame is a text box that requests up to 4 characters for naming the new worksheets.  Enter the number 0 and then click on the “Build Charts” button. Entering the number 0 will result in generating new worksheets named; 0 Bottom, 0 Specs, 0 Peak Torque, 0 Overrev.  The Specs are a copy of the Pipe Input page at the time it was run.  The other worksheets are bar charts from that operation.  To close the form, click on the “Exit Excel” button.  After the form is closed you can know view the Excel worksheets.
7) Click on the “0 Bottom” worksheet to see what it provides.  We will discuss more about the results later.

8) Review the remaining “0” worksheets.  Note the effects higher RPM has on changing the relative times of the sonic wave actions of the pipe.
9) Click on the “Pipe Inputs” worksheet.  This time input the value -.4 in cells C37, C38, C39, C41, C42, C44.  Cells C40, and C43 should be left at 0 as these sections do not exist.
10)  Click on the Chart Maker button in cell A47 and open the form.  In the form, d create new worksheets by entering -.4 in the text box of the form, and click on “Build Charts”.  When the flashes are complete, Click on “Exit to Excel”.

11) Now examine the worksheets.  Compare the Charts between 0 Overrev, and -.4 Overrev.

12)  Now let’s compare actual values, such as the exhaust port event and the positive sonic wave event in the overrev area. Click on the worksheet 0 Specs, and highlight cell C135. Subtract the value of B143 from (Positive Sonic Wave) and you get .1153 milliseconds.  (Also shown in cell B151) Multiply that by 20.1 (inches/millisecond) and you get 2.31 inches.  But in this motor, the RPM peaks out at 12,100, so the delay to accelerate the gases is somewhere between 0 and .1153 milliseconds.
13)  Next let’s examine the -.4 Specs results.  C135-B143 = .1551 milliseconds and 3.12 inches.  On the dyno, this motor has lost some bottom end, a little less peak torque, but a broader band.  On the track it now revs to 12,500.  This will be discussed further later.
14)  Click on the “Pipe Input” worksheet.  Change the values in cells C47-C44 to 0.  Click on the Chart Maker button in cell A47 and open the form.  This time in the “Destroy old charts” frame, enter 0 in the lower text box, and press the “Loose the old Charts!” button.  Excel will prompt you to verify deletion of each sheet.  It will only delete the sheets with a prefix of 0.
15)  This time input -.4 in the lower text box of the “Destroy old charts” frame, and click on press the “Loose the old Charts!” button.  Your file now only contains the “Pipe Inputs” worksheet and is restored to its original condition.

As you can see, generating a lot of charts can get cluttered searching through the tabs.  Before we wrote a more powerful database version of this software, we would make runs and delete sheets and once we found an optimal set up, “Save File As” a different name.  By following a meaningful naming convention of worksheets and files makes research much easier.
Back to events and relationships
Re-run the macro (steps 5 & 6) and click on the 0 Peak Torque worksheet.  (The events we are covering in this Chapter are identified on the 0 Specs worksheet.)   Examine the chronological order of starting times of the ports, and note the delay from all transfer ports to the arrival of Negative Sonic Wave 1.  The crankcase is under pressure so it does not need the added help of the sonic waves during the Crankcase Blowdown event.  Before Bottom Dead Center (BDC) the first Negative Sonic Wave (NSW) event occurs with the second wave coming just before BDC.  Recalling from Figures 3.2 & 3.3 that these are sine waves, the peak amplitude is in the center.  That positions the peak of the second NSW at the 72-75% point of the transfer port open event where it has the most efficiency for pulling Fuel/Air in all the way back to the carb.  In some motors like this one, the waves are of such pressure (7-8 PSI Absolute) they pull in more Fuel/Air through the carb then the displacement action of the piston in the crankcase.  But not all of the Fuel/Air drawn by the NSW  make it to the cylinder on the “first pull”, as the piston closes off the transfer ports.  That is the Crankcase Boost Charge Event. 
Comparing the relative positions for the transfer ports and NSW times from bottom of range to top of range by swapping views between the worksheets should give you a pretty good idea of how a pipe can make major changes to the operating RPM of the motor.   The wider the power band the more difficult it is to match the range shifting of events, resulting in lower peak torque as the compromise for a wider band.
In most well tuned motors, the max overrev point comes at a time when the positive pressure wave can no longer push an effective volume of gases back into the cylinder due to the piston shutting off the port.  Several things are going on at this point.  The piston is traveling up, displacing volume.  The transfer ports are still filling with remaining inertia of gases flowing in.  The exhaust has some Fuel/Air bleeding out to the pipe, and now the Positive Sonic Wave (PSW) is triggered to push some of the volume back in.  This in effect reverses the flow which has a little delay. 
In step 12 of the exercise we identified the peak overrev came at 12,100 RPM and allowed a period of .1153 milliseconds (mS) to pack the cylinder.  This was the leading edge of the wave, and came at a time when there was only 9° of crank rotation left before the piston closes the port.   Flow reversal takes about .06 mS to occur, leaving .053 mS of time to push the charge back into the cylinder.  The gases are quite a bit cooler, and travel at a lower velocity then raw exhaust (plus the presence of atomized gas & oil), and the 9° of crank angle to close makes for an increasingly restricted passage for the gases to flow back through. 
This 8.2 cubic inch motor may not require a lot of volume to be blown back in.  Given a gas velocity of 1500 feet per second, and a time of .053 mS, it still has the capability of traveling .954 inches.  Consider that only 75% of this gas will make it into the decreasingly sized port before the piston closes, and that equals a .72 inch column.  Take the inside pipe diameter of 1.8 inches and find the area, then multiply that times the column length (2.55 * .72) and you get 1.8 cubic inches.  Adding 1.8 to 8.25 cubic inches is like getting a 22% boost in motor volume.
Due to the pressures involved, the timing of the peak point of the PSW should be at the center just before the piston closes at the peak torque RPM.
Even at the higher end of the sport there are still gains to be made with pipe design.  The GP racers seem to be 3-5 years ahead of the US shifter kart  development, and the European ICC motors seem to have a 1-2 lead on the US MX scene.  In both cases they typically use pipes with 3 NSW Stages, and 2 PSW stages.

If you have any questions about this subject, feel free to log into the Kartweb.com forum and ask them in the Technical Topics.
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