The Relevance Of Two-Stroke Expansion Chamber Design
Changing the exhaust pipes on a two-stroke engine can have a marked effect on it's power characteristics.  This article attempts to explain why and its relevance to exhausts. 

In principle the two-stroke exhaust system, referred to as an 'expansion chamber' uses pressure waves emanating from the combustion chamber to effectively supercharge the cylinder(s). 
In any internal combustion engine, the exhaust gases escaping the cylinder into the exhaust have velocity and mass, which is Inertia.  As the exhaust travels down the pipe it cools, increasing its density but to all intents and purposes maintaining the Inertia.  As the gas pressure in the cylinder is depleted the mass flow effectively stops, but the Inertia further down the pipe continues to draw on the cylinder creating a negative pressure that may used to better clear the cylinder and/or to help draw the next charge in.
However there is an additional process which relies on the propagation of reflected pressure (or sound) waves to further enhance the mass flow or Inertial effects above.
The exhaust, or expansion chambers, can be built to harness pressure (or sound) waves created by the escaping combustion gases to draw the spent gases from the cylinder(s).  These pressure waves can greatly enhance the Inertial effects and in a two-stroke will draw the charge into the chamber and the by a reverse pressure wave pressurize charge in the cylinder, filling it to greater pressures than could be achieved by simply venting the exhaust port into the open atmosphere.  This phenomenon was first discovered in the 1950s by Walter Kaaden, who was working at the East German company MZ. Kaaden understood that there was power in the sound waves coming from the exhaust system, and opened up a whole new field in two-stroke theory and tuning.
An engine's exhaust port can be thought of as a sound generator. 

Each time the exhaust port is uncovered, the pulse of exhaust gases rushing out of the port creates a positive pressure wave which radiates from the exhaust port.  The sound will be the same frequency as the engine is turning, that is, an engine turning at 8000 rpm generates an exhaust sound also at 8000 rpm or 133 cycles a second (A 4-stroke would be half this as it requires two cycles per power stroke).  The exhaust or expansion chamber’s total length is decided by the rpm the engine will reach, not displacement.  Note that unless the exhaust system has some very clever feature it is designed for optimum operation at a specific rpm.
Of course waves don't radiate in all directions since there's a pipe attached to the port. Early two strokes had straight pipes, a simple length of tube attached to the exhaust port. This created a single "negative" wave that helped suck spent exhaust gases out of the cylinder. And since sound waves that start at the end of the pipe travel to the other end at the speed of sound, there was only a small rpm range where the negative wave's return would reach the exhaust port at a useful time: At too low of an rpm, the wave would return too soon, bouncing back out the port. And at too high of an rpm, the piston would have traveled up the cylinder far enough to close the exhaust port, again doing no good. 

Indeed, the only advantage to this crude pipe system was that it was easy to tune: You simply started with a long pipe and started cutting it off until the motor ran best at the engine speed you wanted. 

So after analyzing this cut-off straight-pipe exhaust system, tuners realized two things: First, that pressure waves could be created to help pull spent gasses out of the cylinder, and second, that the speed of these waves is more or less constant, though it's affected slightly by the temperature of the air. Higher temperatures mean that the air molecules have more energy and move faster, so sound waves move faster when the air is warmer. 

A complicating factor here is that changes in the shape of the tube cause reflections, or changes, in the sound waves: Where the section of the tube changes in diameter, there will be sound waves reflected back towards the start of the tube. These waves will be the opposite of the original waves that they reflected from, so they will also be negative pressure waves. 

The next important discovery made was that by gradually increasing the diameter of the tube, a gradual, more useful negative wave could be generated to help scavenge, or pull spent gasses out of, the cylinder.  
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These “Divergent Tubes”, or "Megaphones," improved the power characteristic of the engine as the expense of noise. Putting a divergent cone on the end of a straight pipe lengthens the returning wave, broadening the power band and creating a rudimentary expansion chamber. 

When the negative wave reaches the exhaust port at the correct time, it will pull some of the exhaust gases out the cylinder, helping the engine to scavenge its spent exhaust gas.  

Deploying a divergent cone at the end of the straight (parallel) "head" pipe broadens the returning wave. The returning negative wave isn't as strong, but it is longer, so it is more likely to find the exhaust port open and be able to pull out the exhaust gases.  

The total length of the pipe with a divergent cone welded on determines the timing of the return pulses and therefore the engine speed at which they are effective.  The divergent cone's critical dimensions are the distance from the exhaust port to the start of the divergent cone; which is called the "head" pipe, and the length of the megaphone and angle of divergence.  

This determines the intensity and length of the returning wave.  A short pipe which diverges at a sharp angle from the head pipe gives a stronger, more straight-pipe-like pulse.  The ultimate divergent pipe is the 90 degree angle of the end of a straight pipe.

Conversely, a long, gradual divergent cone creates a smaller pulse of longer duration. 

While a divergent cone can produce great tuning advantages, it has limitations, too:  The broader negative wave from a megaphone can still arrive too late and pull fresh mixture out of the cylinder. That's exactly the problem that Walter Kaaden had with the factory MZs.  He realized that putting another cone, reversed to be convergent, on the end of the first divergent pipe would reflect positive waves back up the pipe. These positive waves would follow the negative waves back to the exhaust port, and if properly timed would stuff the fresh mixture that was pulled into the pipe back into the exhaust port right as the piston closed the port. 
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In addition to head pipe length, divergent and convergent cone lengths, an expansion chamber has three more crucial dimensions.  The length of the straight 'belly' between the divergent and the convergent cones, the length of the tailpiece 'stinger', or muffler, and the diameter of the belly section.  The stinger acts as a pressure bleed, allowing pressure to escape from the pipe.  Back pressure in the pipe, caused by a smaller-diameter or longer stinger section, helps the wave action of the pipe, and can increase the engine's performance.  This, presumably, happens since the greater pressure creates a denser, uniform medium for the waves to act on; waves travel better through dense, consistent mediums. For instance, you can hear a train from a long way away by putting you ear to the steel railroad track, which is much denser and more uniform than air.  But it also causes the engine to run hotter, usually a very bad characteristic in two-strokes.  
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The length of the belly section determines the relative timing between the negative and positive waves. The timing of the waves is determined by the length of the straight pipe.  If the belly section is too short, positive waves have a shorter distance to travel, and return to the exhaust port sooner. This is good if the engine is running at a higher speed, bad if you want to ride on the street.  The diameter of the belly section is crucial for one simple reason: ground clearance. It's hard to keep big, fat pipes off the ground, though V-Fours have solved that for now since two of the pipes exit directly out the back. 

A complete two-stroke pipe has properly tuned header, convergent, belly, divergent and stinger sections--a difficult process. 

Expansion Chamber Design
Based on ‘Design and Simulation of Two Stroke Engines’ written by Dr. Gordon P. Blair, 

Sound Pressure Wave Velocity

The speed of sound is one of the main parameters involved in expansion chamber design as it governs the speed of the pressure pulses that affect the chamber.
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	Where:- 
Texc is Exhaust gas temperature in Celsius 

273 added to Texc to convert to Kelvin 

R is 287 the Gas Constant of air in J/kgK 

g is 1.4 the Specific Heat Ratio of air 

a0 is the speed of sound in m/s
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Brake Mean Effective Pressure

BMEP is used in several of the expansion chamber design parameters, and is calculated as shown.
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	Where:- 
kW is engine power, kW (1bhp=746W) 

SVcc is swept volume, cc 

RPM is engine speed, rpm 

BMEP is in Bar


Or another formula
4-stroke BMEP = (HP * 13000) / (L * RPM) /14.7 = bar
Average Exhaust Temperature

Now we must determine the exhaust gas temperature in Kelvin (k = C + 273.15). This is usually a function of the engine's BMEP. 

	Engine
	BMEP, Bar
	Av. Exhaust Temp, ° C

	Grand Prix Racer
	11+
	650

	Enduro
	8
	500

	Motorcross
	9-10
	600

	Road Bike
	5
	350

	Mazda RX-7 TII
	12
	700

	Mazda RX-7 12A Racer
	11
	960


Tuned Length of the Expansion Chamber

Blair’s formula assumes that the tuned length of the expansion chamber is from the face of the piston to the beginning of the stinger and is given by the formula below.
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	Where:- 
Lt is tuned length, mm 

83.3 = metric constant

A0 is speed of sound in m/s

Q ep is exhaust duration, degrees


Effective Exhaust Diameter (EXD)

This is the diameter of a pipe whose area matches that of the exhaust port.
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	Where:- 
EXD is effective diameter, mm 

Width is port width, mm 

Height is port height, mm




Constants

The values for k1 and k 2 are ranges depending on the type of engine (enduro, motorcross or road racing) and if broadly tuned or high specific output. k1 ranges from 1.05 for a high specific output road racing engine to 1.125 for a broadly tuned enduro engine. k 2 ranges from 2.125 for a broadly tuned enduro to 3.25 for a high specific output road racing engine. 

These constants have been interpolated from the following table. 

	Engine
	BMEP, Bar
	K0
	K1
	K2

	Grand Prix Racer
	11+
	0.6
	1.05
	3.25

	Enduro
	8
	0.7
	1.125
	2.25

	Motorcross
	9-10
	0.65
	
	

	
	
	
	
	

	Mazda RX-7 TII
	12
	
	
	

	Mazda RX-7 12A Racer
	11
	
	
	


Two Stage Diffuser Expansion Chamber Dimension Calculation
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A diagram of a typical two-stage diffuser expansion chamber is shown above. Note that the length of the header pipe section LP01 includes the length of the exhaust port, i.e. LP01 is measured from the piston face.

Dimension Calculation Two Stage Diffuser
The following table gives the dimension for the two-stage diffuser expansion chamber section diameters.

	D1  = K1  EXD
	D2  = D3  (LP12 /(LP12+LP23)1.33

	D3  = K2  EXD
	D4  = K0  EXD


The next table gives the dimensions for the two stage diffuser expansion chamber section lengths.

	LP01 = 0.10 LT
	LP12 = 0.41 LT
	LP23 = 0.14 LT

	LP34 = 0.11 LT
	LP45 = 0.24 LT
	LP56 = LP45


Three Stage Diffuser Expansion Chamber Dimension Calculation
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A diagram of a typical three-stage diffuser expansion chamber is shown above. Note that the length of the header pipe section LP01 includes the length of the exhaust port, i.e. LP01 is measured from the piston face. 

Dimension Calculation Three Stage Diffuser

The following table gives the dimension for the three-stage diffuser expansion chamber section diameters.

	D1  = K1  EXD
	D2  = D1  eX12
	D3  = D1  eX13

	D4  = K2  EXD
	D5  = K0  EXD
	


Notice that two extra parameters are required for diameter calculation. These are given next.
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Notice also that an extra coefficient has been introduced. This coefficient Kh is called the horn coefficient, with typical values between one and two. Small values of Kh are best suited to Grand Prix engines with narrow power bands, larger values are for wider more flexible engines. 

The next table gives the dimensions for the three-stage diffuser expansion chamber section lengths.

	LP01 = 0.10 LT
	LP12 = 0.275 LT
	LP23 = 0.183 LT
	

	LP34 = 0.092 LT
	LP45 = 0.11 LT
	LP56 = 0.24 LT
	LP67 = LP56


The Tuned Pipe
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Sections of a Tuned Pipe

Header 

Attaches to the engine and is the straight or slightly divergent (opens up 2-3 degrees) section of the pipe. It helps to suck the exhaust gases out of the engine. The header pipe cross-sectional area should be 10-15% greater than the exhaust port window for when maximum output at maximum RPM's is desired. In some cases the area of the header pipe may have a cross-sectional area 150% of the exhaust port area. the length should be 6-8 of its diameters for maximum horsepower, for a broader power curve 11 times pipe diameter may be used. The part you trim off to tune. 

Divergent (Diffuser) Cone

The section of the pipe that attaches to the header and opens up at an angle like a megaphone. It intensifies and lengthens the returning sound waves thus broadening the power curve. The steeper the angle the more intense the negative wave returns, but also the shorter the duration. The lesser the angle, of course, returns a less intense wave, but for a longer period of time (duration). The outlet area should be 6.25 times the inlet area. 7-10 degree taper angle. 

Belly

Located between the divergent and convergent cones, it's length determines the relative timing of the negative and positive waves. The shorter the belly the shorter the distance positive waves travel and the narrower the RPM range. This is good for operating at HIGH RPM only. The longer the belly the broader the RPM range. The diameter of the belly has little or no effect. 

Convergent (Baffle) Cone

Located after the belly and before the stinger, reflects the positive waves back to the open exhaust port and forces the fresh fuel mixture back into the combustion chamber as the exhaust port closes. The steeper the angle the more intense the positive wave and the gentler the angle the less intense. 14-20 degree taper angle. The taper angle primarily influences the shape of the power curve past the point at which maximum power is obtained. 

Stinger 

Located at the opposite end of the pipe from the header and after the convergent cone, it is the "pressure relief valve" of the pipe where the exhaust gasses eventually leave the pipe. The back pressure in the pipe is caused by the size (diameter) or length of the stinger. A smaller stinger causes more back pressure and thus a denser medium for the sound waves to travel in. Sound waves love denser mediums and thus travel better. A draw back to a small stinger is heat build up in the pipe and engine. DO NOT USE TOO SMALL A STINGER! The stinger diameter should be .58-.62 times that of the header pipe and a length equal to 12 of it's own diameters. 

When the engine fires it detonates the fuel mixture in the combustion chamber, pushes the piston down, opens the exhaust port and allows the burnt gases to escape along with the sound wave produced when the engine fired. The negative sound waves pull the exhaust gasses out of the exhaust port. The positive sound waves, reflected back from the convergent (baffle) cone, force the fresh fuel mixture back into the combustion chamber through the exhaust port thus super-charging your engine. 
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Where: Lt = tuned length, in inches
Eo = exhaust-open period
Vs = sonic wave speed [use 1700 feet per second)
N = cranshaft speed, in revolutions per minute
L1 = Lt-fL2r2)
L2 = ([D2 } 2) x cotangent A2) or midpoint of L2 = ((D2 J2) x cotangent A2) ] 2
L3 = D1 x (6-8 diameters of the Header pipe for max. power, up to 11 diameters for a
broad range of power, measured from the piston facel

L4 = ([D2- D1) / 2) x cotangent Al D1 = (10 - 150% greater area than exhaust port window]
L5 = LI- (L3+La) D2 = SQRT(5.25 x [D1)°2)

L6 = ([D2 - D3) / 2) x cotangent A2 D3 = D1 x [0.58 to 0.62, use larger number if in doubt)
L7=D3x12 A1= 7 to 10 dearees]

(2 x A1 or 14- 20 degrees)




IMPORTANT!!!
When using the formulas above for designing or calculating what parameters the pipe to buy should have, the first step is to calculate D1. When you calculate D1 with the D1 formula above, remember that the number is in sq-in and must be converted to the diameter of the header pipe. Do this by dividing your calculation by Pi and then taking the square root. This will give you the radius of the header. Just multiply it by 2 to get the diameter. What you are doing is working the formula for the area of a circle backwards (Area of a circle = Pi r^2). From this point on, no other conversion should be necessary unless you use metric (Multiply numerator of LT formula by 83.3 and use 518.16 m/s for VS to get mm instead of inches) instead of English. 

For comparison here are the formulas from Martin Hepperle's "Airfoils" page. 
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Notice differences in some of the formulas? This may be due to new research and when the formulas were derived (1973 for Jennings' reference and 1997 for Hepperle's.) 

Selecting a Tuned Pipe

An ideal tuned pipe is thought to have a gently divergent header pipe to keep exhaust gases at a high velocity near the exhaust port opening, then a second medium diverging cone and a third high diverging cone attached to the belly. In reality it is what works for you. So how do you determine all these things? One at a time. Let's look at setting up an engine for course racing. 

What do we want? 

1) Quick acceleration 

2) Broad RPM range 

3) Broad to lower power range 

This means we are probably not going to turn the maximum RPM's that the engine is capable of anywhere on the course. If our engine is capable of turning 25,000 RPM's, we will probably only use up to 20,000 RPM's. Look at each section of the pipe in the above descriptions.  The Header cross-sectional area should be at least 10-15% greater than the area of the exhaust port.  Length at this point doesn't really matter (at least 8 diameters), but make sure it is long enough to work with.  The divergent cone would be at a medium angle for a broad power curve at lower RPM's. The belly would be medium to long for a broad RPM range. The convergent cone would be at a gentle angle because we want the duration of the positive wave to be longer. 

How long is the pipe? If we go back to the Formulas Page and get the formulas for Exhaust Systems Tuned Length and Length of Curved Pipe (if you need to calculate a curved pipe) we can calculate closely the pipe length. The formula for determining the length is: 

Lt = (Eo x Vs) / N English OR (83.3(Eo x Vs)) / N Metric 
Where: 
Lt = tuned pipe length, in inches OR millimeters 
Eo = exhaust open period, in degrees 
Vs = wave speed (1700 ft/sec OR 518.16 Meters/sec at sea level) 
N = crankshaft speed, in RPM 
Let's say, for example, we have an engine that will turn 25,000 RPM. We calculate that we will only use 20,000 of those RPM's and our exhaust duration is 180 degrees. Then we substitute in the formula: 
Lt = (180 x 1700) / 20,000 OR (83.3(180 x518.16))/ 20000 
Lt = 15.3 inches OR 388.46 mm 
Now this is where you need to make a personal decision. Some people say that this distance is measured from the exhaut port opening and some say that the distance is from the center of the cylinder. The choice is yours, but I take the longer distance, which is from the exhaust port opening. Remember that this is not the total length of the pipe. This is the length from the (in my choice) face of the piston at the exhaust port to the center of the convergent cone including the invisible intersection of the convergent points not just what you see. Go back to the Formulas Page and get the formula Baffle Cones to determine this point. 
Update Note - As a general rule the convergent cone should have twice the angle of the divergent cone and the largest taper angle you should use is 20 degrees and the smallest is 14 degrees. That means the divergent cone should be no more than 10 degrees and no smaller than 7 degrees.
