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The energy cycle of a gasoline engine 

 

A rule of thumb is used in the selection of turbochargers for gasoline engines: gasoline engines produce 

9.5 to 10.5 horsepower at the flywheel for every pound per minute of air flow.  The purpose of this paper 

is to track through the energy cycle of a gasoline engine to see why this is so.  Our calculations result in a 

figure of 9.65 HP per pound/minute.  It is amazing that the rule of thumb is so broadly-applicable.  It does 

not depend on the size of the cylinders, or the number of cylinders, or even the engine's RPM. 

 

The engine we will look at is a traditional naturally-aspirated gasoline engine.  By "traditional", we mean 

that a combined mixture of air and gasoline vapour is drawn into the cylinder.  The alternative, seen in 

some very modern engines, is the direct injection of the gasoline, not unlike a diesel engine.  By 

"naturally-aspirated", we mean that the mixture is drawn into the cylinder naturally as the piston head 

descends and tends to create a vacuum.  The alternative, also becoming more common in cars, is to use a 

turbocharger to pressurize the air in the intake chamber, forcing it into the cylinder whenever the intake 

valve is open. 

 

In our numerical example, we will use a cylinder whose volume is one liter at bottom-dead-center.  We 

will assume a 10:1 compression ratio, so the cylinder volume will be reduced to 0.1 liters when the piston 

is at top-dead-center.  Compression ratios for gasoline engines are almost always in the range of 9 to 10.5, 

for reasons we will discuss near the end of this paper. 

 

In an earlier paper titled The ideal gas law and a bit of thermodynamics, we described how a graph of 

pressure versus volume could be used to keep track of the state of a gas as it is transformed by some 

thermal process.  The "state" of an ideal gas is a statement of its physical properties at a particular time.  

When the quantity of gas is constant during a process, as is the case for the gasoline-air mixture trapped 

inside a cylinder, there are three physical properties of interest.  They are the pressure, volume and 

temperature.  We will assume that the mixture is "homogeneous" at every instant during the process, 

which means that pressure and temperature are the same at every spot throughout the volume.  This is not 

necessarily a good assumption – some poorly-designed engines suffer from hot spots and cold spots. 

 

The following sketch shows the pressure and volume of the fixed quantity of gasoline-air mixture in a 

cylinder as it passes through the four strokes of a traditional naturally-aspirated gasoline engine. 
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The intake stroke 

 

The gasoline-air mixture is sucked into the cylinder as the piston head descends.  We'll start our analysis 

with the intake stroke because it determines what gases are inside the cylinder during the rest of the power 

cycle.  To make things interesting, we are going to include some humidity in the ambient air and also to 

account for the loss of pressure due to suction during the intake stroke. 

 

Let's begin with air that has the pressure and temperature of the U.S. Standard Atmosphere at sea level.  

Tables for the U.S. Standard Atmosphere give a pressure of 101,325 N/m
2
 at a temperature of 15°C.  This 

is for clean dry air at a typical Canadian temperature.  But let's also assume that the relative humidity on 

this day is 20%.  The relative humidity is the amount of water vapour in the air, stated as a percentage of 

the maximum amount of water vapour which air at this pressure and temperature can hold.  (If there is 

more water vapour than this maximum, it will condense and fall as rain.)  Tables on the website 

www.EngineeringToolBox.com give a value of 16.7 millibar, or 1,670 N/m
2
, for the saturation water 

vapour pressure at this temperature.  The actual water vapour pressure will be 20% of this, or 334 N/m
2
, 

so the partial pressures which make up the real air on this day are: 

  

Component gas Partial pressure 

Clean dry air 100,991 N/m
2
 

Water vapour 334 N/m
2
 

    Total for real air 101,325 N/m
2
 

 

The clean dry air and the water vapour can be treated as ideal gases.  When they are mixed, the mixed gas 

can also be treated as an ideal gas.  The Ideal Gas Law  can therefore be used for 

each component gas and for the mixed gas as well.  Once the component gases are mixed, the volume , 

temperature  (15°C = 288.15°K) and Ideal Gas Constant  (8.314 J/mole-°K) will be the same for both, 

and the number of moles of the component gases will be proportional to their partial pressures.  For 

example, one cubic meter of real air on this day will contain the following number of moles of molecules: 

 

Component gas Number of moles in one cubic meter =  

Clean dry air  

Water vapour  

    Total for real air  

 

As always, the number of moles can be multiplied by Avogadro's number (6.0221413 10
23

) to convert 

the number of moles into the number of individual molecules.  This is done in the following table.   

 

Component gas Number of molecules in one cubic meter of real air 

Clean dry air  

Water vapour  

    Total for real air  

 

We need to get more precise about the clean dry air and describe its component gases separately.  We can 

take over results from the earlier paper in which the component gases which make up clean dry air are 

listed by their relative volumes.  The following table shows what makes up one cubic meter of real air, 

including the humidity.  (These figures are also taken from the U.S. Standard Atmosphere.) 
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Component gas % by volume of dry air 
Number of molecules in one 

cubic meter of real air 

Nitrogen                78.084%  

Oxygen                20.9476%  

Argon                  0.934%  

Carbon dioxide                  0.0314%  

Neon                  0.001818%  

Helium                  0.000524%  

Methane                  0.0002%  

    Total for dry air             100%  

    Water vapour   

    Total for real air   

 

All of these gases other than the oxygen are carried through the entire power cycle without making any 

contribution.  From the point-of-view of efficiency, they are simply dead weight which must be endured 

to allow us to use the oxygen in real air. 

 

We are going to assume that the gasoline we burn is 100% octane.  We are also going to assume that it is 

mixed with real air at the exact stoichiometric ratio.  From an earlier paper titled The stoichiometry of 

burning hydrocarbon fuels, we know that perfect combustion occurs when the eight atoms of carbon in 

each molecule of octane marry with the 25 atoms of oxygen in 12½ molecules of oxygen to produce nine 

molecules of water vapour and eight molecules of carbon dioxide.  This is the reaction: 

 

 
 

Expressed in terms of the  molecules of oxygen in the above table, the reaction is: 

 

 
 

We can re-write the above table in two ways, once to include the octane vapour before combustion and a 

second time to show the byproducts after combustion. 

 

Component 

gas 

Number of molecules (NOT IN ONE CUBIC METER) 

Before combustion After combustion 

Nitrogen  76.5484%  72.3862% 

Oxygen  20.5356%   

Octane  1.6429%   

Argon  0.9156%  0.8658% 

Carbon dioxide  0.0308%  12.4573% 

Neon  0.0018%  0.0017% 

Helium  0.0005%  0.0005% 

Water vapour  0.3242%  14.2883% 

    Total  100%   100% 

 

There are a few things to note: 

1. These molecules no longer fit into one cubic meter.  The octane in the fuel-air mixture is in 

gaseous form.  Like the other gases in the mixture, it can be treated like an ideal gas.  The 



~ 4 ~ 

 

addition of octane molecules to the one cubic meter of real air we were dealing with before will 

tend to displace some of the molecules already there.  Unless the volume is increased, the extra 

molecules will increase the pressure.  We will adjust for this in just a moment. 

2. The combustion process adds heat to the mixture, as we know.  But it also decreases the number 

of molecules. 

3. The byproducts of combustion are water vapour and carbon dioxide.  Note that a certain quantity 

of these two gases is present in the real air even before combustion takes place. 

4. Methane is present in such a small quantity that we will not continue to account for it. 

 

We now know the types of molecules in the fuel-air mixture which are sucked into the cylinder during the 

intake stroke.  We also know the relative percentages of these types – these are the percentages given in 

the "Before combustion" columns of the previous table.  We can easily scale the number of molecules so 

that the total number is consistent with any given volume, such as one cubic meter, at the ambient 

pressure we are assuming.  We calculated above (using the Ideal Gas Law) that one cubic meter of an 

ideal gas (like the fuel-air mixture) at a pressure of 101,325 N/m
2
 and a temperature of 15°C = 288.15°K 

contains 42.295 moles, or  molecules.  Scaling the columns in the previous table to this 

total gives: 

 

Component gas 
Number of molecules in one cubic meter of fuel-air mixture 

Before combustion After combustion 

Nitrogen  76.5484%  72.3862% 

Oxygen  20.5356%   

Octane  1.6429%   

Argon  0.9156%  0.8658% 

Carbon dioxide  0.0308%  12.4573% 

Neon  0.0018%  0.0017% 

Helium  0.0005%  0.0005% 

Water vapour  0.3242%  14.2883% 

    Total  100%  100% 

 

If the intake chamber of our engine had a volume of one cubic meter (it doesn't), it would contain these 

molecules.  The cylinder we are looking at has a much smaller volume – only one liter, which is one-

thousandth of one cubic meter.  (A liter is a cube whose sides are ten centimeters long, a little smaller 

than a quart.)  But, we cannot simply take one-thousandth of the numbers of the molecules in this table.  

There are other factors to consider.  The nominal volume of the cylinder is one liter, but the piston head 

does not sweep out a volume of one liter.  Since we are assuming that our engine has a compression ratio 

of 10:1, the swept volume is only 9/10 of one liter.  Furthermore, the timing of the intake valve will never 

be perfect.  There will always be some lead or lag in its openings and closings which prevent 0.9 liter of 

fuel-air mixture in the intake chamber from being transferred holus-bolus into the cylinder.  That the 

intake process depends on suction further reduces the quantity transferred.  The pressure inside the 

cylinder has to be reduced below the pressure in the intake chamber in order to create the necessary wind 

of fuel-air mixture into the cylinder.   

 

Furthermore, there is something else in the cylinder as well.  There will be some exhaust gas left over 

from the previous power cycle.  During the exhaust stroke which preceded the current intake stroke, the 

piston head only cleared out 90% of the cylinder.  About one-tenth of the exhaust gas from the previous 

power cycle remains in the cylinder at the start of the current intake stroke.  How can we sort all of these 

factors out? 
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We are  going to assume that a 5% underpressure is required to suck fuel-air mixture from the intake 

manifold into the cylinder.  Similarly, we will assume that a 5% overpressure is required to force exhaust 

gas out of the cylinder during the exhaust stroke.  (Since normal air pressure is approximately 15 psi, this 

5% pressure differential is equivalent to 5%  15 psi = 0.75 psi.) 

 

To understand the intake stroke, we have to look back to the end of the previous power stroke, and 

consider the exhaust gas which was inside the cylinder at that time.  Since we (the authors) have already 

done the analysis all the way through to the end, we can tell you that the state of the exhaust gas at that 

time was as follows: 

 

 

 

 

 

 

 

We can imagine this exhaust gas as being two distinct parts.  The first part is the 90% which will escape 

through the exhaust valve as the piston head rises during the exhaust stroke.  The second part is the 10% 

which will not leave the cylinder.  For modeling purposes, we can represent these two parts as follows: 

 

 

 

 

 

 

 

At this point, in order to understand the intake stroke, we only need to consider the gas which will remain 

inside the cylinder.  At the end of the exhaust stroke, it will consist of the same number of moles 

(0.0041994 moles) and will occupy the same volume (0.1 liters) as it did at the start of the exhaust stroke.  

Only its pressure and temperature will have changed.  We know the pressure.  Including the 5% 

overpressure, the pressure will be .  Since we know the change 

in pressure, we can calculate the change in temperature.  When we do this (below), we find that the 

temperature of this part of the exhaust gas will have fallen to 304.73°K = 31.58°C at the end of the 

exhaust stroke.  This may seem too low, but bear in mind that this part of the gas is not what we normally 

think of as the exhaust gas.  That part left the cylinder, at a high temperature.  The part which remains in 

the cylinder cools as the pressure decreases.  Incidentally, the 0.004199 moles of exhaust gas left in the 

cylinder when the intake stroke starts is equivalent to  

molecules. 

 

Now, let's look ahead to the end of the intake stroke.  We're sorry to do so much jumping around.  Here is 

what we are trying to do.  We have just calculated the number of molecules of gas left inside the cylinder 

from the previous power cycle.  We are now going to calculate the total number of molecules which must 

be inside the cylinder at the end of the intake stroke.  The difference will be the number of molecules 

which are sucked in from the intake manifold. 

 

At the end of the intake stroke, the volume of the cylinder will be at its maximum, 0.1 liter, or 0.001 cubic 

meters.  Since there is a 5% underpressure, the gases will be subject to absolute pressure of 

.  The temperature of the mixed gas will be a weighted average of the 

temperatures of the fuel-air mixture coming in from the intake manifold (at 15°C) and the left-over 

exhaust gas (at 31.58°C).  The weighted average temperature we have used is 16.74°C, or 289.89°K. 

 

Pressure = 592,967 N/m
2
 

Volume = 1 liter 

Temperature = 1,698.39°K 

Number of moles = 0.041994 

Gas which will leave cylinder 

Pressure = 592,967 N/m
2
 

Volume = 0.9 liter 

Temperature = 1,698.39°K 

Number of moles = 0.037794 

Gas which will remain in cylinder 

Pressure = 592,967 N/m
2
 

Volume = 0.1 liter 

Temperature = 1,698.39°K 

Number of moles = 0.0041994 
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We now have everything we need to use the Ideal Gas Law to calculate the number of moles of gas inside 

the cylinder at the end of the intake stroke, as follows: 

 

 

 

The difference between these quantities ( ) is the 

number of molecules sucked into the cylinder during the intake stroke.  We can take the proportions from 

the "Before combustion" columns of the previous table to calculate the number of different molecules 

drawn in during the intake stroke.   

 

Component gas 
Number of molecules drawn into 

cylinder during the intake stroke 

 Nitrogen  76.5484% 

Oxygen  20.5356% 

Octane  1.6429% 

Argon  0.9156% 

Carbon dioxide  0.0308% 

Neon  0.0018% 

Helium  0.0005% 

Water vapour  0.3242% 

    Total  100% 

 

We (the authors) also know the composition of the gas left inside the cylinder at the end of the exhaust 

stroke.  These molecules are the following. 

 

Component gas 
Number of molecules left in the 

cylinder after the exhaust stroke 

Nitrogen  72.3862% 

Oxygen   

Octane   

Argon  0.8658% 

Carbon dioxide  12.4573% 

Neon  0.0017% 

Helium  0.0005% 

Water vapour  14.2883% 

    Total  100% 

 

We can combine the molecules from the two sources (set out separately in the two previous tables) to list 

the number of molecules inside the cylinder at the end of the intake stroke, as follows: 

 

Component gas 

Number of molecules 

drawn into cylinder 

during the intake stroke 

Number of molecules left 

in the cylinder after the 

exhaust stroke 

Number of molecules in 

the cylinder after the 

intake stroke 

Nitrogen    

Oxygen    

Octane    
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Argon    

Carbon dioxide    

Neon    

Helium    

Water vapour    

    Total    

 

Let's just summarize where we are.  We have combined molecules from two separate sources to figure out 

the component gases in the cylinder at the end of the intake stroke.  We are going to take these molecules 

through the rest of the power cycle.  At the moment, we have  in the cylinder.  

They occupy a volume of exactly 1.0 liter.  The pressure on the cylinder walls is  and the 

temperature is 16.74°C.  As an aside, we can now verify our calculation of the weighted average 

temperature of the gases at the end of the intake stroke.  We combined  molecules at a 

temperature of 288.15°K from the intake chamber and  molecules at a temperature of 

304.73°K from the exhaust.  The weighted average temperature is the following simple average: 

, or 16.74°C.  

 

It happens that, in one of the steps below, we are also going to need to know the mass of the gas inside the 

cylinder.  This is a good time to figure it out.  www.EngineeringToolBox.com has tables of the molecular 

weights of the molecules we are looking at.  The following table states the weight of each molecule in 

Atomic Mass Units.  Since one AMU is equal to one gram per mole of any material, it is easy to calculate 

the mass of each gas in the cylinder at the end of the intake stroke.  This is also shown in the table.  The 

total mass of the gas in the cylinder is 0.0012044 kilograms, or 1.2044 grams. 

 

Component gas 

Number of molecules in 

the cylinder after the 

intake stroke 

Atomic 

weight 

(AMU) 

Mass in the 

cylinder after the 

intake stroke 

Nitrogen  28.0134  
Oxygen  31.9988  
Octane  114.2200  
Argon  39.9480  
Carbon dioxide  44.0100  
Neon  20.1790  
Helium  4.0026  

Water vapour  18.0200  
    Total    

 

The compression stroke 

 

Let's look at the compression stroke next.  It is the black line from Point B to Point C in the drawing.  The 

trapped gas is squeezed from a volume of one liter into a smaller volume only one-tenth as big.  The 

pressure rises, but it rises by more than a factor of ten.  If the starting pressure is one atmosphere, or close 

to one atmosphere, the pressure when the piston reaches the top of the cylinder is going to be more that 

ten atmospheres.  In our numerical example, it is about 21 atmospheres. 

 

Squeezing a gas is a complicated physical process.  We are going to model this complicated process as an 

"adiabatic process involving an ideal gas".  That statement contains two important assumptions about 

what is going on.  Firstly, the "ideal gas" assumption is that the molecules of the gas fly around like 
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mathematical points and bounce off each other (and the walls) in perfectly elastic collisions.  To the 

extent that this assumption is valid, we can describe the properties of state using the Ideal Gas Law: 

 

 

 

The pressure, volume and temperature (measured in absolute degrees, or degrees Kelvin) are represented 

by the symbols ,  and .   is the number of moles of gas trapped inside the cylinder and  is the Ideal 

Gas Constant ( ).  Earlier papers describe this relationship in more detail. 

 

The second assumption – the "adiabatic" assumption –  is that compression takes place so quickly that 

there is no exchange of energy between the gas and its surroundings (the walls).  The walls may be hot, 

but there is not enough time for most molecules to hit the walls and be speeded up, which would increase 

their energy.  Similarly, although the gas is heating up during the compression, there is not enough time 

for most molecules to hit the walls and transfer some of their energy to the walls.  In other words, the 

energy which the gas contains at the end of the intake stroke remains constant during the compression 

stroke.  To the extent this assumption is valid
1
, we can describe an adiabatic process using the 

relationship: 

 

 
 

In this equation, the symbol  (the Greek letter "gamma") is the Adiabtic Index of the gas.  The Adiabatic 

Index accounts for the fact that the molecules hold their energy in two different forms.  They have kinetic 

energy, which is related to the speed at which they fly around.  They also have internal energy, which is 

related to the relative motion of the atoms inside the molecules.  For the simplest kind of molecules, each 

having only one atom, .  Dry air, which is mostly  and , has .  As the complexity 

of the molecules increases, and the number of atoms per molecule increases, there become more ways for 

the atoms to move around.  Since these molecules can store more energy internally,  decreases even 

more.   also changes a bit as temperature changes (except for monatomic molecules).  This happens 

because there are different ways the constituent atoms can move with respect to each other and with 

respect to the center-of-gravity of the molecule.  They can vibrate in simple modes or in more 

complicated modes, and they can rotate around different axes as well.  Which modes of motion 

predominate depends on the temperature. 

 

In our numerical example, we are going to use three values for , one for the compression stroke, another 

for the power stroke and a third during the exhaust stroke.  Gasoline vapour, whose molecules are more 

complex than those of dry air, tend to reduce the  of the fuel-air mixture.  A fuel-air mixture at 

atmospheric pressure has .  After being heated and compressed during the compression stroke,  

will have been reduced, to .  After combustion, the molecules of the gas will have changed type.  

There will be much more carbon dioxide ( ) and water ( ), and much less (zero, if the burning was 

complete) oxygen .  After combustion, the average molecule will be more complex than the diatomic 

molecules of nitrogen and oxygen which made up the most of the pre-combustion gas.   will have 

dropped even more, likely to the  to  range.  The exhaust stroke is cooler than the combustion 

stroke, consistent with a slightly lower .  We chose to use the following average values in the numerical 

example: 

                                                           
1
   To be precise, use of Equation  depends on one additional assumption as well.  The process must be 

"reversible".  When a process is both adiabatic and reversible, it is said to be "isentropic".  If there is 

friction during a process, it will not be reversible.  We are not talking here about mechanical friction 

involving engine parts.  We are talking about friction, for example, between atoms when one molecule 

hits another.  For our purposes, this kind of friction is negligible.  
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Let us illustrate how to apply these two equations to the compression stroke.  The state of the mixture at 

the end of the intake stroke, from above, is as follows: 

 

 

  

Assuming compression is adiabatic and reversible, the quantity  will be constant throughout.  At 

the start of the compression stroke, this value is: 

 

 

 

This value must will also apply at the end of the compression stroke, when the volume will have been 

reduced to .  At that point: 

 

 

 

In fact, one can make the same calculation for pressure at any volume along the way from BDC (one liter) 

to TDC (0.1 liter). 

 

Next, at any point during the compression stroke for which we care to calculate the pressure, we can use 

the Ideal Gas Law to calculate the temperature as well.  At the end of the compression stroke, for 

example, it is: 

 

 

   

Phase 1 of the power stroke - Combustion 

 

Now that the mixture has been compressed, we can fire the spark plug and begin the power stroke.  This 

is also a complicated physical process.  We are going to model it as taking place in two separate and 

sequential phases.  These are shown separately in the pressure-versus-volume diagram above.  There is 

the vertical line from Point C to Point D, followed by a curve towards the lower right from Point D to 

Point E.  Here's the difference between the two phases.  The first phase is the burning of the fuel-air 

mixture.  We will assume that the burning takes place very quickly, so quickly that the piston does not 

even move while it takes place.  Since the piston does not move, the volume is constant.  That is why this 

part of the power stroke appears as a straight vertical line in the diagram.  (A thermal process like this, 

which takes place at constant volume, is called an "isochoric" process.)  Burning the fuel adds heat energy 

to the gas.  The gas responds by expanding, driving the piston down.  The expansion of the heated gas is 



~ 10 ~ 

 

the second phase of the power stroke.  We will describe that in the next section.  In this section, we will 

look only at the burning phase. 

 

Burning releases heat.  The amount of heat released depends on the amount of octane and oxygen inside 

the cylinder.  Experiments have shown that burning one kilogram of gasoline
2
 releases  

(MegaJoules, or millions of Joules) of heat energy
3
.  The most recent table above shows that the mass of 

octane inside the cylinder is .  Burning it will release 

 of heat energy.  Burning the fuel also changes the types of molecules inside 

the cylinder.  There is enough information in the tables above for us to write down the molecules which 

are in the cylinder before and after the burning. 

 

Component 

gas 

Number of molecules inside the cylinder 

Before burning Ratio to octane After burning 

Nitrogen    

Oxygen    

Octane    

Argon    

Carbon dioxide    

Neon    

Helium    

Water vapour    

    Total    

 

Next, we have to figure out what the addition of this heat energy will do.  It is a good assumption that the 

byproducts of the combustion still behave like an ideal gas.  When an ideal gas is heated or cooled at 

constant volume, the governing relationship is: 

 

 

 

where  is the specific heat of the gas, measured at constant volume.  We know the heat released by the 

burning ( ), which is then absorbed by the gas.  And, we know the total mass of the gas in the 

cylinder ( ), which doesn't change even though the burning reorganizes the atoms into 

different molecules. 

 

In order to calculate the rise in temperature, we need to estimate the  of the mixture of gases which is 

inside the cylinder.  This is tricky for several reasons: (i) the specific heats of the individual gases are 

different, (ii) the specific heats change with temperature, and (iii) the types of gases do not remain 

constant while the burning takes place.  In order to simplify things, we are going to make one more 

assumption.  We will assume that the burning phase itself can be divided into two separate sub-phases. 

                                                           
2
   Our sources of data are a little bit in conflict.  We set the stoichiometric ratio of octane to oxygen 

assuming the fuel is 100% octane, but the heat of combustion given here, taken from Wikipedia, is for 

"gasoline".  We are going to live with this inconsistency because octane is by far the principal ingredient 

in gasoline. 
3
   This value is the "lower" heat of combustion of gasoline.  The "upper" heat of combustion is bigger, 

since it includes the additional energy which would be released if the products of the reaction were 

allowed to cool down and condense into liquids.  That does not happen in an internal combustion engine. 



~ 11 ~ 

 

In the first sub-phase, the heat energy released by combustion is absorbed by the gas.  We will assume 

this is instantaneous.  Then, in the second sub-phase, the temperature of the gas will increase as per 

Equation .  This idealization eliminates reason (iii).  The only gases we will need to take onto account 

when we  estimate  are those which exist after all the octane has been burned. 

 

Tables of specific heat never give .  They give  instead.   is also a specific heat, but measured at 

constant pressure rather than at constant volume.  Table-makers assume that users will convert from one 

to the other.  For an ideal gas, the difference between them is the Ideal Gas Constant , as in 

.  This relationship is closely connected to the definition of the Adiabatic Index, which we have 

encountered in the form .  Table-makes usually give the value of  in units of  , that is, 

per kilogram of the gas.  The Ideal Gas Constant which we have been using is .  

Since  is stated per mole of the gas, it can be used with any ideal gas whose quantity is measured in 

moles.  Obviously, we can't subtract  measured per mole from  measured per kilogram.  We have to 

convert one or the other. 

 

Conversion is not hard, but must be done separately for each different gas under consideration.  Let's look 

at an example.  One molecule of carbon dioxide, for example, has a mass of .  One mole of 

carbon dioxide therefor has a mass of .  Thus, the Ideal Gas Constant (to be used for carbon 

dioxide only) can be written as .  Tables of  for carbon dioxide 

report that it is equal to  when the temperature is .  Carbon dioxide's  at this 

temperature is .  This could be converted back into 

per-mole terms using the molecular weight, as . 

 

We will need to repeat this calculation for all six byproduct gases and at every temperature of interest.  

Rather than take space here in the text to show the results, we have placed them in Appendix "A.  The 

following table copies from Appendix "A" the values of  for the six gases at two particular 

temperatures whose significance we will explain in just a moment. 

 

Temperature 

(°K) 

Specific heat at constant volume, , in J/kg-°K 

Nitrogen 

gas 
Argon 

Carbon 

dioxide 
Neon Helium 

Water 

vapour 

650 789.2 314.9 913.1 618.0 3,110.9 1,585.6 

2800 1,020.2 314.9 1,219.1 618.0 3,110.9 2,591.6 
 

The denominator in Equation  involves the product of these 's and the masses of their respective 

types.  The table-before-last lists the molecules which are inside the cylinder.  In the following table, 

these numbers of molecules are converted into moles and, then by multiplying by the molecular weights, 

into masses in kilograms. 

 

Component 

gas 

Gases inside the cylinder after burning 

No. of molecules No. of moles Weight (AMU) Mass (kg) 

Nitrogen  3.0398  28.0134  8.5154    

Argon  3.6360  39.9480  1.4525  

Carbon dioxide  5.2313  44.0100  2.3023  

Neon  7.0773  20.1790  1.4281  

Helium  2.0399  4.0026  8.1649  

Water vapour  6.0002  18.0200  1.0812  

    Total  4.1994    1.2044  
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In the following table, we set out the multiplicative products –  – for the six gases and the two 

temperatures. 

 

Temperature 

(°K) 

 products, in J/°K 

Nitrogen 

gas 
Argon 

Carbon 

dioxide 
Neon Helium 

Water 

vapour 
Total 

650 0.672045 0.004574 0.210218 0.000009 0.000003 0.171442 1.058291 

2800 0.868751 0.004574 0.280668 0.000009 0.000003 0.280214 1.434218 
 

The two temperatures mentioned in this table look like they were selected at random.  They weren't.  We 

(the authors) have the advantage of already having completed the calculations.  We (the authors) know 

that the temperature in the cylinder after compression, and just before the burning starts, is 634.22°K.  We 

(the authors) also know the temperature at the end of the rise in temperature which is just about to start is 

approximately 2800°K.  The two temperatures in our tables of specific heats which are closest to these 

beginning and ending temperatures are 650°K and 2800°K, respectively.  The simple average of the 

 products for these two extremes is .  This 

average value is the one we will substitute into Equation  as being representative of the entire process. 

 

We have the data we need to use Equation .  We get: 

 

 

 

The temperature at the start of burning was .  At the end of burning, it will be 

.  The addition of heat to the gas raises its temperature.  It raises the 

pressure in exactly the same proportion.  Remember that we have assumed that the gas is still an ideal 

gas, so we can use the Ideal Gas Law to calculate the pressure at the end of this isochoric burning process: 

 

 

   

Ah!  A subtle issue arises.  The number of moles of gas in the cylinder at the end of burning  is not 

the same as the number of moles at the start.  The composition of the molecules, and their number, has 

changed.  Before burning, there were ; after burning, there are 

. 

 

 

 

Phase 2 of the power stroke - Expansion 

 

In phase 1 of the power stroke, the fuel-air mixture was burned, the heat released was absorbed by the 

inert and byproduct gases, whose temperature rose.  All of this was assumed to take place in such a short 

time that the piston head did not have a chance to move. 

 

In phase 2 of the power stroke, the piston moves.  It is forced downwards as the heated gas expands.  The 

assumption we will make in order to model the behaviour of the gas is that this process is adiabatic and 
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reversible, which is to say, isentropic.  This is the same assumption we made for the compression stroke.  

The justification for the assumption is the same as before, namely, that the expansion happens fast enough 

that the gas and the walls don't have enough time to exchange any meaningful amount of energy.  The gas 

will have the same total amount of energy at the end of phase 2 as it had at the beginning.  Equations  

and  describe the state of the gas during phase 2, just like they did during the compression stroke.  The 

principal difference is that the gas is at a much higher temperature than it was during the compression 

stroke.  The second difference is that the types of gases inside the cylinder are now different, too.  Both of 

these reasons cause the Adiabatic Index to be lower during expansion than they were during compression.  

We stated above that we would use an average value of  for this process. 

 

The state of the mixture at the end of the burning-induced rise in temperature was (from above): 

 

 

  

Assuming expansion is adiabatic and reversible, the quantity  will be constant throughout.  At the 

start of the expansion, its value is: 

 

 

 

This must be its value at the end of the expansion, by which time the cylinder's volume will increased to 

one liter: .  At that moment: 

 

 

 

For raphing purposes, one can make the same calculation of pressure at any volume along the way from 

TDC (0.1 liter) to BDC (1 liter). 

 

At any time during the expansion for which we care to calculate the pressure, we can use the Ideal Gas 

Law to calculate the temperature as well.  At the end of the expansion, for example, it is: 

 

 

 

The exhaust stroke 
 

We discussed the exhaust stroke in some detail while we were sorting out the mixture of gases present during 

the intake stroke.  As the piston head ascends with the exhaust valves open, 90% of the gas inside the cylinder 

will be forced out and into the exhaust manifold.  (90% corresponds to the 10:1 compression ratio we are 

working with.)   

 

Let's talk first about the 10% of the gas does not leave the cylinder.  It remains inside and is mixed with the 

fresh fuel-air mixture drawn from the intake chamber.  The diagram we presented above depicts how we 

handled it.  We imagined that the part of the gas which does not leave the cylinder occupies one-tenth of the 
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cylinder before the exhaust stroke begins.  At the end of the exhaust stroke, it still occupies that same volume.  

After all, it is the only gas left inside the cylinder at the end of the exhaust stroke. 

 

Since the volume occupied by this residual gas does not change during the exhaust stroke, the process it 

undergoes is by definition an isochoric (constant volume) one.   We can use the Ideal Gas Law to model the 

gas throughout the process.  At the start of the exhaust stroke, the state of the residual gas is: 

 

 

  
We know the pressure at the end of the exhaust stroke.  Recall that we assumed at the outset that the exhaust 

gases would be forced out of the cylinder by a 5% overpressure.  Assuming that the exhaust system has very 

little back-pressure, the pressure inside the cylinder at the end of the exhaust stroke will be 1.05 atmospheres, 

or .  Using the Ideal Gas Law to calculate the temperature gives: 

 

 

 

Note that this temperature  and this number of moles  are the values we used 

in the section above dealing with the intake stroke.  Several iterations of all these calculations were required to 

get things right, so the values we find here at the end of the calculations are the same as the ones we use when 

figuring out the intake stroke. 

 

Now, let's talk about the 90% which leaves the cylinder during the exhaust stroke.  When it was inside the 

cylinder, this escaping gas had a temperature of 1,698°K.  As it passes through the exhaust valve, this gas will 

expand as it enters the greater volume of the exhaust manifold.  Expansion lowers the temperature.  The 

temperature decreases further as the exhaust gas mingles with cooler gas already in the exhaust system and 

then with the ambient air after it leaves the tailpipe.  After all is said and done, the 90% which leaves the 

cylinder will have returned to ambient pressure  and temperature .  We 

can use the Ideal Gas Law to calculate the volume of this exhausted gas after it has stabilized.  Note that using 

the Ideal Gas Law for the ending conditions does not depend on the process through which the gas gets there.  

That it, it does not depend on whether the process is isochoric, or adiabatic, etc.   
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Note that, although the gas expands as it enters the exhaust manifold, it contracts as it mingles with cooler 

air.  When all is said and done, its final volume  is just a little bit smaller than the volume 

it occupied inside the cylinder .   

 

We have now completed the calculation of the pressure, temperature and volume of the gas all the way 

through the power cycle or "all the way around" the cycle when plotted on a pressure-versus-volume or 

temperature-versus-volume map.  The following two graphs show what we have calculated. 
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We now want to calculate the power produced during the cycle.  We will then compare the power 

produced to the consumption of air.  The place to start looking at power, which is the rate at which energy 

is produced, is to track the change in the energy of the gas through the various strokes of the cycle.  You 

may not appreciate it yet, but we already have all the data we need, except for the exhaust stroke.  

Although we calculated the state of the gas (separately for the two parts of the combustion byproducts), 

we have not calculated how mush energy they lose.  Let's do that now. 

 

Energy lost by the 10% of the exhaust gases which remain inside the cylinder 

 

This part of the gas stays at the same volume (0.1 liters) while its temperate decreases from  to 
.  Since this process takes place at constant volume ("isochoric"), we can use Equation  to calculate 

the heat energy lost.  The heat lost is proportional to the decreases in temperature multiplied by , the specific 

heat of the gas measured at constant volume.  We did similar calculations when we examined the compression 

stroke above.  The table of  which we set up in Appendix "A" for that purpose can be used here, too.  The 

following table copies from Appendix "A" the values of   at the starting and ending temperatures which are 

closest to the ones which apply to the retained 10%. 

 

Temperature 

(°K) 

Specific heat at constant volume, , in J/kg-°K 

Nitrogen 

gas 
Argon 

Carbon 

dioxide 
Neon Helium 

Water 

vapour 

1700 966.2 314.9 1,159.1 618.0 3,110.9 2,249.6 

300 743.2 314.9 657.1 618.0 3,110.9 1,402.6 

 

The total mass of each gas inside the cylinder is exactly the same as it was after the burning, namely: 

 

 

Quantity of gas inside cylinder 

Nitrogen 

gas 
Argon 

Carbon 

dioxide 
Neon Helium 

Water 

vapour 

Mass, kg 
8.51538

 
1.45251

 
2.30228

 
1.42814

 
8.16488

 
1.08123

 
 

Multiplying these masses by their specific heats gives the following  produces: 

 

Temp 

(°K) 

 products, in J/°K 

Nitrogen 

gas 
Argon 

Carbon 

dioxide 
Neon Helium 

Water 

vapour 
Total 

1700 0.0822767 0.0004574 0.0266854 0.0000009 0.0000003 0.0243236 0.1337443 

300 0.0632874 0.0004574 0.0151280 0.0000009 0.0000003 0.0151656 0.0940395 

 

The simple average of the total  products at the two temperatures is .  The 

decrease in temperaure is  and the energy released as the temperature falls 

is given by: 

 

 

 

 

 

 



~ 17 ~ 

 

Energy lost by the 90% of the exhaust gases which flow out the tailpipe 

 

This part of the gas stays at approximately the same volume while its temperaturee decreases from 

 to .  We would probably not be too far off if we approximated this entire process as being 

isochoric.  However, to avoid leaving a needless inaccuracy, we will model the process undergone by this part 

of the gas in two separate and sequential phases.  In the first phase, we will adjust the volume by the little bit 

needed to change the starting volume  to the ending volume .  We will model this 

small adjustment as being adiabatic.  The advantage of using the adiabatic assumption is that it does not 

change the energy of the gas, so there will not be any heat release or absorption to calculate.  Then, we will 

calculate the heat lost as the gas cools.  Because the temperature in the cylinder is lower than it was during the 

burning, we will use a lower Adiabatic Index  than we used for the expansion which followed the 

burning.  The calculations are as follows: 

 

 

 

 

 

 

 

The temperature of the departing gas falls from this temperature  to the ambient temperature 

 at a constant volume of .  The fall in temperature is 

.  This is only a dozen or so degrees more than the fall in temperature experienced by the part of the 

gas which remains in the cylinder.  As far as the right value for  to use, the closest temperatures in the tables 

for  contained in Appendix "A" are the same as for the 10%, being 1700°K and 300°K.  Multiplying nine-

tenths of the total mass inside the cylinder by the specific heats gives the following  products. 

 

Temp 

(°K) 

 products, in J/°K 

Nitrogen 

gas 
Argon 

Carbon 

dioxide 
Neon Helium 

Water 

vapour 
Total 

1700 0.7404907 0.0041163 0.2401689 0.0000079 0.0000023 0.2189124 1.2036985 

300 0.5695870 0.0041163 0.1361520 0.0000079 0.0000023 0.1364902 0.8463558 

 

The simple average of the total  products at the two temperatures is .  The 

decrease in temperaure is  so the energy lost as the temperature falls is given by: 
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The energy balance for the whole cycle 

 
We have tried to follow the same molecules of gas all the way through one power cycle of the cylinder.  Some 

of the changes to the gas were modeled as adiabatic (and reversible) processes.  During those processes, the 

energy of the gas does not change.  In fact, there were only two processes – the isochoric ones – during which 

the gas absorbed heat energy (during the burning phase of the power stroke) or lost heat energy (during the 

exhaust stroke).  For the exhaust stroke, we modeled the gas in two parts, and both parts lost energy. 

 

Since we have already calculated the energy gained or lost by the gas inside the cylinder during these isochoric 

processes, we can easily calculate the net thermal energy gained by the gas during one power cycle.  The net 

thermal energy gained is: 

 

 

 

Where did this energy go?  A fundamental property of our universe is "conservation of energy".  During any 

process, or series of processes, energy is not created and it does not disappear.  All energy can do is change 

from one form to another.  It is sometimes tricky to identify all the sources or uses of energy but, once they 

have been identified, it will be found that the total amount of energy in the "system" under consideration does 

not change. 

 

In our case here, the net thermal energy gained by the gas is used up in several ways.  Most of it is converted 

into mechanical energy, when the piston is forced to slide down the cylinder during the expansion phase of the 

power stroke.  Some of that mechanical energy is lost as friction (which in due course becomes heat) as the 

piston, connecting rod and crankshaft slide against their supports.  Some of the thermal energy is transferred to 

the mass of metal in the engine, which is in due course radiated away, or convected away, from the hot surface 

of the engine.  What should we call these uses of the thermal energy?  We will use the names "gross 

mechanical energy" and "heat radiated away from the engine".  The "gross mechanical energy" is the 

mechanical energy excluding all of the effects of mechanical friction.  The "heat radiated away from the 

engine" includes all three avenues by which the hot surface of the engine can dissipate heat.  They are:  

(i) radiation of infrared rays, (ii) conduction through engine mounts and piping which touch the engine and  

(iii) convection directly into the air under the hood and surrounding the engine.  The net thermal energy gained 

by the gas inside the cylinder is converted into the following forms of energy: 

 

 

 

As a rule of thumb, about 6% of the gross mechanical energy is lost to mechanical friction as it is conveyed 

from the piston head to the crankshaft.  In this paper, we are going to focus on the power (or energy) available 

at the crankshaft, which we can therefore write as follows: 
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Substituting the known value of the net thermal energy gained by the gas, we get: 

 

 

 

Just to be clear, the 1,156 Joules substituted here is the net thermal energy we calculated for one power cycle 

of one cylinder whose nominal volume is one liter.  It is worthwhile re-stating right here the amount of air 

which was used in that power cycle.  We can pull down from above the number of molecules, and types of 

molecules, which were drawn into the cylinder during the intake stroke.  We can multiply them by the atomic 

weight to calculate the total mass of the real air which was drawn in.  We get: 

 

Component gas 
Air drawn into cylinder during the intake stroke 

No. of molecules No. of moles AMU Total mass (kg) 

Nitrogen  0.0273578 28.0134 7.66384  
Oxygen  0.0073393 31.9988 2.34848  
Argon  0.0003272 39.9480 1.30726  
Carbon dioxide  0.0000110 44.0100 4.84172  
Neon  0.0000006 20.1790 1.28532  
Helium  0.0000002 4.0026 7.34839  
Water vapour  0.0001159 18.0200 2.08802  
    Total  0.0351520  1.01689  

 

So, the total mass of real air used is 0.00101689 kilograms. 

 

The real air includes water vapour due to humidity in the air on the day of our test.  Excluding the 

humidity, the mass of dry air drawn in is 0.00101480 kilograms. 

 

There are several directions of analysis we can pursue.  Let's look at the engine's power first. 

 
Engine power, ignoring the heat radiated away from the engine 
 

As a starting point, let's ignore entirely the heat radiated away from the engine.  If we do that, then the 

mechanical energy available at the crankshaft (per power cycle of a one-liter cylinder) is equal to: 

 

 

 

What if the engine in question is a 2.5-liter engine with four cylinders?  Each cylinder will have a nominal 

volume of 2.5 / 4 = 0.625 liters.  The mechanical energy at the crankshaft per cycle per cylinder will be equal 

to: 

 

 
 

Suppose the engine in question is turning over at 2,000 RPM.  Since each power cycle takes two complete 

revolutions, and since there are four cylinders, the total number of power cycles in one minute will be equal to 

 and the total mechanical energy delivered to the crankshaft in one minute will be equal to: 
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Dividing by 60 gives the total mechanical energy delivered to the crankshaft every second, thus 

 

 

 

Power is the rate at which energy is produced or used.  Since the previous expression is a measure of energy 

delivered per second, it is actually a statement of how much power is generated at the crankshaft.  The metric 

(S.I.) unit of power is the Watt, and each Watt is one Joule per second.  We have: 

 

 
 

It is customary in automotive application to measure power in horsepower, and the conversion is done at the 

rate of .  Applying this conversion factor gives: 

 

 

 

Let's calculate the mass of real air drawn into the engine's four cylinders every minute.  We will have to make 

some of the same adjustments as we did for the power.  We will multiply the mass consumed by a one-liter 

cylinder by 0.625 to account for the smaller cylinders in this engine.  We will multiply by 4,000 to account for 

the total number of power cycles in one minute.  We get: 

 

 

 

Kilograms are converted into pounds at the rate of 2.2 pounds per kilogram, so that: 

 

 

 

The ratio of HP generated per pound of real air consumed per minute is: 

 

 

 

Repeating the calculation in terms of dry air, instead or real (humid) air, makes very little difference.  The 

mass of dry air consumed per minute is , or 

, and gives a power-to-consumption ratio of  

 

Engine power, taking into account the heat radiated away from the engine 
 

Let's try to modify the calculation in the previous section to take into account the heat radiated away from the 

engine.  So far as we (the authors) can tell, there is no rule-of-thumb for this loss.  Obviously, it depends on the 

layout of the engine and the way it is cooled.  Even so, we can make a plausible estimate. 

 

A common household iron (for ironing clothes) is usually rated for .  That is the electrical power it 

will consume when set on high.  The purpose of the iron is to make heat, so virtually all of the electrical energy 

consumed is radiated away, or conducted away when the iron is pressed on a shirt.  Our guess is that a typical 

engine running at 60 horsepower radiates as much heat as, say, five irons.  That is equivalent to . 

 

If  is radiated away from the engine as heat, then only  of power 

will be generated at the crankshaft.  This is equal to .  The rate of consumption of air 

does not change, so the ratio of HP generated (at the crankshaft) per pound of real air consumed per minute 

will be reduced to: 
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This is the figure we quoted at the outset of this paper as the result of our calculations. 

 

The flash point and the autoignition temperature 

 

The flash point of a combustible material is the lowest temperature at which it will ignite when prompted by an 

ignition source such as a spark plug.  At temperatures near the flash point, the gas may even stop burning if the 

ignition source is removed.  For gasoline, the flash point is said to be  (from Wikipedia).  At this 

temperature, gasoline is a liquid. 

 

The flash point should not be confused with the autoignition temperature.  The autoignition temperature is the 

lowest temperature at which a gas mixture will ignite even in the absence of an ignition source.  For gasoline, 

the autoignition temperature is said to be  (again, from Wikipedia).      

 

This presents us with a problem.  In the text above, we calculated that the mixture inside the cylinder reaches a 

temperature of  at the end of the compression stroke, even before the spark plug flash is intended to 

start the burning.  This temperature is well above the autoignition temperature started above, at which the 

gasoline mixture should burst into flame even without the help of a spark plug.  But, there are two reasons 

why autoignition is unlikely at the 10:1 compression ratio we have assumed.  First, the autoignition 

temperature stated ( ) assumes an ideal combination of gasoline vapour and oxygen.  When the 

cylinder is only partly filled with gasoline vapour and oxygen, and is accompanied by a lot of other inert 

gases, the effective autoignition temperature is higher.  Secondly, we modeled the compression stroke as a 

completely adiabatic process undertaken at a constant Adiabatic Index .  In reality, the process is more 

complicated than that.  A more sophisticated model would probably result in a lower temperature.  Even 

so, autoignition is always a danger with spark-ignited gasoline fuel.   

_____________________________________ 
 

We have attached as Appendix "B" a copy of the Excel spreadsheet we used to make our calculations and to 

prepare the graphs set out above. 

 

 

Anthony Rybczynski and Jim Hawley 

Engineered Diesel Inc. 

 

© December 2014 

 

If you found our description helpful, please let us know.  If you spot any errors or omissions, please send 

an e-mail.  Thank you. 
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Appendix "A" 

 

Calculation of the specific heat  of the gases in the cylinder after combustion 

 

The second column in the following table sets out the number of molecules inside the cylinder after the 

intake stroke, which will remain the same throughout the compression stroke.  These figures are taken 

directly from one of the tables above in the section titled The intake stroke.  The third column sets out the 

number of molecules inside the cylinder after the burning  The figures in the third column are taken 

directly from another table, in the section titled Phase 1 of the power stroke - Combustion.  The fourth 

column is a simple scaling of the third column by Avogadro's number, from molecules to moles. 

 

Component gas 

Number of molecules in 

the cylinder after 

the intake stroke 

Number of molecules in 

the cylinder after 

burning 

Number of moles in 

 the cylinder after 

burning 

Nitrogen   3.0398  

Oxygen   0 

Octane   0 
Argon   3.6360  
Carbon dioxide   5.2313  
Neon   7.0773  
Helium   2.0399  
Water vapour   6.0002  
    Total   4.1994  

 

The website www.EngineeringToolBox.com gives tables of  for these component gases over a wide 

range of temperatures.   is the specific heat at constant pressure, which should not be confused with , 

the specific heat at constant volume.  Note that these figures for  are stated in kiloJoules, not Joules.  

 

Temperature 

(°K) 

Specific heat at constant pressure, , in KJ/kg-°K 

Nitrogen 

gas 
Argon 

Carbon 

dioxide 
Neon Helium 

Water 

vapour 

175 1.039 0.523 0.709 1.030 5.188 1.850 

200 1.039 0.523 0.735 1.030 5.188 1.851 

225 1.039 0.523 0.763 1.030 5.188 1.852 

250 1.039 0.523 0.791 1.030 5.188 1.855 

275 1.039 0.523 0.819 1.030 5.188 1.859 

300 1.040 0.523 0.846 1.030 5.188 1.864 

325 1.040 0.523 0.871 1.030 5.188 1.871 

350 1.041 0.523 0.895 1.030 5.188 1.880 

375 1.042 0.523 0.918 1.030 5.188 1.890 

400 1.044 0.523 0.939 1.030 5.188 1.901 

450 1.049 0.523 0.978 1.030 5.188 1.926 

500 1.056 0.523 1.014 1.030 5.188 1.954 

550 1.065 0.523 1.046 1.030 5.188 1.984 

600 1.075 0.523 1.075 1.030 5.188 2.015 

650 1.086 0.523 1.102 1.030 5.188 2.047 
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700 1.098 0.523 1.126 1.030 5.188 2.080 

750 1.110 0.523 1.148 1.030 5.188 2.113 

800 1.122 0.523 1.168 1.030 5.188 2.147 

850 1.134 0.523 1.187 1.030 5.188 2.182 

900 1.146 0.523 1.204 1.030 5.188 2.217 

950 1.157 0.523 1.220 1.030 5.188 2.252 

1000 1.167 0.523 1.234 1.030 5.188 2.288 

1050 1.177 0.523 1.247 1.030 5.188 2.323 

1100 1.187 0.523 1.259 1.030 5.188 2.358 

1150 1.196 0.523 1.270 1.030 5.188 2.392 

1200 1.204 0.523 1.280 1.030 5.188 2.425 

1250 1.212 0.523 1.290 1.030 5.188 2.458 

1300 1.219 0.523 1.298 1.030 5.188 2.490 

1350 1.226 0.523 1.306 1.030 5.188 2.521 

1400 1.232 0.523 1.313 1.030 5.188 2.552 

1500 1.244 0.523 1.326 1.030 5.188 2.609 

1600 1.254 0.523 1.338 1.030 5.188 2.662 

1700 1.263 0.523 1.348 1.030 5.188 2.711 

1800 1.271 0.523 1.356 1.030 5.188 2.756 

1900 1.278 0.523 1.364 1.030 5.188 2.798 

2000 1.284 0.523 1.371 1.030 5.188 2.836 

2100 1.290 0.523 1.377 1.030 5.188 2.872 

2200 1.295 0.523 1.383 1.030 5.188 2.904 

2300 1.300 0.523 1.388 1.030 5.188 2.934 

2400 1.304 0.523 1.393 1.030 5.188 2.962 

2500 1.307 0.523 1.397 1.030 5.188 2.987 

2600 1.311 0.523 1.401 1.030 5.188 3.011 

2700 1.314 0.523 1.404 1.030 5.188 3.033 

2800 1.317 0.523 1.408 1.030 5.188 3.053 

2900 1.320 0.523 1.411 1.030 5.188 3.072 

3000 1.323 0.523 1.414 1.030 5.188 3.090 

3500 1.333 0.523 1.427 1.030 5.188 3.163 

4000 1.342 0.523 1.437 1.030 5.188 3.217 

4500 1.349 0.523 1.446 1.030 5.188 3.258 

5000 1.355 0.523 1.455 1.030 5.188 3.292 

5500 1.362 0.523 1.465 1.030 5.188 3.322 

6000 1.369 0.523 1.476 1.030 5.188 3.350 

 

The universal Ideal Gas Constant  is converted into gas-specific Gas Constants as follows.  The gas-

specific Gas Constants in this table have units of . 
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 Component gas 

 Nitrogen 
gas Argon 

Carbon 
dioxide Neon Helium 

Water 
vapour 

Mass (AMU) 28.01340 39.94800 44.01000 20.17900 4.00260 18.02000 

Mass (kg/mole) 0.028013 0.039948 0.044010 0.020179 0.004000 0.018020 

 296.79 208.12 188.91 412.01 2077.15 461.38 

 

When we subtract  from the 's in the table before last, we get the following values for , in 

units of . 

 

Temperature 

(°K) 

Specific heat at constant volume, , in J/kg-°K 

Nitrogen 

gas 
Argon 

Carbon 

dioxide 
Neon Helium 

Water 

vapour 

175 742.2 314.9 520.1 618.0 3,110.9 1,388.6 

200 742.2 314.9 546.1 618.0 3,110.9 1,389.6 

225 742.2 314.9 574.1 618.0 3,110.9 1,390.6 

250 742.2 314.9 602.1 618.0 3,110.9 1,393.6 

275 742.2 314.9 630.1 618.0 3,110.9 1,397.6 

300 743.2 314.9 657.1 618.0 3,110.9 1,402.6 

325 743.2 314.9 682.1 618.0 3,110.9 1,409.6 

350 744.2 314.9 706.1 618.0 3,110.9 1,418.6 

375 745.2 314.9 729.1 618.0 3,110.9 1,428.6 

400 747.2 314.9 750.1 618.0 3,110.9 1,439.6 

450 752.2 314.9 789.1 618.0 3,110.9 1,464.6 

500 759.2 314.9 825.1 618.0 3,110.9 1,492.6 

550 768.2 314.9 857.1 618.0 3,110.9 1,522.6 

600 778.2 314.9 886.1 618.0 3,110.9 1,553.6 

650 789.2 314.9 913.1 618.0 3,110.9 1,585.6 

700 801.2 314.9 937.1 618.0 3,110.9 1,618.6 

750 813.2 314.9 959.1 618.0 3,110.9 1,651.6 

800 825.2 314.9 979.1 618.0 3,110.9 1,685.6 

850 837.2 314.9 998.1 618.0 3,110.9 1,720.6 

900 849.2 314.9 1,015.1 618.0 3,110.9 1,755.6 

950 860.2 314.9 1,031.1 618.0 3,110.9 1,790.6 

1000 870.2 314.9 1,045.1 618.0 3,110.9 1,826.6 

1050 880.2 314.9 1,058.1 618.0 3,110.9 1,861.6 

1100 890.2 314.9 1,070.1 618.0 3,110.9 1,896.6 

1150 899.2 314.9 1,081.1 618.0 3,110.9 1,930.6 

1200 907.2 314.9 1,091.1 618.0 3,110.9 1,963.6 

1250 915.2 314.9 1,101.1 618.0 3,110.9 1,996.6 

1300 922.2 314.9 1,109.1 618.0 3,110.9 2,028.6 

1350 929.2 314.9 1,117.1 618.0 3,110.9 2,059.6 
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1400 935.2 314.9 1,124.1 618.0 3,110.9 2,090.6 

1500 947.2 314.9 1,137.1 618.0 3,110.9 2,147.6 

1600 957.2 314.9 1,149.1 618.0 3,110.9 2,200.6 

1700 966.2 314.9 1,159.1 618.0 3,110.9 2,249.6 

1800 974.2 314.9 1,167.1 618.0 3,110.9 2,294.6 

1900 981.2 314.9 1,175.1 618.0 3,110.9 2,336.6 

2000 987.2 314.9 1,182.1 618.0 3,110.9 2,374.6 

2100 993.2 314.9 1,188.1 618.0 3,110.9 2,410.6 

2200 998.2 314.9 1,194.1 618.0 3,110.9 2,442.6 

2300 1,003.2 314.9 1,199.1 618.0 3,110.9 2,472.6 

2400 1,007.2 314.9 1,204.1 618.0 3,110.9 2,500.6 

2500 1,010.2 314.9 1,208.1 618.0 3,110.9 2,525.6 

2600 1,014.2 314.9 1,212.1 618.0 3,110.9 2,549.6 

2700 1,017.2 314.9 1,215.1 618.0 3,110.9 2,571.6 

2800 1,020.2 314.9 1,219.1 618.0 3,110.9 2,591.6 

2900 1,023.2 314.9 1,222.1 618.0 3,110.9 2,610.6 

3000 1,026.2 314.9 1,225.1 618.0 3,110.9 2,628.6 

3500 1,036.2 314.9 1,238.1 618.0 3,110.9 2,701.6 

4000 1,045.2 314.9 1,248.1 618.0 3,110.9 2,755.6 

4500 1,052.2 314.9 1,257.1 618.0 3,110.9 2,796.6 

5000 1,058.2 314.9 1,266.1 618.0 3,110.9 2,830.6 

5500 1,065.2 314.9 1,276.1 618.0 3,110.9 2,860.6 

6000 1,072.2 314.9 1,287.1 618.0 3,110.9 2,888.6 

 

Despite the title of this appendix, which says we are only going to calculate the 's, we are going to go 

one step further.  We know how much mass of each gas in present in the cylinder after the burning.  We 

are going to multiply every column in the previous table by the mass of that gas so that we get products of 

.  We can add them up linearly, to get the  product for all the gases inside the 

cylinder.  Since each component gas can be treated as an ideal gas, they will absorb heat independently 

from each other at the rates given, so long as they all share the same temperature as it rises. 

 

The mass of each gas in the cylinder (taken from a table in the text) is as follows: 

 

 

Mass of gas inside cylinder after burning 

Nitrogen 

gas 
Argon 

Carbon 

dioxide 
Neon Helium 

Water 

vapour 

Mass (kg) 
 

 
 

 
 

 
 

 
 
 

 
 

 

By multiplying the masses and the 's, we get the following table. 
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Temperature 

(°K) 

 products, in J/ °K 

Nitrogen 

gas 
Argon 

Carbon 

dioxide 
Neon Helium 

Water 

vapour 

Total 

175 0.632023 0.004574 0.119739 0.000009 0.000003 0.150142 0.906489 

200 0.632023 0.004574 0.125725 0.000009 0.000003 0.150250 0.912583 

225 0.632023 0.004574 0.132171 0.000009 0.000003 0.150358 0.919137 

250 0.632023 0.004574 0.138617 0.000009 0.000003 0.150683 0.925908 

275 0.632023 0.004574 0.145064 0.000009 0.000003 0.151115 0.932787 

300 0.632874 0.004574 0.151280 0.000009 0.000003 0.151656 0.940395 

325 0.632874 0.004574 0.157036 0.000009 0.000003 0.152413 0.946908 

350 0.633726 0.004574 0.162561 0.000009 0.000003 0.153386 0.954258 

375 0.634578 0.004574 0.167856 0.000009 0.000003 0.154467 0.961486 

400 0.636281 0.004574 0.172691 0.000009 0.000003 0.155656 0.969213 

450 0.640538 0.004574 0.181670 0.000009 0.000003 0.158359 0.985153 

500 0.646499 0.004574 0.189958 0.000009 0.000003 0.161387 1.002429 

550 0.654163 0.004574 0.197326 0.000009 0.000003 0.164631 1.020704 

600 0.662678 0.004574 0.204002 0.000009 0.000003 0.167982 1.039248 

650 0.672045 0.004574 0.210218 0.000009 0.000003 0.171442 1.058291 

700 0.682264 0.004574 0.215744 0.000009 0.000003 0.175010 1.077603 

750 0.692482 0.004574 0.220809 0.000009 0.000003 0.178578 1.096454 

800 0.702701 0.004574 0.225413 0.000009 0.000003 0.182255 1.114954 

850 0.712919 0.004574 0.229788 0.000009 0.000003 0.186039 1.133331 

900 0.723138 0.004574 0.233702 0.000009 0.000003 0.189823 1.151247 

950 0.732504 0.004574 0.237385 0.000009 0.000003 0.193608 1.168082 

1000 0.741020 0.004574 0.240608 0.000009 0.000003 0.197500 1.183713 

1050 0.749535 0.004574 0.243601 0.000009 0.000003 0.201284 1.199006 

1100 0.758051 0.004574 0.246364 0.000009 0.000003 0.205069 1.214068 

1150 0.765714 0.004574 0.248897 0.000009 0.000003 0.208745 1.227941 

1200 0.772527 0.004574 0.251199 0.000009 0.000003 0.212313 1.240623 

1250 0.779339 0.004574 0.253501 0.000009 0.000003 0.215881 1.253306 

1300 0.785300 0.004574 0.255343 0.000009 0.000003 0.219341 1.264569 

1350 0.791261 0.004574 0.257185 0.000009 0.000003 0.222693 1.275723 

1400 0.796370 0.004574 0.258796 0.000009 0.000003 0.226044 1.285796 

1500 0.806588 0.004574 0.261789 0.000009 0.000003 0.232207 1.305170 

1600 0.815104 0.004574 0.264552 0.000009 0.000003 0.237938 1.322179 

1700 0.822767 0.004574 0.266854 0.000009 0.000003 0.243236 1.337443 

1800 0.829580 0.004574 0.268696 0.000009 0.000003 0.248102 1.350962 

1900 0.835541 0.004574 0.270538 0.000009 0.000003 0.252643 1.363306 

2000 0.840650 0.004574 0.272150 0.000009 0.000003 0.256751 1.374136 

2100 0.845759 0.004574 0.273531 0.000009 0.000003 0.260644 1.384519 

2200 0.850017 0.004574 0.274912 0.000009 0.000003 0.264104 1.393618 

2300 0.854274 0.004574 0.276063 0.000009 0.000003 0.267347 1.402270 
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2400 0.857681 0.004574 0.277215 0.000009 0.000003 0.270375 1.409855 

2500 0.860235 0.004574 0.278136 0.000009 0.000003 0.273078 1.416034 

2600 0.863641 0.004574 0.279056 0.000009 0.000003 0.275673 1.422956 

2700 0.866196 0.004574 0.279747 0.000009 0.000003 0.278052 1.428580 

2800 0.868751 0.004574 0.280668 0.000009 0.000003 0.280214 1.434218 

2900 0.871305 0.004574 0.281359 0.000009 0.000003 0.282268 1.439517 

3000 0.873860 0.004574 0.282049 0.000009 0.000003 0.284215 1.444709 

3500 0.882375 0.004574 0.285042 0.000009 0.000003 0.292108 1.464110 

4000 0.890039 0.004574 0.287345 0.000009 0.000003 0.297946 1.479915 

4500 0.896000 0.004574 0.289417 0.000009 0.000003 0.302379 1.492381 

5000 0.901109 0.004574 0.291489 0.000009 0.000003 0.306055 1.503238 

5500 0.907070 0.004574 0.293791 0.000009 0.000003 0.309299 1.514745 

6000 0.913030 0.004574 0.296324 0.000009 0.000003 0.312327 1.526266 

 

Note that the values in this table are the  products for 100% of the gas inside the cylinder after 

burning.  If one is looking at the 10% part or the 90% part of the exhaust gases, then these values need to 

be scaled down to 10% or 90% of the total, as the case may be. 
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Appendix "B" 

 

Excel spreadsheet 

 

 

  



~ 29 ~ 

 

 
 

  



~ 30 ~ 

 

 
  



~ 31 ~ 

 

 
  



~ 32 ~ 

 

 
  



~ 33 ~ 

 

 
 

  



~ 34 ~ 

 

 
  



~ 35 ~ 

 

 
  



~ 36 ~ 

 

 
  



~ 37 ~ 

 

 
  



~ 38 ~ 

 

 
  



~ 39 ~ 

 

 
  



~ 40 ~ 

 

 
  



~ 41 ~ 

 

 
  



~ 42 ~ 

 

 
 

 

 

 

 

 

 

 

 


