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The internal combustion engine has been around for over 

two hundred years. In this time there have been many 

changes to the engine, the fuel, and the automobile. We 

a�ribute the modern engine to Nikolaus O�o. Nikolaus 

was a German engineer who developed the compression 

charge internal combustion engine that ran on liquid pe-

troleum gas. Nikolaus’ engineering marvel is still used to 

power the modern vehicle.  

 

The fuel stock and the internal combustion engine have 

undergone some changes in the past years, but the basics 

are still the same. The fuel stock that we will cover is a 

liquid petroleum product that we refer to as gasoline. 

Modern gasoline is a mixture of different chemical com-

ponents with varying vapor points and varying auto-

ignition temperatures. Basically when these components 

are mixed together and form gasoline, they have an ap-

proximate flash point of -45°F and an approximate auto-

ignition point of 536°F.   

 

It will be necessary to understand that liquid gasoline 

cannot burn in this state (liquids do not burn). In order to 

burn gasoline it must be heated so that it takes a phase 

transition and turns into a vapor  

 (Con’t on page 2)      
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(vapors can be burned). The compression within the cylinder accomplishes 

the heating of the fuel. When air is compressed rapidly the molecules are ac-

celerated off of the moving piston where they hit one another. The kinetic en-

ergy from the piston is turned into thermal energy in the air charge. This oc-

curs from the atoms hi�ing one another which in turn starts the atoms vibrat-

ing, causing a heating effect. This process is called Adiabatic Compression. 

The Adiabatic processes are characterized by zero heat transfer with the sur-

roundings, such as the piston, cylinder and cylinder head. In the case of rapid 

compression, the process occurs too quickly for any heat transfer to occur to 

these components. Heat transfer is a slow process. This rapid compression of 

the air creates a rapid heat increase within the air charge. Thus this heat in-

crease is put into the fuel that is suspended within the air. When this air/fuel 

charge is heated it turns the fuel into a vapor that can be burned. 

 

Now that the fuel is in a vapor format and is ready to burn, a spark takes 

place across the sparkplug electrode. The spark ionizes the spark plug elec-

trodes producing a state of plasma which takes the fuel well past the auto-

ignition temperature of the fuel; se�ing up the ignition phase of the fuel. This 

is where the temperature in a localized area around the sparkplug starts to 

burn. The next stage is the combustion phase. This is where the charge chang-

es from chemical energy to thermal energy. The heat released is then driven 

into the next layer of the charge thus igniting it. This is referred to as defla-

gration. Deflagration is the combustion that propagates at subsonic speeds 

through the gas that is driven by the transfer of heat. This heat transfer heats 

the working fluid (nitrogen) which in turn puts pressure on the piston, thus 

pushing the piston down the cylinder.  

 

In the spark ignition method the charge prior to ignition is that of a homoge-

nous charge. This means that the air/fuel charge is evenly mixed throughout 

the cylinder volume.  In order to completely burn   (Con’t on page 2)   
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an evenly distributed mixture within the cylinder, the air/fuel ratio must be 

very close to that of stoichiometry. Stoichiometry refers to the weights of the 

chemicals that will react. In an internal combustion engine the fuel is the reac-

tant and the air is the oxidant. Air is comprised of approximately 78.09% ni-

trogen, which is used as the working fluid, and 20.95% oxygen which is used 

as the oxidant. The reaction will occur between the fuel, which is hydrocar-

bon based, and the oxidant, which is the oxygen. The stoichiometric ratio be-

tween the fuel and air is one where the hydrocarbons and oxygen are at a 

weight ratio that, once they react with one another, will no longer be present. 

This means that the hydrocarbons break apart becoming hydrogen and car-

bon. In the presence of oxygen, the hydrogen combines with the oxygen 

forming a new chemical; dihydrogen monoxide (H2O water). The carbon 

a�aches to the oxygen forming a new chemical; carbon dioxide (CO2). If the 

hydrocarbons and oxygen are at a stoichiometric ratio and react with one an-

other then neither of these 

chemicals will remain pre-

sent within the combustion 

gases, see (Figure 1). The 

chemical weight will be the 

same but the new chemicals 

formed during a complete 

reaction will be water and 

carbon dioxide. Although 

the mixture is at a stoichio-

metric ratio, in the real world a complete reaction between all of the chemi-

cals does not occur so there will always be some Hydrocarbons and oxygen 

left after the combustion process. This is due to the flame front being unable 

to get into the crevasses around the spark plug, valve pockets, and piston 

rings.     
(Con’t on page 4) 

Figure 1 
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If the cylinder compression is present then; the fuel was vaporized, the air/

fuel ratio was that of stoichiometric, the cylinder is homogeneous and the 

spark occurred correctly, the vast majority of fuel and air will react with one 

another. When this occurs the tailpipe gas charge will have high CO2 > 14%, 

low O2 < 1%, low CO < 1%, and low HC < 100 Parts Per Million (PPM), as 

seen in (Figure 2).  

 

Figure 2 shows an engine with no 

problems on start and run. Since the 

hydrocarbons react with the oxygen 

then; the hydrocarbon level will 

drop, the oxygen level will start at at-

mospheric condition at about 21% 

and drop sharply, the carbon dioxide 

will rise sharply and the carbon mon-

oxide will drop as well. At this point 

the catalyst (catalytic converter) is 

not hot enough to further the reaction 

of the fuel. There will be more on this 

later.  

 

Carbon monoxide forms when the 

air/fuel mixture does not have 

enough oxygen to fully oxidize the 

carbon. The chemical reaction will always drive to that of carbon dioxide. 

Note the difference is that carbon dioxide has one carbon atom and two oxy-

gen atoms, where carbon monoxide has one carbon atom and one oxygen at-

om.  If there is oxygen present around the carbon during the combustion pro-

cess then two oxygen atoms will always stay together  (Con’t on page 5) 

         ʺAdvanced Diagnostics Using The Five Gas Analyzer“  

                        Bernie Thompson (con’t from p. 3)   

Figure 2 
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and will bond to a single carbon atom. Thus, when CO levels rise this is usu-

ally created by a rich condition as seen in . CO and CO2 are very good com-

bustion indicators; CO is produced by incomplete combustion where CO2 is 

produced by complete combustion. Therefore the presence of high CO2 gases 

of 14% to 16% represents good combustion has occurred within the cylinders. 

 

A rich mixture condition is one that has more hydrocarbons than oxygen. 

When this occurs there is not enough oxygen to oxidize the carbon and hy-

drocarbons. Thus, there are extra hydrocarbons left after the reaction and 

each carbon only has one oxygen atom bound to it making carbon monoxide, 

as seen in Figure 3.  

 

A lean mixture con-

dition is one that has 

more oxygen than 

hydrocarbons. When 

this occurs there is 

not enough hydro-

carbons for the 

amount of oxygen 

atoms, so the reac-

tion leaves additional oxygen atoms as well as extra hydrogen, as seen in Fig-

ure 3. One may ask; why did the additional oxygen not oxidize the hydrogen 

during the reaction? This is due to the air/fuel charge not being that of a stoi-

chiometric ratio. In this condition the air/fuel charge has too much space be-

tween the hydrocarbons. Therefore as the flame front starts to propagate 

across the combustion chamber these large areas between the hydrocarbons 

create impedance to the flame front movement. This in turn slows the flame 

front allowing only a partial burn of the gasoline. This  
(Con’t on page 6) 

Figure 3 
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will leave oxygen, hydrocarbons and hydrogen.  

 

In order to have complete combustion in a spark ignition gasoline based en-

gine the air/fuel charge must be that of a homogeneous charge. A substance is 

homogeneous if its composition is identical wherever you sample it. This 

means that the charge mixture (air and fuel) has a uniform composition 

throughout the cylinder. Additionally the air/fuel charge must be that of a 

stoichiometric ratio.   

 

A stoichiometric ratio, as discussed above, is where the two reactants that 

started the reaction are no longer present at the end of the reaction. Different 

chemicals will have different chemical weights, so these chemical weights 

will change the stoichiometric ratio. For example methanol has a stoichio-

metric ratio of 6.45:1. Ethanol has a stoichiometric ratio of 9:1.  Where gaso-

line, being comprised of various chemical components, has a stoichiometric 

ratio of 14.5:1 to 14.7:1. If ethanol is blended with the gasoline the stoichio-

metric ratio will drop depending on how much ethanol is used in the blend.  

 

A reading given for stoichiometry on a gas analyzer is that of Lambda. Lamb-

da is a calculation that is based on all of the gas traces that are read by the ex-

haust gas analyzer. This equation takes the gases that are coming out the tail-

pipe and calculates the amount of oxygen and fuel that went in. Make no mis-

take, what goes in must come out. The weight of the atoms do not change.  

The molecules are structured differently after the combustion process, how-

ever the weight is the same. By taking the exhaust gas weights one can calcu-

late what gases went in. It is extremely important that there are no exhaust 

leaks in the exhaust system. This allows oxygen to enter into the exhaust sys-

tem, however this oxygen was not part of the combustion gases. This false ox-

ygen will move the Lambda equation to the lean side  
(Con’t on page 7) 
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when it is not really lean. If there is an exhaust leak Lambda cannot be used. 

 

A Lambda reading of 1.0 is that of a stoichiometric ratio. A Lambda greater 

than 1 indicates a lean condition. So a Lambda of 1.2 indicates the air/fuel ra-

tio is 20% lean of a stoichiometric ratio. A lambda less than one indicates a 

rich condition. So a Lambda of .8 indicates the air/fuel ratio is 20% rich of a 

stoichiometric ratio.  

 

Nitrogen Oxide (NOx) is a gas that is produced during the combustion pro-

cess. This is where oxygen bonds to nitrogen. These chemicals do not want to 

bond with one another so they will stay separated until they are force togeth-

er. This force will be provided by temperatures greater than 2500°F during 

the combustion event or extreme pressure conditions during the combustion 

event.   

 

Now that we have set the parameters 

to combust a gasoline based fuel stock 

in the cylinder, let’s analysis some data 

from different engine problems.  The 

first engine problem is a no start condi-

tion as seen in (Figure 4). The blue cur-

sor at the top of the graph marks the 

position that all of the gases are meas-

ured at. The gases are then read as a 

digital number on the right hand side 

of the graph next to the specific gas 

trace such as; HC, CO, CO2, O2, NOx, 

and the calculation of Lambda. We will 

discuss what the gas traces indicate 
(Con’t on page 8) 

Figure 4 
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and what is happening within the engine. First we will take note that; the HC 

is reading 2937 PPM, the CO is reading .025, the CO2 is reading 2.98%, the 

oxygen is reading 16.75%, the NOx is reading 140.6 PPM, and the Lambda is 

at 3.05%.  

 

The HC at 2937 PPM seems like a lot but, when taken with the other gas data, 

really is not. Since there is CO2 present at 2.98% and the oxygen fell from 21% 

to 16.75% we know that some of the hydrocarbons reacted with oxygen. This 

would indicate that fuel and oxygen are in the cylinder and a spark has oc-

curred. Since the engine is cold the spark is present due to the CO2 reading of 

2.98%. If there was no spark present then the reaction could not occur, there-

fore there would not be any production of CO2 gas. The CO is also very low 

at .025%. This indicates that there is more than enough oxygen in the cylinder 

for the combustion process. The NOx gas at 140.6 PPM also indicates that 

there was some combustion within the cylinder. The key here is the Lambda 

reading of 3.05%. This indicates that the air/fuel ratio is 3 times too lean. With 

a lean air/fuel ratio the flame front is impeded and cannot propagate through 

the cylinder. So the spark starts the ignition event and creates enough heat for 

the point of ignition. This then starts the combustion event, however, the 

combustion event starts but is stopped due to the lean air/fuel ratio. This en-

gine has a lack of gasoline causing the no start problem. This vehicle’s prob-

lem was a bad fuel pump.  

 

Now let’s analyze (Figure 5 on page 9). This is also a no start condition. We 

will discuss what the gas traces indicate and what is happening within the 

engine. First we will take note that; the HC is reading 20200 PPM, the CO is 

reading .006%, the CO2 is reading .1619%, the oxygen is reading 19.73%, the 

NOx is reading 14.09 PPM, and the Lambda is at 1.14%. 

(Con’t on page 9) 
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The HC reading of 20200 PPM is the 

correct amount of gasoline to com-

bust within the cylinder. The CO 

at .006% also shows there is not a 

lack of oxygen within the cylinder. 

The CO2 at .1619 indicates that there 

is no, or very li�le, reaction between 

the hydrocarbons and the oxygen. 

The oxygen at 19.73 confirms no, or 

very li�le, reaction took place.  The 

lambda at 1.14% indicates that the air 

fuel ratio is 14% lean of stoichio-

metric. However this is a combus-

tible air/fuel mixture. The lack of a 

reaction is not based on the air/fuel 

ratio, but on the spark. If there is no 

spark event to bring the temperature above the auto-ignition point of the gas-

oline, there will be no reaction between the hydrocarbons (fuel) and the oxi-

dant (oxygen). It is important to understand that if the engine is hot and com-

pression took place then some of the hydrocarbons can react with some of the 

oxygen without a spark present. However, this will still represent a small 

amount of CO2. If combustion is established the CO2 will rise sharply. This 

vehicle’s problem was a bad ignition coil, causing a no spark condition.  

 

Now let’s analyze (Figure 6 on page 10); this is a long hard start condition. 

We will discuss what the gas traces indicate and what is happening within 

the engine. First we will take note that; the HC is reading 26710 PPM, the CO 

is reading 3.24%, the CO2 is reading 1.164%, the oxygen is reading 14.54%, 

the NOx is reading 29.67 PPM, and the Lambda is at .63%. 

(Con’t on page 10) 

Figure 5 
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The HC reading of 26710 PPM indi-

cates there is sufficient gasoline with-

in the cylinder. The CO at 3.24% indi-

cates that there is a lack of oxygen in 

the cylinder for the amount of hydro-

carbons, additionally a spark has 

started a reaction to occur. The CO2 at 

1.64% indicates that a reaction oc-

curred but was incomplete. The oxy-

gen starting at 21% and dropping to 

14.54% indicates a reaction took place 

with the carbon producing high CO 

gas traces and low CO2 gas traces. 

The NOx at 29.67 indicates that com-

bustion occurred. The Lambda at .63 

indicates the air/fuel mixture is 37% 

rich of stoichiometric. The air/fuel 

mixture at the beginning of the start-

ing process is too rich for the starting conditions of the engine. Thus a long 

hard start condition is present. This vehicles problem was a misreading En-

gine Coolant Temperature (ECT) sensor which allowed the cold start enrich-

ment to be active, thus creating a rich start condition.  

 

Now let’s analyze (Figure 7); this is a hard start condition with poor engine 

running. We will discuss what the gas traces indicate and what is happening 

within the engine. First we will take note that; the HC is reading 7198 PPM, 

the CO is reading 7.159%, the CO2 is reading 5.063%, the oxygen is reading 

8.199%, the NOx is reading 217.6 PPM, and the Lambda is at .89%. The HC 

reading of 7163 PPM indicates that the hydrocarbons are not burning com-

pletely.  
(Con’t on page 11) 
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Figure 6 
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The CO at 7.159% indicates a 

poor combustion process, but in-

dicates that a spark event oc-

curred. The CO2 at 5.063% con-

firms poor combustion of the 

gasoline. The oxygen starting at 

21% and falling to only 8.199% 

shows that the combustion event 

happened but is incomplete. 

There are leftover hydrocarbons 

and leftover oxygen that should 

have been combusted in the re-

action. The NOx is at 217.6 

showing a reaction occurred. 

The Lambda at .89% is 11% rich 

of stoichiometric. However this 

should be a combustible mixture 

that is just slightly rich. This is 

caused by either a weak spark or the ignition timing is off. This vehicle’s 

problem is a late ignition timing event.  

 

Now let’s analyze (Figure 8 on page 12); this is a rough running idle condi-

tion. We will discuss what the gas traces indicate and what is happening 

within the engine. First we will take note that; the HC is reading 1663 PPM, 

the CO is reading 2.27%, the CO2 is reading 12.52%, the oxygen is reading 

2.71%, the NOx is reading 13.2 PPM, and the Lambda is at .99%. 

 

The HC reading of 1663 PPM indicates that the hydrocarbons are not burning 

correctly. The CO at 2.27% indicates that there is poor combustion within the  

(Con’t on page 12) 

Figure 7 
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but a spark event did occur. The CO2 

at 12.53 is a li�le low indicating that 

the combustion is poor. The oxygen 

at 2.71% is a li�le high indicating that 

the combustion event is incomplete. 

The NOx is quite low at 13.2 PPM. 

The Lambda is .99% indicating that 

the engine is running at a stoichio-

metric ratio. Since the air/fuel ratio is 

correct at a Lambda of 1 the air/fuel 

charge is definitely combustible. 

However the combustion event is in-

complete. Additionally, just off idle 

the combustion gases are good. So 

the problem occurs just at idle. This 

vehicle’s problem is the Exhaust Gas 

Recirculation (EGR) valve is interme-

diately sticking open at cruise and 

when it returns to idle dilutes the air/fuel charge. This puts too much space 

between the hydrocarbons creating an impediment to the flame front and, 

thus, incomplete combustion.  

 

Now let’s analyze (Figure 9); this is a vehicle with a DTC P0420 catalytic con-

verter efficiency. We will discuss what the gas traces indicate and what is 

happening within the engine. First we will take note that the HC is reading 

166 PPM, the CO is reading 1.26%, the CO2 is reading 13.81%, the oxygen is 

reading .426%, the NOx is reading 1183 PPM, and the Lambda is at .979%. 

 

The HC reading of 166 PPM indicates that the hydrocarbons are slightly high. 

The CO at 2.27% indicates that there is poor combustion  
(Con’t on page 13) 
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within the cylinders, but a spark 

event did occur. The CO2 at 13.81 is 

a li�le low indicating that the com-

bustion is incomplete. The oxygen at 

2.71% is slightly high indicating that 

the combustion event is not com-

plete. The NOx is quite high at 1183 

PPM. The Lambda is .979% indicat-

ing that the engine is running 2% 

rich of a stoichiometric. Since the air/

fuel ratio is correct at a Lambda of 

close to 1 the air/fuel charge is defi-

nitely combustible, however, the 

combustion event seems incomplete. 

This exhaust gas data was taken 

while driving under load. These ex-

haust gas traces are correct for the 

condition that they were under. The 

problem is that the catalytic convert-

er is not functioning properly and 

can no longer react the exhaust gas-

es, further combusting these gases.  

 

The catalytic converter is a device that further combusts the exhaust gases 

through catalysis. This is where heated metals drive a chemical reaction to a 

different chemical species. All metals will drive catalysis, but the chemical 

species at the end will vary depending on which metal was used. Automotive 

three-way catalytic converters use platinum, palladium, and rhodium. These 

rare earth metals are used because they drive the catalysis to a desired chemi-

cal species. These metals will  
(Con’t on page 14) 
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within the cylinders, but a spark event did occur. The CO2 at 13.81 is a li�le 

low indicating that the combustion is incomplete. The oxygen at 2.71% is 

slightly high indicating that the combustion event is not complete. The NOx 

is quite high at 1183 PPM. The Lambda is .979% indicating that the engine is 

running 2% rich of a stoichiometric. Since the air/fuel ratio is correct at a 

Lambda of close to 1 the air/fuel charge is definitely combustible, however, 

the combustion event seems incomplete. This exhaust gas data was taken 

while driving under load. These exhaust gas traces are correct for the condi-

tion that they were under. The problem is that the catalytic converter is not 

functioning properly and can no longer react the exhaust gases, further com-

busting these gases.  

 

The catalytic converter is a device that further combusts the exhaust gases 

through catalysis. This is where heated metals drive a chemical reaction to a 

different chemical species. All metals will drive catalysis, but the chemical 

species at the end will vary depending on which metal was used. Automotive 

three-way catalytic converters use platinum, palladium, and rhodium. These 

rare earth metals are used because they drive the catalysis to a desired chemi-

cal species. These metals will need to be ho�er than 700°F in order to function 

correctly. This means on cold start the catalytic converter is not working for 

the first 20 seconds to one minute. Once the catalytic converter has obtained 

operational temperature it will further combust the exhaust gas through ca-

talysis. So any exhaust gas analysis must take this into account. For example, 

if the engine is misfiring one would expect to see incomplete combustion gas-

es at the tailpipe such as high HC readings with high oxygen readings. How-

ever the modern catalytic converter, when at operating temperature, can con-

tinue to combust the gases where there are no signs of incomplete combus-

tion. 

 

(Con’t on page 15) 
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It is clear that the exhaust gases can be used for advanced engine diagnostics. 

We have seen just a few examples presented in this text. Be aware that you 

can use these gases to do far more than what has been presented in this arti-

cle. With a li�le knowledge and a li�le practice you will be diagnosing engine 

problems that use to take hours, in just minutes.   

 

 

                                                   Article By  

                                              Bernie Thompson  

                                    

                   Master Technician, Inventor, Instructor and... 
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What is TST?  
TST is a group of dedicated technicians and instructors committed to 
the continuing education of our fellow technicians. We provide  train-
ing seminars to technicians at a reasonable price. TST brings our 
members nationally known instructors and state of the art training.  
Our Goal & Mission Statement 

 Keep our fellow technicians up to date with the latest technology. 

 Provide training seminars for a reasonable price. 

 Deliver information that the technician can use now. 

 Keep technicians informed of information affecting our industry. 

 Increase consumer awareness of what a good technician is. 
    

Why join TST? 
TST membership includes special pricing on weekday night sem-
inars and the occasional full Saturday seminar.  With a $99.00 year-
ly individual or shop $299.00 membership, the simulcast are only 
$20.00.  TST seminars are NOT sales or product seminars.  The 
instructors that TST brings in are all “hands-on” industry experts 
with up to date, cutting edge knowledge that you can use in your 
shop the next day.  That’s 99 dollars for a seminar in which you are 
able to learn something useful, for fixing those tough jobs that we all 
see on a regular basis.  Our instructors are masters at making the 
complex understandable.  Membership also includes a newsletter full 
of real world technical articles, diagnostic case studies, and solutions 
to the kinds of problems you see in your bays each week. 
 
The following are some of TST’s regular instructors:    
Bernie Thompson of ATS   
John Thornton of Autotrain Inc.                                         
Wayne Colonna of ATSG  
Jorge Menchu the “Labscope Guru,” AES Wave 
John Anello of Auto Tech On Wheels   
Mark Warren of World Pac / Motor Magazine 
Brandon Steckler of CTI & Motor Age Magazine 
Peter Meier of Motor Age Magazine 
Ken Zanders of Illinois Air Team 
"G" Jerry Truglia of A.T.T.S. Inc.  
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