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COMBUSTION THEORY

In light of the continued rise in fuel and labor costs, a good 
understanding of basic combustion theory is more important 
today than ever before.  In addition, increasingly stringent 
environmental regulations and concerns make the selection, 
design and maintenance of combustion control systems of 
paramount importance.

Combustion, in its most basic sense, is the process whereby 
the hydrogen and Carbon in fuels is combined with Oxygen 
from the air to release heat.  Figure 1 shows the more 
common chemical reactions involved.  Byproducts include 
Carbon dioxide, water vapor, left-over nitrogen from the air, 
and possibly unreacted Oxygen and/or fuel components.  
Combustion control, in its most basic sense, is the main-
tenance of the proper fuel and air fl ows into this process 
to produce the amount of heat energy required while con-
suming the least possible fuel and generating the fewest 
possible noxious byproducts.  

The following pages contain a brief overview of the combus-
tion process, a discussion of factors which determine the 
effi ciency of a boiler or furnace, and some of the traditional 
strategies used to accomplish combustion control.

COMBUSTION BASICS
In general, common fuels may be classifi ed as hydrocar-
bons.  This means that they are predominantly composed 
of Carbon and hydrogen.  Table 1 lists some common fuels 
and gives typical values for the hydrogen and Carbon con-
tents as percentages by weight.  Note that there are some 
other components besides hydrogen and Carbon.  Some 
of these, such as sulfur, are combustible and will contribute 
to the heat released by the fuel.  Other components are 
not combustible and contribute no positive energy to the 
combustion process.

The Chemistry
Table 2 reviews the basic chemical equations, which rep-
resent the most common combustion reactions.  Note that 
nitrogen (N2) is shown on both sides of the equations.  This 
is because the air which provides the Oxygen for combus-
tion is composed mainly of nitrogen which must go through 
the burner and boiler because it is there.

Each atom of Carbon in the fuel will combine with two 
atoms of Oxygen (or one molecule of O2) from the atmo-
sphere to form one molecule of CO2.  On a weight basis, 
each pound of Carbon requires 2.66 pounds of Oxygen for 
complete combustion resulting in the production of 3.66 lb 
of Carbon dioxide.

Each pair of hydrogen atoms (or each molecule of H2) will 
combine with one atom of Oxygen (or one half molecule 
of O2) to form one molecule of H2O, or water.  On a weight 
basis, each pound of hydrogen requires 7.94 pounds of 
Oxygen for complete combustion resulting in the production 
of 8.94 pounds of water.

By the Numbers
The air we breathe is only about 21% Oxygen by volume.  
For all practical purposes, the remaining 79% is nitrogen. 
Since Oxygen is a little heavier than nitrogen, the percent-
ages by weight are somewhat different.  The percentage 
of Oxygen by weight is 23%, and the remaining 77% is 
nitrogen.  Thus, it requires about 4.35 pound of air to deliver 
one pound of Oxygen.

A typical gallon of No. 6 fuel oil weighs 8 pounds and is 87% 
Carbon and 12 % hydrogen (the missing percent would be 
sulfur, ash, water and sediment).  This gallon would con-
tain 6.95 pounds of Carbon and 0.96 pound of hydrogen.  
From the data presented earlier, we can compute that 18.49 
pounds of Oxygen are needed to burn the Carbon and 7.62 
pounds of Oxygen must be provided to burn the hydrogen 
in this gallon of fuel oil. This represents a total requirement 
of 26.11 pounds of Oxygen.  Since air is only 23% Oxygen 
by weight, it will take 113.5 pounds of air (26.1 ÷ 0.23) for 
the complete and perfect (0% excess air) combustion of 
this gallon of fuel.

Assuming that there are 13 cubic feet of air to the pound, 
1476 cubic feet of air are required to burn each gallon of fuel.  
A 50 gallon per hour burner (about 200 Boiler HP)  would 
need nearly 74,000 cubic feet of air per hour (or 1230 scfm) 
to fi re without any allowance for excess air.

The Real World
In the real world however, there must always be more air 
supplied to the combustion process than the theoretical or 
stoichiometric air requirement. This is because no burner 
made is this “perfect”.  This “extra” air is referred to as “ex-
cess air”.  If 20% more than the theoretical air requirement is 
supplied, we say that the burner is operating at 20% excess 
air.  Another way of stating the same thing is to say that the 
burner is operating with 120% “total air”.

Complete combustion of our one gallon of number 6 fuel 
oil with 20% excess air would require 136 pounds of air.  
The 50 gallon per hour burner would actually require about 
90,000 cubic feet of air per hour.

For any particular burner-boiler combination, there is an 
ideal “minimum excess air” level for each fi ring rate over 
the turn-down range.  Greater air fl ows would waste fuel 
because of the increased mass fl ow of hot gasses leaving 
the stack.  Lesser amounts of air would cause fuel waste 
because the fuel would not be burned completely.  Typi-
cally, burners require much higher levels of excess air when 
operating near their minimum fi ring rates than they do at 
“high fi re”.  Figure 1 shows a typical relationship between 
percent fi ring rate and the excess air required to insure 
complete combustion of the fuel.  In many cases, even 
though stack temperature might decrease at low fi re, ef-
fi ciency suffers because so much of the fuel energy is lost 
to heat this excess air.
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COMBUSTION THEORY

Component Symbol Molecular
Weigth

No. 2 No. 4 Light No. 4 Heavy No. 5 Light No. 5 Heavy No. 6 Coal Wood 
(Dry)

Hydrogen H 2.02 11.8 to 13.9 10.6 to 13.0 10.6 to 13.0 10.5 to 12.0 10.5 to 12.0 9.5 to 12 5.0 5.7
Carbon C 12.01 86.1 to 88.2 86.5 to 89.2 86.5 to 89.2 86.5 to 89.2 86.5 to 89.2 86.5 to 89.2 75.0 54.9
Nitrogen N2 28.01 0.0 to 0.1 -- -- -- -- 0.0 to 0.5 1.5 25.3
Oxygen O2 32 -- -- -- -- -- 0.0 to 1.5 6.7 13.1
Sulfur S 32.06 0.05 to 1.0 0.2 to 2.0 0.2 to 2.0 0.5 to 3.0 0.5 to 3.0 0.7 to 3.5 2.3 trace
Ash -- -- -- 0.0 to 0.1 0.0 to 0.1 0.0 to 0.1 0.0 to 0.1 0.0 to 0.5 7.0 2.0

Table 1

Fuel Composition
(Percent By Weight)

Common Combustion Reactions
AIR FUEL FLUE GASES

4 N2 + O2 + 2 H2 2 H2O + 4 N2 + HEAT

4 N2 + O2 + C CO2 + 4 N2 + HEAT

4 N2 + O2 + S SO2 + 4 N2 + HEAT

Table 2

hydrogen

Carbon

sulfur

water nitrogen

nitrogen

nitrogen

Carbon dioxide

sulfur dioxide

Component Symbol Molecular 
Weigth % By Volume % By Weight

Nitrogen N2 28.02 78.09 75.47
Oxygen O2 32 20.90 23.20
Argon Ar 39.94 0.933 1.28
Carbon Dioxide CO2 44.01 0.033 0.046
Neon Ne 20.18 0.0018 0.0012
Helium He 4 0.0005 0.00007
Krypton Kr 83.8 0.0001 0.0003
Xenon Xe 131.29 9 x 10-6 0.00004

RULES OF THUMB
1. Standard air @ sea level and 70° F has a 

density of 0.07495 lbs/ft3
2. 1 lb of standard air @ sea level and 70° F has 

a volume of 13.34 ft3

Required Air For Combustion
(no excess air)

3. lbs. air/lb. natural gas = 17.5
4. lbs. air/lbs. oil = 14.0
5. lbs. air/lbs. coal = 12.0
6. lbs. air/MMBtu. oil = 750
7. lbs. air/MMBtu. natural gas = 720
8. Required air for combustion in creas es 4.0% for 

every 1000 ft. above sea level
9. lbs/hr air = (SCFM) x 4.5 @ 70°F.
10. Required air for combustion in CFM increases 

1.9% for every 10° above 70° F.

Air Composition
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Varying Oxygen Content of Air
There are many factors which can infl uence the actual 
mass fl ow of Oxygen into a burner for any given air control 
damper setting.  Of course, dirty fan wheels and dampers 
will reduce the volumetric air fl ow, but changing ambient air 
conditions also have an effect on the actual input of Oxygen 
into the combustion process.

Starting with “normal” air at a barometric pressure of 30 
inches of mercury, a temperature of 60° F, and 45% relative 
humidity, the actual mass Oxygen fl ow for a constant volu-
metric air fl ow can vary by quite a bit with normal seasonal 
variations.  Mass Oxygen fl ow would drop by nearly 20% 
on a hot humid summer day when the combustion air was 
120° F, with a barometric pressure of 29.5 inches of mercury 
and 95% relative humidity.  This is why it seems so hard 
to breathe on a really hot, humid day.  There just isn’t as 
much Oxygen in each breath as we are used to.  Burners 
have the same problem, except that they smoke, soot and 
make noxious emissions if allowances aren’t made for this 
“Oxygen lean” air.

The Oxygen mass fl ow for a constant volumetric air fl ow 
would increase by 10% on a cold dry winter day at 32° F, 
barometric pressures of 30.5 inches of mercury, and 0% 
relative humidity.  Possibly this is why winter air can feel so 
good to breathe.  It is “Oxygen rich”.

Variations in Fuel Flow
There are also many factors which can infl uence the actual 
mass fl ow of fuel into the burner for a given setting of the 
fuel control valve.  Pressure drop across the metering valve 
and fl uid viscosity have the greatest effect on fuel fl ow.  With 
residual fuels, this is especially important.  Viscosity of the 
fuel at a given, “fi xed” temperature can vary from delivery 
to delivery, and temperature variations above this “fi xed” 
point can cause the viscosity at the fuel valve to vary even 
more.

Having thick oil in the burner supply line can reduce the 
pressure at the metering valve while having thick oil in the 
return line can increase the pressure at the valve.  With 
No. 6 fuel oil, the fl ow rate through a simple metering valve 
can vary by as much as +50% as a result of a build-up of 
“typical” variations in base viscosity, oil temperature, supply 
pressure and return line pressure.

Safe Burner Set-Up
In order to operate cleanly and safely, a burner must be 
adjusted so that, under the worst case fuel and air condi-
tions, suffi cient combustion air is supplied for the fuel to 
be burned.  This means that if the burner is set up on a 
“standard” day with 60° air, a 30 inch barometric pressure, 
and 45% relative humidity, an additional 20% excess air 
must be provided if the burner is to operate cleanly on a 
hot, muggy summer day with the same acfm  air fl ow, but 
with less Oxygen per ambient cubic foot of air.

Additionally, any possibility of the burner fuel delivery to 
increase at a given control setting must be taken into ac-
count by further increasing the excess air.

The Cost of Excess Air
Since the total amounts of air fl ow that we are dealing with 
are so great, it is easy to see why this “excess-excess air” is 
so costly.  This air must be heated by the fi re in the burner, 
yet the heat is not recovered completely.  It is wasted up the 
stack.  In the example of a 50 GPH burner, which must be 
set up with an extra 30% excess air to allow for variations 
in fuel and air conditions, the net result is an extra ton of air 
per hour which is heated and then goes up the stack.  

In the following section on boiler effi ciency calculation, the 
effects of varying fuel/air ratios will be discussed in greater 
detail.  At this point, suffi ce it to say that adding air to the 
combustion process beyond what is absolutely necessary 
for complete and clean combustion causes a sizable drop 
in effi ciency.  Decreasing air fl ow can result in incomplete 
combustion, soot, smoking or Carbon monoxide generation.  
This results in an even greater loss in effi ciency because the 
chemical energy in the fuel is not totally extracted.  Figure 
2 shows the effect of too much and too little air on effi ciency 
for a typical burner.  

EFFICIENCY CALCUATIONS

The effi ciency of a burner-boiler combination is simply the 
amount of useful energy leaving the system expressed as 
a percentage of the chemical energy in the fuel entering 
the system.  The effi ciency calculation method based on 
measuring the fuel input and the steam (or hot water) output 
is called the input-output effi ciency method. This method 
is not used frequently because of the diffi culty in obtaining 
fuel fl ow, steam fl ow and steam quality measurements with 
the required degree of accuracy.  Since the effi ciency value 
will typically be around 80% and a change in effi ciency of 
5% can have a major impact on the operation expense of 
a facility, the fl ow measurements used in the calculations 
would have to have errors signifi cantly less than 5% for 
these calculations to be useful.  This is beyond the capa-
bility of the steam and fuel fl ow metering devices normally 
found in the boiler room except possibly at maximum boiler 
output.

Another less obvious but more accurate way of calculating 
boiler effi ciency is the “ASME” by losses method.  Here, 
the boiler-burner is assumed to be a black box.  Energy 
enters the black box in the form of chemical energy in 
the fuel and sensible heat in the combustion air.  Energy 
leaves the black box in the form of steam and as sensible 
and latent heat in the fl ue gasses and in radiation from the 
boiler surfaces and in the blowdown water.  Figure 3 shows 

COMBUSTION THEORY
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COMBUSTION THEORY

Figure 1
Excess Air Vs. Boiler Load, Typical Curve

Figure 2
Excess Air Combustible Gas Relationship

Copyright (c) 1991 ISA-The Instrumentation, Systems, and Automation Society. Reprinted by permission. All rights reserved.
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COMBUSTION THEORY

Copyright (c) 1991 ISA-The Instrumentation, Systems, and Automation Society. Reprinted by permission. All rights reserved.

Effect of Excess Air on Temperatures

Temperature and Barometric Effect on Excess Air%
For a burner originally adjusted to 15% excess air, when the barometric pressure was 29" Hg and air temperature was 
80° F, the following table shows excess air changes resulting from changes in air pressure and temperature.

Air 
Temperature

Barometric Pressure
"Hg Resulting % Excess Air*

40 29 25.5%
60 29 20.2%
80 29 15.0% (Set Up)

100 29 09.6%
120 29 01.1%

80 27 07.7%
80 28 11.0%
80 29 15.0% (Set Up)
80 30 19.0%
40 31 34.5%
60 30 25.0%
80 29 15.0% (Set Up)

100 28 05.0%
120 27 -5.5%

*Note: Expressed as a percent of the Stoichiometric air required
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a simple block diagram with various energy fl ows into and 
out of the boiler.  

Since energy cannot be created or destroyed, and since 
energy is not stored in the boiler (when operating in the 
steady state), the amount of energy leaving the system by 
all available paths must be equal to the amount of energy 
entering the system by all available paths.  By calculating 
all of the various energy fl ows out of the system which 
represents losses, and expressing them as a percentage 
of the fuel energy entering the system, the total losses 
may be calculated.  If there were no losses, the effi ciency 
would be 100% .  This results in a more accurate estimate 
of unit effi ciency than that obtained by directly measuring 
the fuel energy into the burner and the steam energy out 
of the boiler.

Effi ciency Losses
The two largest energy losses are stack losses and radia-
tion losses.  Taken together, the steam leaving the boiler, 
and stack and radiation losses account for all but a percent 
or two of the energy entering the boiler in the form of fuel.  
Stack losses represent the energy that could be reclaimed 
from the gasses leaving the boiler if these gasses were 
cooled to the temperature of the combustion air entering 
the system.  The lower the stack temperature (all other 
things being equal) the lower the stack losses.  The lower 
the stack losses, the higher the effi ciency.

The stack losses account for nearly all of the wasted energy 
leaving the boiler.  For this reason, the term “combustion 
effi ciency” is often used in place of “effi ciency”.  Combustion 
effi ciency is the number that results when the stack losses 
are deducted from 100%.  This number neglects radiation 
and miscellaneous losses, so it is generally 3% to 5% higher 
than the actual effi ciency.

Radiation Losses
Radiation losses represent the heat that escapes from the 
surface of the boiler into the surrounding air.  The better 
the boiler is insulated, the lower the radiation losses will 
be.  Radiation losses generally represent a fi xed amount 
of energy lost per unit time since the surface of the boiler 
is generally at the saturation temperature of the steam be-
ing generated.  For fi eld erected water tube boilers, with 
signifi cant amounts of refractory furnace wall surface not 
covered with water tubes, the total quantity of heat lost to 
radiation might increase with fi ring rate as the furnace walls 
would become hotter at higher inputs.

With water-cooled boiler surfaces, (especially fi re tube 
units), since the total amount of heat lost from the surface 
per hour is a constant (dependent on the temperature of 
the surrounding air), it is not dependent on fi ring rate.  
When expressed as a percentage of the fuel energy input, 
however, the radiation loss will be higher at reduced fi ring 

rates.  If a boiler has a 3% radiation loss at high fi re (100% 
input), it will have a 6% radiation loss at half fi re because 
the constant heat fl ow by radiation is now twice as large 
compared with the fuel input.

Radiation losses are not affected by changes in combustion 
and combustion control.  Short of insulating the boiler, there 
is no real way to control this loss.  Stack losses, however, 
may be controlled.

Stack Losses
Stack losses are composed of sensible and latent compo-
nents.  The latent heat component represents the heat of 
vaporization of the water (steam) that was formed when the 
hydrogen in the fuel was burned.  This component is a func-
tion of the percent hydrogen in the fuel, and may be treated 
as a constant for any given fuel analysis.  For typical fuel 
oils, the effi ciency lost due to latent heat in the stack (steam 
in stack) is roughly 5%. For natural gas, which contains a 
higher percentage of hydrogen, the effi ciency lost due to 
latent heat in the stack gasses is roughly 9%.

The sensible heat component of the stack loss is a function 
of the amount of gas leaving the boiler and the difference in 
temperature between the stack gases and the combustion 
air entering the burner. The higher this temperature differ-
ence, the higher the stack loss. The greater the mass fl ow 
of gas through the boiler, the higher the stack loss. More 
excess air, then, results in lowered effi ciency.

The temperature of the gasses leaving the boiler is effected 
by boiler design, the cleanliness of the boiler, the fi ring rate, 
and the amount of excess air. The higher the relative air 
fl ow, the shorter the residence time of gasses in the boiler  
will be. The gasses will have less time to give up heat to 
the boiler tubes, and the stack temperature will increase, 
driving the effi ciency down. The dirtier the heat transfer 
surfaces, on both fi re and water sides, the higher will be 
the temperature of the gasses leaving the boiler, and the 
effi ciency will suffer. Typically, a 40° F increase in stack 
temperature will result in a 1% decrease in effi ciency. Of 
course, high pressure steam boilers will have higher stack 
temperatures than low pressure steam boilers because the 
temperature of the water in the boiler is higher for the higher 
pressures. The combustion gasses are being “cooled” by 
hotter tube surfaces, and they end up hotter. This is why 
large high pressure boilers are often equipped with feedwa-
ter economizers. Here, the relatively cool boiler feedwater 
is used to cool the stack gasses further after they leave the 
boiler  steam generating section.

Measuring Excess Air
The mass fl ow of air through the boiler is a function of the 
amount and composition of the fuel being fi red and the 
amount of excess air provided. For theoretical (stoichio-
metric) combustion with no excess air (0% O2 in the fl ue 

COMBUSTION THEORY
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Conservation of Energy 
 - Fuel energy “in” equals heat energy “out”
 - Energy leaves in steam or in losses
 - Effi ciency = 100% minus all losses

Typical boiler effi ciency is 80% to 85%
 - The remaining 15% to 20% is lost
 - Largest loss is a typical 15% “stack loss”
 - Radiation loss may be 3% at full input
 - Miscellaneous losses might be 1 to 2%

COMBUSTION THEORY
Effi ciency Calculation

Figure 3

RULES OF THUMB
To Approximate Operating Cost

1. Cost of Fuel = $6.25 per thousand lbs. of steam per hour
  (based on gas @ $5.00/thousand Cu. Ft.)
2. Normal fi ring hours per year = 8500
3. 10% reduction in excess air = 1% reduction in fuel input
4. On a packaged water tube boiler, each on-off cycle costs 

an additional $.50 per thousand pounds of maximum 
boiler rating (based on heat losses during purge and 
increased maintenance)

5. Horsepower cost = $333.00 per horsepower per year 
(based on electricity cost of $.05/KW hr)
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COMBUSTION THEORY

gas), the amount of air required for each unit of fuel may be 
determined from the analyses of the fuel and air composi-
tion as discussed earlier. It is also possible to calculate the 
maximum CO2 content of the stack gasses based on the 
percent of Carbon in the fuel. By taking a reading of the CO2
or O2 content of the stack gasses, the amount of excess air 
may be calculated as well. The effi ciency charts on page 
237 to 239 correlate Oxygen, Carbon dioxide, and excess 
air levels for various “typical” fuels.

Remember that the flue gasses contain a substantial 
amount of water vapor. If this water vapor is allowed to 
condense, the remaining gasses will take up less volume. 
If the concentration of Oxygen or Carbon dioxide in a “dry” 
sample is measured, the percent by volume will be higher 
than if the water were still present as a vapor.

This is why there are two sets of values for Oxygen on the 
effi ciency charts we use. One is for “dry” samples such 
as one would obtain by using an Orsat or a Bacharach 
Fyrite. The other is for “wet” samples with the water vapor 
still present. In-situ zirconium oxide analyzers operate at a 
high temperature and provide a “wet” reading because the 
measured Oxygen is part of the entire stack gas sample, 
water vapor and all. “Wet” reading will always be lower 
than “dry” readings, and it is important to note the method 
used when taking combustion data, or the wrong excess 
air levels will be inferred.

Calculating Flue Gas Composition
The amount of water vapor and Carbon dioxide formed per 
unit of fuel is fi xed by the amount of hydrogen and Carbon 
in the fuel as determined by the fuel analysis. The amount 
of nitrogen leaving the boiler is a function of the amount of 
theoretical air required for each unit of fuel plus the amount 
of excess air in the combustion products. For each fuel 
composition, the measurement of excess air in the stack 
will uniquely determine the composition of the stack gas-
ses. Given the composition of these gasses, it is possible 
to determine the amount of latent and sensible heat energy 
contained in the gasses leaving the boiler for any given 
temperature reading. 

In this way, it is possible to prepare charts for typical fuels 
relating the stack losses to the excess air levels and to the 
temperature rise (difference between stack temperature 
and combustion air temperature). By using temperature 
rise instead of absolute stack temperature, the energy in 
the combustion air entering the burner is accounted for. It 
is also possible to write computer programs, and to con-
fi gure micro-processor based controllers to calculate the 
combustion effi ciency based on typical fuel analysis, stack 
temperature, air temperature, and stack Oxygen.

The charts on page 237 to 239 for the calculation of com-
bustion effi ciency were developed in this way. Figures 4, 
5, and 6 were developed for calculating the combustion 

effi ciency of boilers fi ring No. 6 oil, No. 2 oil and natural 
gas respectively. 

It is important to realize that it does not matter to the effi -
ciency calculation where the excess air came from. It might 
be supplied to the burner intentionally or it may be “tramp 
air” which has entered the boiler because of leaks in the 
setting and/or excessively high draft in the furnace. This is 
why a tight setting and good draft control is very important 
in maximizing the effi ciency of a boiler.

Other Energy Losses
There is a potential third major loss representing unburned 
fuel. This can be signifi cant when fi ring solid fuels as the 
ash leaving the boiler may contain unburned Carbon in 
the several percentage point range. Since this article deals 
mainly with gas and oil fi ring, and since unburned fuel results 
in smoke, soot, and Carbon monoxide, the assumption is 
made that this condition cannot be allowed to exist regard-
less of its effects on effi ciency. For this reason, unburned 
fuel losses will be ignored in this discussion. 

For high pressure boilers operating with regular or continu-
ous blowdown in order to control dissolved solids, there 
can be signifi cant energy wasted in the blowdown water. 
Continuous blowdown controls can minimize this loss by 
keeping the blowdown rate from exceeding that needed to 
keep the boiler water conductivity below a predetermined 
level. On large units, it may be economical to install a heat 
exchanger to transfer this heat to the feedwater.

In general, the radiation loss, the stack loss, any blow-
down loss, and a wild card “miscellaneous loss” account for 
practically all of the energy lost from the system. Often the 
radiation loss at high fi re, and the “miscellaneous loss” are 
given in the boiler manufacturers data. By measuring the 
stack temperature, and excess air (via CO2 or O2 measure-
ment), a very accurate estimate of total unit effi ciency can 
be obtained if radiation losses and miscellaneous losses 
are taken into account. Remember that the radiation loss 
is inversely proportional to the fi ring rate when taken as a 
percent fi gure.

EXAMPLE

Suppose a 600 HP boiler is fi ring No. 6 oil. The boiler 
manufacturer gives the high fi re radiation loss as 2%, 
and the “miscellaneous loss” as 1%. Measurement of the 
stack gasses using a Bacharach Fyrite gives a CO2 read-
ing of 12%, and the stack temperature is 580° F. Further, 
the temperature of the combustion air is 80° F, so the net 
stack temperature or “∆-T” is 500° F.

For the sake of argument, assume that the burner is operat-
ing at 75% of the maximum rating of the boiler. This means 
that the actual radiation loss would be the high fi re rating of 
2% divided by 0.75, or 2.67%.
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COMBUSTION THEORY

The CO2 reading is a “dry” reading because the Bacharach, 
by its nature, condenses the water out of the stack gasses 
in the process of absorbing the CO2. From the combustion 
effi ciency chart on Figure 6, note that the 12% CO2 reading 
corresponds to 33% excess air. By drawing a line up to the 
500° F net stack temperature or ∆-T line, the combustion 
effi ciency is estimated at 82%.

Note that this is just combustion effi ciency. From this fi gure, 
we must deduct the 2.67% radiation loss and the 1% mis-
cellaneous loss. The resulting unit effi ciency as determined 
by the ASME “By Losses” method is 78.33%. This number 
should agree with an effi ciency calculation based on fuel in 
and steam out if all measurements were accurate to within 
a tenth of a percent or so.

SAVING FUEL WITH COMBUSTION 
CONTROLS - A SUMMARY

Since the burner must be set up to operate cleanly under 
worst case conditions, enough excess air must be provided 
to burn any additional fuel that the metering device at the 
burner may introduce as well as to ensure that there will 
be suffi cient excess air available on a hot muggy summer 
day. There is no way to prevent hot muggy summer days, 
but fuel fl ow can be closely controlled with the appropriate 
hardware.

To compensate for changes in air quality, a burner will op-
erate part of the year (assuming that there is no seasonal 
tuning) with more excess air than at other parts of the year. 
If the air fl ow must be increased by 20% to accommodate 
a hot day, then periods with cooler drier air and most boiler 
load, the burner will waste fuel. On large units of 600 HP or 
more, Oxygen trim can provide a payback by compensating 
for these changes in air fl ow. On smaller units, seasonal 
tuning can be a solution. On residential size burners, the 
best practice is to live with the excess air, because a burner 
that runs short of air and builds soot or produces CO is not 
safe or effi cient. 

Assume that a particular burner fi ring No. 6 fuel oil can 
be adjusted to operate at 20% excess air on a “normal” 
day with “normal” fuel metering. Further, assume that this 
boiler will then show a stack temperature of 460° F. Figure 
6 shows that the technician would measure 3.2% O2 (wet) 
or 13.4% CO2 (dry) since the excess air level is 20%. The 
net stack temperature rise would be 400° F if the ambient 
air entering the burner was at 60° F. The combustion ef-
fi ciency would be 85.6%.

Assuming that the air is increased just to cover expected 
changes in air quality, at least 20% more excess air would 
have to be added on a “normal” day to compensate for an 
“abnormal” day. Looking again at Figure 6, the effi ciency 
loss due to an additional 20% increase in excess air is about 
1.6%. For a 750 HP boiler operating at an average load of 

65%, this could represent an actual cost of $18,800 per 
year using a fuel cost of $0.90 per gallon.

If the metering system for the oil had a possible variance 
of +/- 20%, then an additional 20% excess air would have 
to be provided to ensure complete combustion when the 
oil fl ow was at a high extreme. Figure 6 indicates that this 
would result in a decrease to 82.8% effi ciency. The ad-
ditional cost of this excess air would be $14,400 with the 
same assumptions as before.

Typically, the effi ciency would drop to around 81.5% with an 
extra 40% excess air because of a corresponding increase 
in stack temperature. As excess air increases, the residence 
time of the gasses in the boiler decreases, causing a re-
duced heat transfer.

If a “perfect” control system with Oxygen trim and meter-
ing fuel fl ow control could hold this boiler to the ideal 20% 
excess air at all times, the owner could potentially save 
$24,000 per year (taking the change in fl ue gas temperature 
in account).

It is these potential savings that justify the installation of 
sophisticated control systems on larger units, and burners 
with sophisticated fuel metering systems on smaller units.
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COMBUSTION THEORY
Combustion Effi ciency Table
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COMBUSTION THEORY 
Combustion Effi ciency Table
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COMBUSTION THEORY
Combustion Effi ciency Table
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