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chapter one

COMBUSTION EFFICIENCY

Total efficiency is defined as the effective-
ness of any combustion apparatus to con-
vert the internal energy contained in the fuel
into heat energy for use by the process. Any
heat losses lower the efficiency of the pro-
cess. Radiant losses from heat escaping
through the surfaces of the boiler is one
example of efficiency losses. Combustion
efficiency is the total energy contained per
unit of fuel minus the energy carried away
by the flue gas and unburned fuel exiting
the stack.

Combustion efficiency losses are a big
part of total efficiency losses. Before mak-
ing large capital investments to improve
boiler performance, make sure you maxi-
mize combustion efficiency. The best way
to maximize combustion efficiency is to
measure oxygen and combustibles in the
flue gas on a continuous basis.

Combustion Theory and
Stoichiometric Combustion
The three essential components of
combustion are fuel, oxygen, and heat.
Stochiometric combustion is defined as
having just the right amount of oxygen and
fuel mixture so the most heat is released.
In most fossil fuels, the chemical elements
that react with oxygen to release heat are
carbon and hydrogen.*

Stoichiometric reactions for pure carbon,
oxygen, and hydrogen are as follows:

C+0, O CO,+ 14,093 Btu/lb.

H,+ 1202 0 H,0+ 61,100 Btu/lb.

For these stoichiometric combustion re-
actions, only heat and CO, or H,O result.

Common fuels consist of compounds
containing certain amounts of hydrogen
and carbon. These fuels are commonly
called hydrocarbons. For example, meth-

1Sulfur is rarely used as a fuel, but will react with oxygen as follows:

S+0, O SO, + 3,983 Btu/lb.

ane (CH4) is a hydrocarbon gas that burns
as follows:
CH,+20, O CO,+2H,0 + 1,013 Btu/ft.?

Why Use Air Instead of Pure Oxygen
Air contains about 21% oxygen and 79%
nitrogen by volume, and is readily available.
Pure oxygen must be processed, and on
most applications the cost to process oxy-
gen outweighs the benefit of increased com-
bustion control. When you use air instead
of oxygen, one cubic foot of methane (at
standard temperature and pressure) will
burn completely with 9.53 cubic feet of air
as shown below:

CH,+20,+ 753N, O CO,+2H,0 +
7.53N, + 1,013 Btu/ft.?

The ratio of 9.53 cubic feet of air to one
cubic foot of methane is known as the sto-
ichiometric air/fuel ratio. The heat released
when the fuel burns is known as the heat of
combustion. Table 1-1 and Table 1-2 list the
stoichiometric air/fuel ratios and heats of
combustion for several common fuels.

Ideally, you want to provide just the right
amount of air to completely burn all the fuel.

Table 1-1 — Combustion ranges for selected
gaseous fuels

Stoichiometric Heat of
Fuel Air/fuel ratio Combustion
(ft® air/ft ® fuel) (Btu/ft 3)
Hydrogen (H,) 2.38 325
Carbon Monoxide (CO) 2.38 322
Methane (CH,) 9.53 1013
Propane (C,H,) 23.82 2590
Natural Gas 94-11.0 950-1150
Coke Oven Gas 35-55 400-600

Table 1-2 — Combustion ranges for selected solid and
liquid fuels

Stoichiometric Heat of
Fuel Air/fuel ratio Combustion
(ft® air/lb. fuel) (Btu/lb.)
Carbon (C) 150 14,093
Sulfur (S) 56 3,983
No. 2 Oil 180-195 18,500-19,800
No. 6 Oil 170-185 17,500-19,000
Bituminous Coal 120-140 12,000-14,000




But this proves elusive for a number of rea-

sons, including inadequate mixing of air and
fuel, burner performance, fluctuating oper-
ating and ambient conditions, and burner
wear and tear. To ensure that the fuel is
burned with little or no combustibles, some
amount of excess air is provided. To en-
sure no more excess air than required is
used, you measure excess oxygen in the
flue gas. To ensure the amount of hydro-
gen or carbon monoxide in the flue gas is
minimized, combustibles are measured.

The Importance of Excess Air
Flue gas heat loss is the single largest energy
loss in a combustion process. It is impossible
to eliminate all flue gas heat loss because the
products of combustion are heated by the com-
bustion process. But flue gas heat loss can be
minimized by reducing the amount of excess
air supplied to the burner.

Flue gas heat loss increases with both
increasing excess air and temperatures as
shown in Figure 1-1.

Figure 1-1 — Flue gas heat loss increases with both
increasing excess air and temperatures
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Figure 1-2 — Flue gas constituents vs. excess air for
methane combustion
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Since the oxygen in the flue gas is di-
rectly related to the amount of excess air
supplied (Figure 1-2), an oxygen flue gas
analyzer is the best way to effectively mea-
sure and control the amount of excess air
in the flue gas and the associated heat loss.?
Zirconium oxide O, flue gas analyzers are
the preferred combustion control analysis
method. Oxygen analyzers, including those
using zirconium oxide technology, paramag-
netic, and wet electrochemical cells, are
discussed further in Chapter 2.

Unburned Fuel Loss

For combustion efficiency, you never want
to operate a burner with less air than is re-
quired for stoichiometric combustion. Not
only does this result in a smoking stack, but
it significantly reduces the total energy re-
leased in the combustion process due to
unburned fuel. Figure 1-3 shows how the
energy released per cubic foot of methane
falls off with decreasing combustion air.

2In the past, CO, analyzers were also used. But as seen in Figure
1-2, a particular CO, level in flue gas can indicate either an excess
fuel or excess air condition. This dual meaning is unacceptable in
combustion control systems, and therefore CO, analyzers are no
longer used for combustion efficiency purposes.



Figure 1-3 — Available heat drops sharply with
deficient air supply
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If a burner is operated with a deficiency of air,
or the air and fuel are mixed improperly, all the
fuel will not burn. As a result, carbon monoxide
and hydrogen will appear in the products of com-
bustion. Carbon monoxide (CO) and hydrogen
(H,), collectively referred to as combustibles,
result from incomplete combustion. When insuf-
ficient excess air is available, the amount of com-
bustibles in the flue gas increases dramatically.

Figure 1-4 — Actual vs. theoretical combustibles
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In practice, some trace levels of unburned fuel
appear in the flue gas stream even with some
amount of excess air, due to imperfect mixing of
fuel and air at the burner or other burner condi-
tions (see Figure 1-4). As a result, combustion
processes are not operated at the stoichiometric
point. Instead, combustion processes are oper-
ated with sufficient excess air to keep the amount
of combustibles minimized. Combustibles levels of
a few hundred parts per million (ppm) in the flue
gas have an insignificant effect on efficiency.

But what is the correct O, level? For every com-
bustion process, the optimum amount of excess
air depends on several variables including the type
of fuel, the load, and the size and condition of the
burner (see Figure 1-5). There is no single O, level
which is right for all processes.

Figure 1-5 — Optimum efficiency range
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Combustibles detectors can measure both hy-
drogen and carbon monoxide in flue gas, with ac-
curacies of £100 ppm or better. For detection of
natural gas during purge-down and light-off cycles,
special versions of detectors are available for %
methane. Infrared or electrochemical cell analyz-
ers measure only carbon monoxide, but are used
to measure total combustibles in some cases. Com-
bustibles detectors and CO analyzers are dis-
cussed in detail in Chapter 3.



Combustion Efficiency -

Measuring Oxygen and Combustibles

In the past, it was not practical to continuously
calculate unburned fuel loss and flue gas heat loss
to maintain the most efficient level of excess air.
Combustion efficiency tables were used to deter-
mine optimal control points in the burner design
stage. These tables help you to determine the ex-
pected efficiency of a boiler or furnace, and to as-
sist in making cost/benefit decisions. The tables in
the appendix provide efficiency curves for various
fuels. These tables can be used to make a rough
estimate of the efficiency improvements that can
be made by decreasing the amount of excess air
and the level of combustibles in the flue gas in your
system. You then continuously monitor the process
using a flue gas analyzer to fine tune your system.

Measuring oxygen alone is insufficient for com-
bustion efficiency purposes because of ever-chang-
ing boiler conditions that affect the amount of com-
bustibles in the flue gas. Similarly, measuring com-
bustibles alone doesn't provide sufficient detail to
make continuous adjustments to the process. To
maintain the highest combustion efficiency level on
a continuous basis, both oxygen and combustibles
in the flue gas need to be measured.

This leads to the fundamental principle of com-
bustion efficiency: “Combustion efficiency is maxi-
mized when the correct amount of excess air is
supplied so that the sum of energy losses from both
unburned fuel loss and flue gas heat loss is mini-
mized.” By measuring the concentrations of oxy-
gen and combustibles, both unburned fuel loss and
flue gas heat loss can be minimized (see Figure
1-6).

Combined oxygen and combustibles analyzers
enable both measurements to be made at a single
sample point. From this, the supply of excess air
can be controlled on a continuous basis, minimiz-
ing heat loss and unburned fuel loss, and there-
fore ensuring the most efficient operation of your
boiler.

COMBUSTIBLES

Figure 1-6 — Total combustion efficiency losses is sum
of unburned fuel loss and heat losses
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In addition to maximizing efficiency, low excess
air firing has the benefit of reducing NOx emissions
(see Figure 1-7). This should be the first step in any
NOx reduction strategy.

Fiugure 1-7 — NOx Reduction
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chapter two

OXYGEN MEASUREMENT

Oxygen concentration in flue gas is an ex-
cellent indicator of excess airinthe flue gas.
The existing technologies used to measure
excess air in flue gas are the zirconium ox-
ide cell, the paramagnetic oxygen cell, and
the wet electrochemical cell.

Zirconium oxide analyzers indicate net
oxygen; that is, the oxygen remaining after
burning with whatever free combustibles are
present around the hot zirconium oxide cell.
Paramagnetic and wet electrochemical cell
oxygen analyzers measure gross oxygen.
For combustion efficiency applications, the
difference between net and gross measure-
ments are small since combustibles are
generally in the ppm range, whileoxygenis
usually in the percent range.

Differences may also occur between the
technologies because zirconium oxide ana-
lyzers can measure oxygen on a wet basis
where the flue gas contains water vapor.
The other measuring techniques all require
cool, dry samples, and measure on a dry
basis. For example, assume you have a
flue gas containing 5% 02, 10% H20, bal-
ance nitrogen (85%). If the water (H20) is
removed from the sample to make a dry read-
ing, oxygen would read as 5.5% O2 (5% of
100% vs. 5% of 90%).

There should be no cause for alarm be-
cause of wet vs. dry or gross vs. net mea-
surements. There is no right or wrong
method. All are valid conventions. It is im-
portant only to know which convention is
being used and to be consistent.

Zirconium Oxide Cell

The zirconium oxide cell is the most preva-
lent technology for continuous monitoring
of flue gases. The sensor was developed in
the mid-1960s in conjunction with the U.S.
Space Program’s Apollo mission. Because
of its inherent ability to make oxygen mea-
surements in hot, dirty gases without
sample conditioning, itwas quicklyaccepted
by industrial users.

With zirconium oxide, because it can be
awet measurement, it is important to keep
the sample above the acid dewpoint to pre-
vent condensation or corrosion in the
sample line. Typically, this is not an issue
since the process and the sensor operate
at temperatures greater than the acid
dewpoint.

Zirconium oxide analyzers now use
microprocessor-based control units (see
Figure 2-1) that include automatic calibra-
tions, RS-485 two-way communications,
current outputs, and alarms. Calibration,
maintenance, and repair are user friendly.
The sensor can be calibrated with the push
of a key, or can even be calibrated auto-
matically at timed intervals that require no
operatorintervention.

Maintenance and repair of these newer
systems is made easier by a self-diagnos-
tic system that, through the use of text
help messages, can tell an operator what
action needs to be taken or what item
needs to be replaced. Components are
usually modular, making repairs and re-
placementseasier.

. U
T TTTT——_AMmrEK |

Figure 2-1 — Thermox Series 2000 microproces-
sor-based control unit.



The Nernst Equation

The sensing element itself is a closed-end
tube or disk made from ceramic zirconium
oxide stabilized with an oxide of yttrium or
calcium. Porous platinum coatings on the
inside and outside serve as a catalyst and
as electrodes. At high temperatures (gen-
erally above 1200°F, 650°C), oxygen mol-
ecules coming in contact with the platinum
electrodes near the sensor become ionic.
As long as the oxygen partial pressures on
either side of the cell are equal, the move-
ment is random and no net flow of ions oc-
curs. If, however, gases having different
oxygen partial pressures are on either side
of the cell, a potentiometric voltage is pro-
duced (See Figure 2-2). The magnitude of
this voltage is a function of the ratio of the
two oxygen partial pressures. If the oxygen
partial pressure of one gas is known, the
voltage produced by the cell indicates the
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Figure 2-2 — Zirconium oxide cell principle of operation
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Figure 2-3 — Cell output vs. oxygen concentration

oxygen content of the other gas (See Fig-
ure 2-3). Areference gas, usually air, is used
for one of the gases.

Since the voltage of the cell is tempera-
ture dependent, the cell is maintained at a
constant temperature. Some newer high
temperature insitu models use the heat from
the process to heat the sensor, and the pro-
cess temperature is continuously measured
and used in the software calculation. The
oxygen content is then determined from the
Nernst equation:

RT, O
E—4,__ In 0

where R and F are constants, T is abso-
lute temperature, and O, and O, are the
oxygen partial pressures on either side of
the cell. For example, if air is the reference
gas, and the cell temperature is 735°C, the
equation becomes:

0.209
E =0.050 log 0

The cell produces zero voltage when the
same amount of oxygen is on both sides,
and the voltage increases as the oxygen
concentration of the sample decreases.
The voltage created by the difference in
the sample gas and the reference air is
carried by a cable to the microprocessor
control unit, where it is linearized to an
output signal.



Advantages of Zirconium

Oxide Technology

The zirconium oxide cell has several ad-
vantages over other oxygen-sensing meth-
ods. First, since the cell operates at high
temperatures, there is no need to cool or
dry the flue gas before it is analyzed. Most
zirconium oxide analyzers make direct oxy-
gen measurements on the stack with noth-
ing more than a filter to keep ash or par-
ticulate away from the cell. This dramati-
cally improves the response time. The cell
is not affected by vibration, and unlike other
techniques, the output actually increases
with decreasing oxygen concentration. In
addition, the cell has a virtually unlimited
shelf life.

Zirconium Oxide Sampling Techniques
Four different sampling techniques are used
to measure flue gas with a zirconium oxide
sensor. These sampling techniques are the
insitu, close-coupled extractive, extractive,
and convective.

Insitu Analyzer

As its name implies, an insitu analyzer (See
Figure 2-4) places the zirconium oxide cell
directly in the flow of the flue gas. The zir-
conium oxide cell is located at the end of a
stainless-steel probe inserted into the stack,
and is inserted from a few inches to a few

feet in the process, depending on the
application.

A heating element, in conjunction with a
thermocouple, controls the cell temperature
to ensure proper operation.

Flue gas diffuses into the probe opening
and comes in contact with the zirconium
oxide cell by diffusion.

The compact design of an insitu analyzer
makes it a good choice for many industrial
applications where oxygen measurements
alone are adequate. However, the insitu
design does not lend itself to combustibles
measurements necessary for combustion
efficiency. And because all its analyzing
components are located directly in the
stack, the insitu cannot be used in applica-
tions with temperatures above 1250°F.

One other drawback to older insitu mod-
els has been difficulty of servicing. When
an insitu probe stopped functioning, it had
to be taken completely off line and shipped
back to its manufacturer for repairs. Newer
models, however, employ a modular con-
struction of the internal components so the
cell, furnace, and thermocouple can be re-
moved and repaired in the field while leav-
ing the outer protection tube in the process.
Parts can be unscrewed and replaced in
minutes instead of the weeks needed for a
factory repair (see Figure 2-4).

INNER TUBE STRUCTURE

| /

OUTER PROTECTION TUBE
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HEATER/THERMOCOUPLE

ZIRCONIUM OXIDE CELL WITH
INSULATION SLEEVE

Figure 2-4 — Cross-section of Insitu probe
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Figure 2-5 — Close-coupled extractive oxygen/com-
bustibles analyzer

Close-coupled Extractive Analyzer

A close-coupled extractive probe (see Fig-
ure 2-5) uses the force of an air-driven
aspirator to pull flue gas into the analyzer.
The sensor is located just outside the pro-
cess wall with a probe that extends into
the flue gas to extract a sample. The flue
gas is then returned to the process after
being measured.

Flue gas is pulled through the primary
sample loop by an aspirator. The flue gas
enters the pipe to fill the vacuum created
by the aspirator, and about five percent of it
is lifted into the secondary loop using con-
vection - this is where the cell and furnace
are located. This analyzer yields the fast-
est response to process changes because
of the aspirator, and can work in processes
up to 3200°F (1760°C). Since the sensor is
located so close to the stack and is heated,
no sample line conditioning is needed. The
furnace provides the ability to tightly con-
trol temperature, which improves accuracy
over an insitu measurement. The close-
coupled extractive analyzer is ideal for rela-
tively clean-burning applications, such as
natural gas and lighter grades of oil, and
can be equipped with a combustibles de-
tector (see Chapter 3).

Convective Analyzer (Hybrid Model)
This type of analyzer (See Figure 2-6) uses
convection to bring the sample flue gas to
the zirconium oxide cell, which is located
just outside the process wall.

Since hot air rises, the temperature-con-
trolled furnace and oxygen-sensing cell are
placed above the level of the gas inlet pipe.

As gas near the cell is heated, it rises up
and out of the cell housing, and is replaced
by gas being drawn out of the filter cham-
ber and into the inlet pipe. The gas that has
left then cools off on its way back into the
filter chamber. Process gas is constantly
diffusing in and out of the filter chamber.

The intake area of a convective analyzer
is surrounded by a filter. Since gases diffuse
through the filter and are then drawn into the
analyzer by convection, no flow through the
filter occurs and thus no particles can enter
the filter to plug it. This makes it ideal for
high particulate applications such as coal-
fired boilers, cement kilns, waste incinera-
tors, and recovery boilers.

The convective analyzer can be used for
processes up to 2800°F (1537°C). Because
it works on a diffusion principle, and the
sample path is longer than that of an insitu
probe, the response time is slower than
the close-coupled extractive technique, but
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Figure 2-6 — Convective oxygen/combustibles analyzer
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is comparable in response time to the insitu
design since it also uses diffusion. However,
the tighter temperature control of the fur-
nace and the ability to add a combustibles
detector as an option outweighs the slower
response time.

Extractive Analyzers

Extractive analyzers, unlike close-coupled
extractive or convective analyzers, do not
return the sample to the gas stream (see
Figure 2-7). This is because the gas is of-
ten extracted as far as 100 feet or more
from the stack for analysis. Either wet or
dry readings are possible with extractive
zirconium oxide analyzers. Zirconium ox-
ide extractive analyzers can also be placed
on the stack if desired, since they require
no sample conditioning.

Other Benefits of Zirconium Oxide Cell
In the absence of molecular oxygen, the zir-
conium oxide cell responds to the minute
amount of oxygen produced by the disso-
ciation of water and carbon dioxide at the
high cell operating temperature. This dis-
sociation is inhibited by the presence of
combustibles (carbon monoxide and hydro-
gen) in the sample gas. As the combustibles
concentration increases, the oxygen con-
centration decreases, and the output sig-
nal from the zirconium oxide cell increases.

Outlet

Figure 2-7 — Extractive oxygen analyzer
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Figure 2-8 — Cell output vs. net oxygen/net combus-
tibles (methane fuel)

This means that the zirconium oxide cell
does not stop responding when there is no
net oxygen in the flue gas. In fact, it be-
comes a sensor of net combustibles.

Equivalent Combustibles

Figure 2-8 shows how the voltage generated
by the cell increases sharply as flue gas
changes from a net oxygen to a net com-
bustibles condition. This property of the
zirconium oxide cell is extremely useful
on some combustion processes because
it permits measurement on both sides of
stoichiometric combustion, either excess
air or excess fuel. This is beneficial, for
example, on a two stage burner where the
first stage is kept reducing and the sec-
ond stage is oxidizing.

Equivalent combustibles are used for low
levels of free oxygen in the flue gas. Ituses
a summation of the zirconia cell and the
combustibles detector to ensure combus-
tibles readings are accurate and continuous
under all process conditions.

Paramagnetic Oxygen Sensor
The paramagnetic sensor takes advantage
of the fact that oxygen molecules are
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Figure 2-9 — Paramagnetic oxygen sensor

strongly influenced by a magnetic field.
Although there are several variations, the
most common design uses two diamag-
netic, nitrogen-filled quartz spheres con-
nected by a quartz rod to form a dumbbell
shape. This is supported by a torsional
suspension, and is located in a strong
non-uniform magnetic field (see Figure 2-
9). Because the spheres are diamagnetic,
they will swing away from the strong mag-
netic field until the torsional forces equal
the magnetic forces.

If a gas containing oxygen passes through
the cavity that contains the dumbbell, the
magnetic field changes, and the dumbbell
moves. This movement can be detected op-
tically or electronically, and is a measure of
the oxygen concentration in the sample gas.

Because of the delicate nature of the dumb-
bell assembly, paramagnetic analyzers are
best suited for laboratory applications. When
used on flue gas, a fairly complex sampling
and cleaning system is required to ensure
that the gas is clean, dry, and cool before it
is introduced into the analyzer.

Wet Electrochemical Cell
Wet electrochemical cells, of which there are
many designs, use two electrodes in contact

with an aqueous electrolyte. Oxygen mol-
ecules diffuse through a membrane to the
cathode where a chemical reaction occurs
that uses electrons from the oxygen molecule
to release hydroxyl ions (OH") into the elec-
trolyte. At the anode, which is typically lead
or cadmium, the hydroxyl ions react with the
anode material, oxidizing it and releasing
electrons. Since electrons are released at
the anode and accepted at the cathode, the
cell is essentially a battery with an electrical
current that is directly proportional to the flow
of oxygen through the membrane.

The best wet cells are packaged into neat,
compact plastic cylinders containing the
membrane, electrodes, and electrolyte.
When the anode material is depleted, these
cylinders can simply be removed, dis-
carded, and replaced. A cross-section of
such a cell is shown in Figure 2-10. This
kind of wet cell is ideal for use in portable
oxygen analyzers because it is lightweight
and requires only battery power. For per-
manent installations, however, a sampling/
cooling system must be installed between
the analyzer and the combustion process.
Without sample conditioning, the cell mem-
brane quickly becomes coated and ceases
to function. Care must also be taken since
the anode of the cell oxidizes rapidly when
exposed to air. Usually, cells are stored in
air-tight packages. Finally, the response time
is extremely slow compared to zirconium
oxide cells.

ELECTROLYTE CATHODE
| |
"Hﬂ S f
|
|
I - \\ h |
/ AN

ANODE
Figure 2-10 — Typical wet electrochemical cell
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chapter three

COMBUSTIBLES MEASUREMENT

Incomplete combustion results in combus-
tibles, consisting of hydrogen (H,) and car-
bon monoxide (CO), in the flue gas. More
than a few 100 ppm of combustibles results
in wasted fuel, soot formation, and reduced
heat transfer efficiency. In addition, high
concentrations of combustibles create an
environmental concern and a potentially
explosive condition.

Hydrogen measurement has often been
ignored in flue gas analysis, with the fo-
cus instead being on CO. For combus-
tion efficiency purposes, though, you need
to be able to detect total combustibles,
which includes both carbon monoxide and
hydrogen.

The three prevalent methods for on-line
monitoring of combustibles in flue gas are
with a catalytic element, wet electrochemi-
cal cell, and non-dispersive infrared ab-
sorption. However, wet electrochemical
cells and infrared technologies measure
only CO.

Catalytic Combustibles Detector

A catalytic combustibles detector provides
the required accuracy to maximize combus-
tion efficiency, and is sensitive to both
hydrogen and carbon monoxide. Also, a
catalytic combustibles detector can be
packaged with an oxygen analyzer, elimi-
nating the need for a separate analyzer to
measure combustibles. And these combus-
tibles detectors can work in high tempera-
ture areas where CO infrared analyzers
cannot.

The catalytic detector consists of two
pellisters mounted in close proximity to each
other in a housing through which the flue
gas flows (See Figure 3-1). The active ele-
ment is coated with a catalyst in an inert
binder. The reference element is coated
with the same binder without the catalyst.
A current passes through the pellister to
raise the temperature to over 400°F.
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Figure 3-1 — Catalytic combustibles detector

Combustibles and oxygen do not normally
burn together in a gas stream unless the
temperature is elevated to above 1000°F.
However, if the gas stream comes in con-
tact with a solid catalyst, such as platinum,
combustion will occur at 400°F. When flue
gas containing both oxygen and combus-
tibles passes through the housing, combus-
tion occurs on the active element, but not
on the reference element. This causes the
temperature of the active element to rise
and its resistance to change. The resistance
of the active element will differ from the
reference element proportionally to the
combustibles concentration of the flue gas.
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Figure 3-2 — Catalytic combustibles detector can be
placed in an oxygen analyzer

Catalytic detectors (see Figure 3-2) are
used in convective, close-coupled, and
extractive zirconium oxide analyzers. In
these sampling systems, the combustibles
detector can be mounted directly in the
convective loop with the oxygen sensing
cell. The convective loop of these analyz-
ers provides a stable flow and tempera-
ture (See Figure 2-5 and Figure 2-6).

For combustion efficiency, combustibles
readings in the 0-200 ppm range have a
negligible effect on combustion efficiency.
Above 500 ppm, combustibles begin to
have a dramatic effect on efficiency. Thus,
combustibles detectors with full scale
ranges as sensitive as 0-2000 ppm com-
bustibles and accuracies of +100 ppm or
better are ideal for combustion efficiency.

Infrared Carbon Monoxide
Measurement

Carbon monoxide is one of many gases that
absorb infrared energy at specific, discrete

wavelengths. If a beam of infrared light is
passed through a gas sample containing
CO, and if the emerging energy is measured
with a spectrophotometer, significantly less
energy will be detected for wavelengths
between 4.5 and 4.7 microns than if the
CO were not present. The amount of en-
ergy absorbed is a measure of the CO in
accordance with Beer’s Law:

log (INlg) =-acl

where I,is the intensity of the infrared light
at a specific wavelength ( \) entering the
sample; s the intensity leaving the sample;
o is the absorption coefficient for CO at
wavelength ; c is the concentration of CO
in the sample; and / is the path length of
the infrared light beam through the sample.
By holding the path length, /, constant, the
ratiol/I,becomes a direct measurement of
the CO concentration.

Extractive Infrared CO Analyzers

Extractive infrared CO analyzers, as shown
in Figure 3-3, have the infrared source, de-
tector, and optics in a single package that
is mounted away from the stack. Infrared
light is generated by a thermal source. The
light is mechanically chopped and then al-
ternately passed through a cell containing
the sample gas and a sealed cell contain-
ing air. If CO is present in the sample gas,
some of the infrared energy is absorbed in

SAMPLE SAMPLE
CHOPPER IN ouT

¥ sampLE cELL }

| E i — |

S T e :L| -
2 REFERENCE CELL <

(/f S EECr B

IR DETECTOR
SOURCE NARROW
BANDPASS
L FILTER

CHOPPER MOTOR

Figure 3-3 — Extractive infrared CO analyzer



the sample cell. The remaining infrared
energy then passes through a narrow
bandpass filter that blocks all radiation ex-
cept in the 4.5 to 4.7 micron range. This
filtered energy is focused on a thermal de-
tector that generates an electrical signal
related to the intensity of the radiation. The
ratio of the two alternating signals is then
a direct measure of the CO concentration
in the sample gas. Electronic circuitry can
provide an analog or digital display of the
CO value as well as a current or voltage
output signal suitable for a recorder or con-
trol system.

Extractive infrared CO analyzers are used
primarily in emissions monitoring systems.
They are usually located at easily acces-
sible places near the combustion process.
Flue gas is drawn through a sampling probe
that is inserted into the stack or duct. In most
cases, sample conditioning is required to
clean, dry, and cool the sample before it
enters the analyzer. Provisions for the in-
troduction of calibration gases are usually
an integral part of the design of the sample
conditioning system.

Across-the-Stack

Infrared CO Analyzers

In across-the-stack infrared CO analyzers,
the infrared source is housed in an enclo-
sure that mounts directly on the stack or
duct (see Figure 3-4). The infrared beam
generated by the source passes completely

GAS CELL
MOTOR CHOPPER WHEEL  MOTOR
o SAPPHIRE
[ /WINDOW\ \
MIRROR~]__ 75}77{% 77\//MIRROR
.| NARROW
N [ BanD-
|~ FLANGE X PASS
SOURCE N\l FILTER
SOURCE SEnsor DETECTOR
ENCLOSURE ENCLOSURE

Figure 3-4 — Across-the-stack infrared CO analyzer
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through the stack into a similar enclosure
mounted on the other side. The beam is
usually chopped mechanically in the source
enclosure to differentiate it from the infra-
red energy emitted from the hot interior
stack walls. If CO is present in the flue gas,
some of the infrared energy in the 4.5 to
4.7 micron band will be absorbed. It is this
absorption that is detected in the sensor
enclosure and is interpreted as CO.

Obviously, an across-the-stack analyzer
cannot have a reference path containing no
CO, as would an extractive CO analyzer.
Instead, gas filter correlation is used to solve
Beer’s Law and calculate CO concentration.
In this technique, two physically identical
sealed gas cells are alternately moved in
and out of the infrared beam in the sensor
enclosure just before the narrow bandpass
filter and detector. One cell contains a high
concentration of CO so infrared energy at
the CO-sensitive wavelengths is entirely
absorbed. The other cell contains only ni-
trogen. The difference between the two sig-
nals generated by the infrared detector is
inversely proportional to the energy ab-
sorbed by any CO in the flue gas.

The intensity of the infrared beam trans-
mitted across the stack may vary due to
decay of the thermal source, darkening of
the enclosure windows by soot, or particu-
late in the stack. To ensure that the final
resultis independent of any changes in light
intensity, a standard signal processing tech-
nique is employed. The difference between
the two gas cell signals is divided by their
sum. The result is a signal that is insensi-
tive to transmitted light changes, and var-
ies only with the concentration of CO in the
flue gas. Electronic circuitry conditions the
signal for display on a meter and for a re-
corder or control system output.

Extractive CO analyzers may have lower
installation costs than across-the-stack CO
analyzers because the measuring system



can be located at ground level, while across-
the-stack systems must be mounted on
the stack or duct. But the lower installa-
tion cost may be offset by the cost and
maintenance required by a sampling sys-
tem. The ability to calibrate extractive CO
analyzers with known calibration gas mix-
tures is an advantage. Some across-the-
stack analyzers use additional sealed gas
cells containing known mixtures of CO to
facilitate calibration.

There are two major advantages of
across-the-stack CO systems compared to
extractive CO systems. First, although
across-the-stack analyzers are much
slower than combustibles detectors, the
speed of response is significantly faster than
off-stack analyzers. Extractive CO systems
take several minutes to respond to a change
in flue gas conditions. Second, across-the-
stack systems provide a measurement of
the average CO concentration in the stack.
Unlike off-stack analyzers, which sample
from a single point, these analyzers are un-
affected by stratification or stagnation of the
flue gas in various areas of the stack, and
provide a good average of the CO levels in
the stack.

Both extractive and across-the-stack CO
systems have limitations because they can't
be placed in higher temperature areas
closer to the flame source that a catalytic
combustibles detector can. As a result, the
combustibles in the stack can be diluted or
can be a combined input from a number of
boilers or furnaces or heaters.

Wet Electrochemical Cell

A wet electrochemical cell can be used to
measure CO. In Chapter 2, you learned how
electrochemical cells are used to measure
oxygen. The same principle is used to
measure CO.

As with oxygen cells, CO electrochemi-
cal cells are ideal for use in portable instru-
ments because of their compact design and
low power consumption. However, the sen-
sors are prone to zero and span drift prob-
lems because they measure CO flow
through the membrane. Flow rate is affected
by ambient pressure, temperature, and hu-
midity. Furthermore, the membrane can
become coated with flue gas condensation.

Understanding the importance of combus-
tibles is key to combustion efficiency. By
measuring combustibles and oxygen to-
gether at a single sampling point close to
the flame source, you get a true picture of
your process, and the ability to monitor dif-
ferent areas where stratification could be
occurring. Combustibles detectors can now
be easily included as part of an oxygen
analyzer for a lot less than two separate
analyzers.

The benefits of fine tuning your boiler or
process heater using a combined oxygen and
combustibles measurement are as follows:

« improved fuel efficiency

« ability to monitor burner deterioration

« ability to monitor stratification

« ability to detect air leaks

« reduce NOx emissions from your stack
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chapter 4

PRE-COMBUSTION VS. FLUE
GAS MEASUREMENT
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Figure 4-1 — Premix analyzer schematic

Pre-combustion applications have the air
and fuel pre-mixed before being sent to the
flame source. Atraditional flue gas analyzer
cannot be used for premix applications be-
cause either there is no practical place to
measure the flue gas, such as with open
flame applications, or the measurement is
inaccurate due to air leakage. For these
cases, premix analyzers are used.

Premix Analysis - How it Works

Most of the sample gas entering the pre-
mix analyzer passes through the bypass
flow meter, which ensures a fast response
and keeps the sample inlet purged of dead
volume (see Figure 4-1). Only a small por-
tion of the sample flows through the sample
flow meter and flashback arrestor to the
furnace. Anigniter at the inlet of the furnace
enables the fuel mixture to burn. The com-
bustion products then flow past the zirco-
nium oxide cell, where they are measured.
The cell can measure the excess air (fuel
lean) or excess fuel (fuel rich) composition
of the flue gas, and can work in either range.
These types of analyzers (see Figure 4-2)
are often used for glass forehearths or glass
fiber applications.
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Figure 4-2 — Thermox PreMix 2000 Analyzer

Combustion Air
Requirement Index (CARI)
In some applications, the heat content of the
fuel is variable, such as with off-gases used
in steel production. In these applications, to
maximize efficiency natural gas is added to
obtain a stable heat rate. A CARI analyzer
measures the heat quality of the fuel being
burned. The CARI analyzer provides a direct
measurement of the air flow requirement for
combustion of a variable composition fuel gas.
A flow of the sample gas, constant except
for the change in flow caused by changes in
specific gravity, is mixed with a constant flow
of combustion air and is burned (see Figure
4-3). The resulting product gas (flue gas) is
analyzed for excess oxygen. As discussed
earlier, controlling the amount of excess oxy-
gen improves combustion efficiency.
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Figure 4-3 — CARI schematic



appendix

COMBUSTION

EFFICIENCY TABLES

CONVERSIONS

1 Boiler Horsepower = 34.5 pounds per hour evaporation @ 212°F (100°C)

1 Horsepower-hour = 2545 Btu

1.34 HP - 1 KW

1 Kilowatt-hour = 3412 Btu

1 Atmosphere
=760.0 mm mercury

= 14.696 pounds per square inch

How to Use Tables

1. At the flue gas outlet of the boiler, fur-
nace, kiln, etc., measure the flue gas exit
temperature, oxygen concentration, and
combustibles concentration.

2. Locate the proper combustion efficiency
table for the fuel and flue gas tempera-
ture. It may be necessary to interpolate
between two tables.

3.1f the combustibles measurement is in
parts per million, convert to percent (100
ppm = 0.01%). Read down from the
measured combustibles concentration
and across from the measured oxygen
concentration to find the percent com-
bustion efficiency.

Assumptions

1. All gas concentrations are on a wet basis.

2. Oxygen concentrations are net; i.e. the oxygen left
over after all combustibles have been burned on the
hot zirconia cell.

3. Combustibles concentrations are gross; i.e. the
actual combustibles prior to burning with any remain-
ing oxygen on the zirconia cell.

4. Ambient temperature is assumed to be 60°F.

5. Combustibles are assumed to consist of 67% CO
and 33% H,.

6. Natural gas is assumed to be 85% CH,, 10% C_H,
and 5% N, by volume with a Btu value of 1037.5
Btu/scf.

7. Fuel oil and coal are assumed to have the following
compositions (by weight).

No. 2 Oil No. 6 Oil Coal
Carbon (C) 86.0 88.6 72.0
Hydrogen (H) 11.0 9.4 4.4
Sulfur (S) 0.8 0.85 1.6
Oxygen (O) 1.0 0.7 3.6
Nitrogen (N) 0.2 0.3 14
Moisture (H,0) 1.0 0.2 8.0
Ash — 0.05 9.0
Btu Value (per Ib.) 18,873 18,126 12,800
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% COMBUSTION EFFICIENCY—NATURAL GAS

TEMPERATURE = 300°F (149°C)

PERCENT COMBUSTIBLES IN FLUE GAS

0.0 85.4 85.4 85.4 85.3 85.1 84.8 83.8 82.2 79.0 69.0

0.5 85.3 85.3 85.3 85.2 85.0 84.7 83.7 82.0 78.7 68.4
1.0 85.2 85.2 85.1 85.0 84.9 84.5 83.5 81.8 78.4 67.9
15 85.1 85.1 85.0 84.9 84.7 84.4 83.4 81.6 78.1 67.3

2.0 85.0 84.9 84.9 84.8 84.6 84.2 83.2 81.4 77.8 66.7

3.0 84.7 84.6 84.6 84.5 84.3 83.9 82.8 80.9 77.1 65.4

4.0 84.4 84.3 84.3 84.2 84.0 83.6 82.4 80.4 76.3 64.0

5.0 84.0 84.0 83.9 83.8 83.6 83.2 81.9 79.8 75.5 62.4

6.0 83.6 83.6 83.5 83.4 83.2 82.7 81.4 79.1 74.5 60.5

8.0 82.6 82.6 82.5 82.4 82.1 81.6 80.0 77.4 72.1 55.9

10.0 81.3 81.2 81.2 81.0 80.7 80.0 78.2 75.1 68.8 49.7

12.0 79.3 79.3 79.2 79.0 78.6 77.8 75.5 71.7 64.1 40.6

14.0 76.2 76.1 76.0 75.8 75.3 74.3 71.4 66.5 56.6 26.3

TEMPERATURE = 400°F (204°C)

PERCENT COMBUSTIBLES IN FLUE GAS

0.0 83.4 83.4 83.3 83.2 83.1 82.8 81.8 80.2 76.9 66.9

0.5 83.2 83.2 83.2 83.1 82.9 82.6 81.6 79.9 76.6 66.3

1.0 83.1 83.0 83.0 82.9 82.7 82.4 81.4 79.7 76.3 65.8

15 82.9 82.9 82.8 82.7 82.6 82.2 81.2 79.4 75.9 65.1

2.0 82.7 82.7 82.6 82.5 82.4 82.0 80.9 79.1 75.5 64.5

3.0 82.3 82.3 82.2 82.1 81.9 81.6 80.4 78.5 74.7 63.1

4.0 81.9 81.8 81.8 81.7 81.5 81.1 79.9 77.9 73.8 61.5

5.0 81.4 81.3 81.3 81.2 81.0 80.5 79.3 77.1 72.8 59.7

6.0 80.8 80.8 80.7 80.6 80.4 79.9 78.6 76.3 71.7 57.7

8.0 79.4 79.4 79.3 79.2 78.9 78.4 76.8 74.2 68.9 52.7

10.0 775 77.4 77.4 77.2 76.9 76.3 74.4 71.3 65.1 45.9

12.0 74.7 74.7 74.6 74.4 74.0 73.2 71.0 67.2 59.5 36.0

14.0 70.4 70.3 70.2 69.9 69.4 68.4 65.5 60.6 50.7 20.4
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TEMPERATURE = 500°F (260°C)

PERCENT COMBUSTIBLES IN FLUE GAS

0.0 81.4 81.3 81.3 81.2 81.0 80.7 79.7 78.1 74.9 64.9
0.5 81.2 81.1 81.1 81.0 80.8 80.5 79.5 77.8 74.5 64.2
1.0 80.9 80.9 80.9 80.8 80.6 80.3 79.2 77.5 74.1 63.6
15 80.7 80.7 80.6 80.5 80.4 80.0 79.0 77.2 73.7 62.9
2.0 80.5 80.4 80.4 80.3 80.1 79.8 78.7 76.9 73.3 62.2
3.0 80.0 79.9 79.9 79.8 79.6 79.2 78.1 76.2 72.4 60.7
4.0 79.4 79.4 79.3 79.2 79.0 78.6 77.4 75.4 71.3 59.0
5.0 78.7 78.7 78.7 78.5 78.3 77.9 76.6 74.5 70.2 57.0
6.0 78.0 78.0 77.9 77.8 77.6 77.1 75.7 73.5 68.9 54.9
8.0 76.2 76.2 76.1 75.9 75.7 75.2 73.6 71.0 65.7 49.5
10.0 73.7 73.7 73.6 73.4 73.1 72.5 70.6 67.5 61.3 42.1
12.0 70.2 70.1 70.0 69.8 69.4 68.6 66.4 62.6 54.9 314
14.0 64.5 64.4 64.3 64.0 63.5 62.5 59.6 54.7 44.8 14.5
TEMPERATURE = 600°F (316°C)
PERCENT COMBUSTIBLES IN FLUE GAS
0.0 79.3 79.3 79.2 79.2 79.0 78.7 7.7 76.1 72.8 62.8
0.5 79.1 79.0 79.0 78.9 78.7 78.4 77.4 75.7 72.4 62.1
1.0 78.8 78.8 78.7 78.6 78.5 78.1 77.1 75.4 72.0 61.4
15 78.5 78.5 78.5 78.3 78.2 77.8 76.8 75.0 715 60.7
2.0 78.2 78.2 78.2 78.1 77.9 77.5 76.4 4.7 71.0 60.0
3.0 77.6 77.6 77.5 77.4 77.2 76.8 75.7 73.8 70.0 58.3
4.0 76.9 76.9 76.8 76.7 76.5 76.1 74.9 72.9 68.8 56.5
5.0 76.1 76.1 76.0 75.9 75.7 75.3 74.0 71.8 67.5 54.4
6.0 75.2 75.2 75.1 75.0 74.8 74.3 72.9 70.7 66.1 52.0
8.0 73.0 72.9 72.9 72.7 72.5 71.9 70.4 67.7 62.4 46.2
10.0 70.0 69.9 69.8 69.6 69.3 68.7 66.9 63.7 57.5 38.3
12.0 65.6 65.5 65.4 65.2 64.8 64.0 61.8 58.0 50.3 26.8
14.0 58.6 58.5 58.4 58.1 57.6 56.7 53.7 48.8 38.9 8.6
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% COMBUSTION EFFICIENCY—NATURAL GAS

TEMPERATURE = 700°F (371°C)

PERCENT COMBUSTIBLES IN FLUE GAS

0.0 77.3 77.2 77.2 77.1 76.9 76.6 75.6 74.0 70.7 60.7

0.5 77.0 76.9 76.9 76.8 76.6 76.3 75.3 73.6 70.3 60.0

1.0 76.7 76.6 76.6 76.5 76.3 76.0 75.0 73.2 69.8 59.3

15 76.3 76.3 76.3 76.2 76.0 75.6 74.6 72.8 69.3 58.5

2.0 76.0 75.9 75.9 75.8 75.6 75.3 74.2 72.4 68.8 57.7

3.0 75.2 75.2 75.2 75.0 74.9 74.5 73.3 71.4 67.6 55.9

4.0 74.4 74.4 74.3 74.2 74.0 73.6 72.4 70.4 66.3 53.9

5.0 73.5 73.4 73.4 73.2 73.0 72.6 71.3 69.2 64.9 51.7

6.0 72.4 72.3 72.3 72.2 71.9 715 70.1 67.8 63.3 49.2

8.0 69.8 69.7 69.7 69.5 69.2 68.7 67.1 64.5 59.2 43.0

10.0 66.2 66.1 66.0 65.9 65.6 64.9 63.1 60.0 53.7 34.5

12.0 61.0 60.9 60.8 60.6 60.2 59.4 57.2 53.4 45.7 22.1

14.0 52.7 52.6 52.5 52.2 51.8 50.8 47.8 42.9 33.0 2.6

TEMPERATURE = 800°F (427°C)

PERCENT COMBUSTIBLES IN FLUE GAS

0.0 75.2 75.2 75.1 75.0 74.9 74.6 73.6 | 72.0 68.7 58.6

0.5 74.9 74.8 74.8 74.7 74.5 74.2 73.2 | 715 68.2 57.9

1.0 74.5 74.5 74.4 74.3 74.2 73.8 728 | 71.1 67.6 57.1

15 74.1 74.1 74.0 73.9 73.8 73.4 724 | 70.6 67.1 56.3

2.0 73.7 73.7 73.6 73.5 73.4 73.0 719 | 701 66.5 55.4

3.0 72.9 72.8 72.8 72.7 72.5 72.1 71.0 | 69.1 65.2 53.5

4.0 71.9 71.9 71.8 71.7 71.5 71.1 69.9 | 67.9 63.8 51.4

5.0 70.8 70.8 70.7 70.6 70.4 70.0 68.7 | 66.5 62.2 49.1

6.0 69.6 69.5 69.5 69.3 69.1 68.7 67.3 | 65.0 60.4 46.4

8.0 66.5 66.5 66.4 66.3 66.0 65.5 63.9 | 61.3 56.0 39.7

10.0 62.4 62.3 62.3 62.1 61.8 61.1 59.3 | 56.2 49.9 30.6

12.0 56.4 56.3 56.2 56.0 55.6 54.8 52.6 | 48.7 41.0 175

14.0 46.8 46.7 46.6 46.4 45.9 44.9 419 | 37.0 27.1 0.0

21



TEMPERATURE = 900°F (482°C)

PERCENT COMBUSTIBLES IN FLUE GAS

00 | 731 | 731 | 731 | 730 | 728 | 725 | 715 | 69.9 | 66.6 | 56.6
05 | 727 | 727 | 727 | 726 | 724 | 721 | 711 | 69.4 | 66.1 | 55.8
10 | 723 | 723 | 723 | 722 | 720 | 717 | 706 | 689 | 655 | 54.9
15 | 719 | 719 | 718 | 717 | 716 | 712 | 702 | 684 | 649 | 54.1
20 | 715 | 714 | 714 | 713 | 711 | 707 | 69.7 | 67.9 | 642 | 53.1
30 | 705 | 704 | 704 | 703 | 701 | 69.7 | 686 | 66.7 | 629 | 511
40 | 694 | 69.3 | 69.3 | 69.2 | 69.0 | 686 | 674 | 654 | 61.3 | 48.9
50 | 681 | 681 | 681 | 67.9 | 67.7 | 67.3 | 660 | 639 | 59.6 | 46.4
60 | 667 | 667 | 667 | 665 | 663 | 658 | 645 | 622 | 57.6 | 435
80 | 633 | 632 | 632 | 630 | 628 | 622 | 607 | 580 | 527 | 365

100 | 586 | 585 | 585 | 583 | 580 | 57.3 | 555 | 524 | 46.1 | 2638
120 | 517 | 517 | 516 | 514 | 510 | 502 | 47.9 | 441 | 364 | 1238
140 | 409 | 408 | 407 | 405 | 400 | 390 | 360 | 311 | 212 | 00
TEMPERATURE = 1000°F (538°C)
PERCENT COMBUSTIBLES IN FLUE GAS
00 | 711 | 710 | 710 | 709 | 70.7 | 704 | 69.4 | 67.8 | 645 | 545
05 | 706 | 70.6 | 706 | 705 | 70.3 | 700 | 69.0 | 67.3 | 63.9 | 53.6
10 | 702 | 701 | 701 | 700 | 698 | 695 | 685 | 66.8 | 633 | 5238
15 | 697 | 696 | 696 | 695 | 693 | 69.0 | 679 | 662 | 626 | 518
20 | 692 | 691 | 691 | 690 | 688 | 685 | 67.4 | 656 | 620 | 508
30 | 681 | 680 | 680 | 67.9 | 677 | 673 | 66.2 | 643 | 605 | 487
40 | 669 | 66.8 | 668 | 66.7 | 665 | 66.1 | 648 | 628 | 588 | 46.4
50 | 655 | 654 | 654 | 653 | 650 | 646 | 633 | 612 | 56.9 | 43.7
60 | 639 | 639 | 638 | 637 | 635 | 630 | 616 | 59.3 | 54.7 | 40.7
80 | 60.0 | 600 | 59.9 | 59.8 | 595 | 59.0 | 574 | 54.8 | 495 | 33.2
100 | 548 | 547 | 546 | 545 | 541 | 535 | 51.7 | 485 | 422 | 23.0
120 | 471 | 470 | 470 | 467 | 464 | 456 | 433 | 395 | 318 | 82
140 | 350 | 349 | 348 | 345 | 341 | 331 | 301 | 252 | 163 | 00
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% COMBUSTION EFFICIENCY—NO. 2 OIL

TEMPERATURE = 300°F (149°C)

PERCENT COMBUSTIBLES IN FLUE GAS

0.0 89.7 89.7 89.7 89.6 89.4 89.1 88.2 86.7 835 | 74.0
0.5 89.6 89.6 89.6 89.5 89.3 89.0 88.1 86.5 83.3 | 735
1.0 89.5 89.5 89.5 89.4 89.2 88.9 87.9 86.3 83.0 | 73.0
15 89.4 89.4 89.3 89.2 89.1 88.7 87.7 86.1 82.7 | 724
2.0 89.3 89.3 89.2 89.1 88.9 88.6 87.6 85.9 824 | 71.9
3.0 89.0 89.0 88.9 88.8 88.7 88.3 87.2 85.4 818 | 70.6
4.0 88.7 88.7 88.6 88.5 88.3 88.0 86.8 84.9 81.0 | 69.2
5.0 88.4 88.3 88.3 88.2 88.0 87.6 86.4 84.3 80.2 | 67.7
6.0 88.0 88.0 87.9 87.8 87.6 87.1 85.8 83.7 79.3 | 65.9
8.0 87.1 87.0 87.0 86.8 86.6 86.1 84.6 82.1 77.0 | 61.6
10.0 85.8 85.7 85.7 85.5 85.2 84.6 82.9 79.9 73.9 | 55.7
12.0 84.0 83.9 83.8 83.6 83.2 82.5 80.4 76.7 695 | 47.1
14.0 81.1 81.0 80.9 80.6 80.1 79.2 76.4 71.8 624 | 33.7
TEMPERATURE = 400°F (204°C)
PERCENT COMBUSTIBLES IN FLUE GAS
0.0 87.8 87.8 87.7 87.6 87.5 87.2 86.2 84.7 816 | 72.0
0.5 87.6 87.6 87.6 87.5 87.3 87.0 86.1 84.5 81.3 | 715
1.0 87.5 87.4 87.4 87.3 87.2 86.8 85.9 84.2 81.0 | 70.9
15 87.3 87.3 87.3 87.2 87.0 86.7 85.7 84.0 80.6 | 70.3
2.0 87.1 87.1 87.1 87.0 86.8 86.5 854 83.7 80.3 | 69.7
3.0 86.8 86.7 86.7 86.6 86.4 86.0 85.0 83.2 79.5 | 68.4
4.0 86.3 86.3 86.3 86.2 86.0 85.6 84.4 82.5 78.7 | 66.9
5.0 85.9 85.8 85.8 85.7 85.5 85.1 83.8 81.8 77.7 | 65.2
6.0 85.3 85.3 85.2 85.1 84.9 84.5 83.2 81.0 76.6 | 63.2
8.0 84.0 84.0 83.9 83.8 83.5 83.0 815 79.0 74.0 | 58.5
10.0 82.2 82.1 82.1 81.9 81.6 81.0 79.3 76.3 70.3 | 52.1
12.0 79.6 79.5 79.4 79.2 78.9 78.2 76.0 72.4 65.1 | 42.8
14.0 75.5 75.4 75.3 75.0 74.6 73.6 70.9 66.2 56.8 | 28.1
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TEMPERATURE = 500°F (260°C)

PERCENT COMBUSTIBLES IN FLUE GAS

0.0 858 | 858 | 858 | 857 | 855 | 852 | 843 | 827 | 79.6 | 70.0
05 856 | 856 | 856 | 855 | 853 | 850 | 84.1 | 825 | 79.3 | 695
1.0 854 | 854 | 854 | 853 | 851 | 84.8 | 838 | 822 | 78.9 | 689
15 852 | 852 | 852 | 851 | 849 | 846 | 836 | 819 | 785 | 682
2.0 850 | 850 | 84.9 | 848 | 847 | 843 | 833 | 816 | 781 | 675
3.0 845 | 845 | 844 | 843 | 842 | 838 | 827 | 809 | 77.3 | 66.1
4.0 840 | 839 | 839 | 838 | 836 | 832 | 821 | 80.1 | 76.3 | 645
5.0 833 | 833 | 833 | 831 | 829 | 825 | 813 | 793 | 752 | 626
6.0 827 | 826 | 826 | 824 | 822 | 818 | 805 | 783 | 73.9 | 605
8.0 809 | 809 | 80.8 | 807 | 80.4 | 79.9 | 784 | 759 | 709 | 55.4

10.0 786 | 785 | 785 | 783 | 780 | 774 | 757 | 727 | 66.7 | 48.4
12.0 752 | 752 | 751 | 749 | 745 | 738 | 716 | 680 | 60.7 | 384
14.0 69.9 | 69.8 | 69.7 | 69.4 | 69.0 | 681 | 653 | 60.6 | 512 | 225
TEMPERATURE = 600°F (316°C)
PERCENT COMBUSTIBLES IN FLUE GAS
0.0 839 | 838 | 838 | 837 | 836 | 833 | 823 | 808 | 77.7 | 68.1
05 836 | 836 | 836 | 835 | 833 | 830 | 821 | 805 | 77.3 | 67.4
1.0 834 | 834 | 833 | 832 | 831 | 827 | 81.8 | 80.1 | 76.9 | 66.8
15 831 | 831 | 831 | 830 | 828 | 825 | 815 | 798 | 764 | 66.1
2.0 829 | 828 | 828 | 827 | 825 | 822 | 811 | 79.4 | 760 | 654
3.0 823 | 822 | 822 | 821 | 819 | 815 | 80.4 | 786 | 750 | 63.8
4.0 816 | 815 | 815 | 814 | 812 | 808 | 79.7 | 77.8 | 73.9 | 621
5.0 808 | 80.8 | 80.7 | 806 | 80.4 | 80.0 | 788 | 76.8 | 72.7 | 60.1
6.0 800 | 799 | 79.9 | 798 | 795 | 791 | 778 | 756 | 713 | 57.8
8.0 779 | 778 | 778 | 776 | 774 | 769 | 754 | 729 | 678 | 523
10.0 750 | 749 | 749 | 747 | 744 | 738 | 720 | 69.1 | 63.1 | 4438
12.0 709 | 708 | 707 | 705 | 701 | 69.4 | 672 | 636 | 56.3 | 33.9
14.0 643 | 642 | 642 | 639 | 634 | 625 | 597 | 55.0 | 456 | 16.9
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% COMBUSTION EFFICIENCY—NO. 2 OIL

TEMPERATURE = 700°F (371°C)

PERCENT COMBUSTIBLES IN FLUE GAS

0.0 819 | 819 | 819 | 81.8 | 816 | 8.3 | 804 | 788 | 757 | 66.1
0.5 81.6 | 816 | 816 | 815 | 813 | 81.0 | 80.1 | 785 | 753 | 65.4
1.0 81.3 | 813 | 81.3 | 812 | 810 | 80.7 | 79.7 | 781 | 748 | 647
15 81.0 | 81.0 | 81.0 | 809 | 807 | 804 | 794 | 77.7 | 743 | 64.0
2.0 80.7 | 80.7 | 80.6 | 805 | 804 | 80.0 | 79.0 | 77.3 | 73.8 | 632
3.0 80.0 | 80.0 | 79.9 | 79.8 | 796 | 793 | 782 | 764 | 727 | 615
4.0 792 | 792 | 791 | 79.0 | 788 | 784 | 773 | 754 | 715 | 59.7
5.0 783 | 783 | 782 | 781 | 779 | 775 | 763 | 742 | 701 | 57.5
6.0 773 | 772 | 772 | 771 | 769 | 764 | 751 | 72.9 | 686 | 55.1
8.0 748 | 747 | 747 | 745 | 743 | 738 | 723 | 69.8 | 64.7 | 49.2

10.0 714 | 713 | 703 | 711 | 708 | 702 | 684 | 655 | 59.5 | 41.2
12.0 66.5 | 664 | 66.3 | 66.1 | 658 | 650 | 629 | 59.2 | 519 | 29.5
14.0 588 | 58.7 | 58.6 | 583 | 57.8 | 56.9 | 54.1 | 49.4 | 400 | 11.3
TEMPERATURE = 800°F (427°C)
PERCENT COMBUSTIBLES IN FLUE GAS
0.0 80.0 | 79.9 | 799 | 798 | 796 | 793 | 784 | 769 | 737 | 64.1
0.5 796 | 796 | 79.6 | 795 | 793 | 790 | 780 | 764 | 732 | 63.4
1.0 793 | 793 | 79.2 | 79.1 | 79.0 | 786 | 777 | 760 | 72.7 | 62.7
15 789 | 789 | 789 | 788 | 786 | 783 | 773 | 756 | 722 | 619
2.0 785 | 785 | 785 | 784 | 782 | 779 | 768 | 751 | 717 | 610
3.0 777 | 777 | 777 | 775 | 774 | 770 | 759 | 741 | 70.4 | 59.3
4.0 768 | 768 | 76.7 | 76.6 | 76.4 | 760 | 749 | 730 | 69.1 | 57.2
5.0 758 | 757 | 75.7 | 75.6 | 754 | 750 | 737 | 7.7 | 67.6 | 55.0
6.0 746 | 746 | 745 | 744 | 742 | 737 | 724 | 703 | 659 | 52.4
8.0 717 | 717 | 716 | 715 | 712 | 707 | 69.2 | 66.7 | 61.6 | 46.1
10.0 678 | 67.7 | 67.7 | 675 | 672 | 666 | 648 | 619 | 559 | 37.5
12.0 62.1 | 620 | 62.0 | 61.7 | 614 | 607 | 585 | 549 | 475 | 251
14.0 532 | 531 | 53.0 | 52.7 | 522 | 513 | 485 | 439 | 344 | 56
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TEMPERATURE = 900°F (482°C)

PERCENT COMBUSTIBLES IN FLUE GAS

0.0 780 | 780 | 779 | 778 | 777 | 774 | 764 | 749 | 717 | 621
05 776 | 776 | 776 | 775 | 773 | 770 | 760 | 744 | 712 | 614
1.0 772 | 772 | 772 | 771 | 769 | 766 | 756 | 740 | 707 | 60.6
15 768 | 768 | 76.8 | 767 | 765 | 762 | 751 | 735 | 70.1 | 59.8
2.0 764 | 764 | 763 | 762 | 760 | 757 | 747 | 730 | 695 | 589
3.0 755 | 754 | 754 | 753 | 751 | 747 | 736 | 71.8 | 682 | 57.0
4.0 744 | 744 | 743 | 742 | 740 | 736 | 725 | 706 | 66.7 | 54.8
5.0 732 | 732 | 732 | 730 | 728 | 724 | 712 | 69.2 | 650 | 52.4
6.0 719 | 719 | 718 | 717 | 715 | 71.0 | 69.7 | 67.6 | 63.2 | 49.7
8.0 686 | 686 | 685 | 684 | 681 | 67.6 | 66.1 | 63.6 | 58.6 | 43.0

10.0 642 | 641 | 641 | 639 | 636 | 630 | 612 | 582 | 523 | 339
12.0 577 | 577 | 57.6 | 574 | 57.0 | 56.3 | 541 | 505 | 43.2 | 207
14.0 476 | 475 | 474 | 471 | 467 | 457 | 429 | 383 | 288 | 00
TEMPERATURE = 1000°F (538°C)
PERCENT COMBUSTIBLES IN FLUE GAS
0.0 760 | 760 | 75.9 | 759 | 757 | 754 | 745 | 729 | 69.8 | 60.2
05 756 | 756 | 755 | 754 | 753 | 750 | 740 | 724 | 69.2 | 59.4
1.0 752 | 751 | 751 | 750 | 748 | 745 | 735 | 71.9 | 686 | 585
15 747 | 747 | 746 | 745 | 744 | 740 | 730 | 714 | 680 | 57.6
2.0 742 | 742 | 742 | 741 | 739 | 735 | 725 | 708 | 67.3 | 56.7
3.0 732 | 731 | 731 | 730 | 728 | 725 | 714 | 696 | 659 | 54.7
4.0 720 | 720 | 719 | 718 | 716 | 71.2 | 701 | 682 | 643 | 524
5.0 707 | 707 | 706 | 705 | 703 | 69.9 | 687 | 66.6 | 625 | 49.9
6.0 69.2 | 692 | 69.1 | 690 | 688 | 68.3 | 67.0 | 649 | 605 | 47.0
8.0 656 | 655 | 655 | 653 | 651 | 64.6 | 630 | 60.5 | 555 | 39.9
10.0 606 | 605 | 604 | 603 | 60.0 | 59.4 | 57.6 | 54.6 | 486 | 30.3
12.0 533 | 533 | 53.2 | 530 | 526 | 51.9 | 49.7 | 461 | 388 | 16.3
14.0 420 | 419 | 418 | 415 | 411 | 401 | 373 | 327 | 232 | 00
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% COMBUSTION EFFICIENCY—NO. 6 OIL

TEMPERATURE = 300°F (149°C)

PERCENT COMBUSTIBLES IN FLUE GAS

0.0 90.4 90.4 90.3 90.2 90.1 89.8 88.8 87.3 84.1 | 74.4
0.5 90.3 90.3 90.2 90.1 90.0 89.6 88.7 87.1 83.8 | 73.9
1.0 90.2 90.1 90.1 90.0 89.8 89.5 88.5 86.9 83.6 | 734
15 90.1 90.0 90.0 89.9 89.7 89.4 88.4 86.7 83.3 | 729
2.0 89.9 89.9 89.9 89.8 89.6 89.2 88.2 86.5 83.0 | 723
3.0 89.7 89.6 89.6 89.5 89.3 88.9 87.8 86.0 823 | 71.1
4.0 89.4 89.3 89.3 89.2 89.0 88.6 87.4 85.5 816 | 69.7
5.0 89.0 89.0 88.9 88.8 88.6 88.2 87.0 84.9 80.8 | 68.1
6.0 88.6 88.6 88.5 88.4 88.2 87.8 86.5 84.3 79.8 | 66.3
8.0 87.7 87.6 87.6 87.4 87.2 86.7 85.2 82.6 775 | 61.9
10.0 86.4 86.3 86.3 86.1 85.8 85.2 83.4 80.4 744 | 55.9
12.0 84.5 84.5 84.4 84.2 83.8 83.1 80.9 77.2 69.9 | 47.3
14.0 81.6 81.5 814 81.1 80.7 79.7 76.9 72.2 62.7 | 33.7
TEMPERATURE = 400°F (204°C)
PERCENT COMBUSTIBLES IN FLUE GAS
0.0 88.4 88.4 88.4 88.3 88.1 87.8 86.9 85.3 821 | 725
0.5 88.3 88.2 88.2 88.1 87.9 87.6 86.7 85.1 81.8 | 719
1.0 88.1 88.1 88.0 87.9 87.8 87.5 86.5 84.8 815 | 71.3
15 87.9 87.9 87.9 87.8 87.6 87.3 86.3 84.6 81.2 | 70.7
2.0 87.8 87.7 87.7 87.6 87.4 87.1 86.0 84.3 80.8 | 70.1
3.0 87.4 87.3 87.3 87.2 87.0 86.7 85.6 83.7 80.0 | 68.8
4.0 87.0 86.9 86.9 86.8 86.6 86.2 85.0 83.1 79.2 | 67.2
5.0 86.5 86.4 86.4 86.3 86.1 85.7 84.4 82.4 78.2 | 65.5
6.0 85.9 85.9 85.8 85.7 85.5 85.1 83.7 81.5 77.1 | 63.6
8.0 84.6 84.5 84.5 84.3 84.1 83.6 82.1 79.5 74.4 | 58.8
10.0 82.8 82.7 82.6 82.5 82.2 81.6 79.8 76.8 70.8 | 52.3
12.0 80.1 80.0 80.0 79.8 79.4 78.7 76.5 72.8 654 | 42.8
14.0 76.0 75.9 75.8 75.5 75.0 74.1 71.3 66.6 57.1 | 28.0
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TEMPERATURE = 500°F (260°C)

PERCENT COMBUSTIBLES IN FLUE GAS

0.0 864 | 86.4 | 864 | 863 | 861 | 858 | 849 | 833 | 801 | 705
05 862 | 862 | 86.2 | 861 | 859 | 856 | 846 | 830 | 79.8 | 69.9
1.0 860 | 86.0 | 86.0 | 859 | 857 | 854 | 844 | 828 | 79.4 | 69.3
15 858 | 858 | 858 | 857 | 855 | 852 | 841 | 824 | 79.0 | 686
2.0 856 | 856 | 855 | 854 | 852 | 849 | 839 | 821 | 786 | 67.9
3.0 851 | 851 | 850 | 849 | 847 | 844 | 833 | 814 | 778 | 665
4.0 845 | 845 | 845 | 844 | 842 | 838 | 826 | 80.7 | 768 | 64.8
5.0 839 | 839 | 838 | 837 | 835 | 831 | 819 | 79.8 | 757 | 63.0
6.0 832 | 832 | 831 | 830 | 828 | 823 | 810 | 788 | 744 | 60.8
8.0 815 | 814 | 814 | 812 | 810 | 805 | 790 | 764 | 713 | 557

10.0 791 | 791 | 79.0 | 788 | 785 | 77.9 | 761 | 731 | 67.1 | 486
12.0 757 | 756 | 756 | 753 | 750 | 742 | 721 | 684 | 61.0 | 384
14.0 703 | 702 | 701 | 699 | 69.4 | 685 | 656 | 60.9 | 514 | 223
TEMPERATURE = 600°F (316°C)
PERCENT COMBUSTIBLES IN FLUE GAS
0.0 845 | 844 | 844 | 843 | 842 | 838 | 829 | 813 | 782 | 685
05 842 | 842 | 842 | 841 | 839 | 836 | 826 | 81.0 | 778 | 67.8
1.0 840 | 839 | 839 | 838 | 836 | 833 | 823 | 80.7 | 774 | 672
15 837 | 837 | 836 | 835 | 834 | 830 | 820 | 803 | 769 | 665
2.0 834 | 834 | 834 | 833 | 831 | 827 | 817 | 80.0 | 765 | 657
3.0 828 | 828 | 827 | 826 | 825 | 821 | 810 | 792 | 755 | 64.2
4.0 821 | 821 | 821 | 819 | 818 | 814 | 802 | 783 | 744 | 624
5.0 814 | 813 | 81.3 | 812 | 81.0 | 80.6 | 793 | 77.3 | 73.1 | 60.4
6.0 805 | 805 | 804 | 803 | 801 | 79.6 | 783 | 761 | 717 | 58.1
8.0 784 | 783 | 783 | 781 | 779 | 774 | 759 | 733 | 682 | 525
10.0 755 | 754 | 754 | 752 | 749 | 743 | 725 | 695 | 63.4 | 449
12.0 713 | 712 | 711 | 709 | 706 | 69.8 | 67.6 | 640 | 56.6 | 33.9
14.0 647 | 646 | 645 | 642 | 638 | 628 | 600 | 553 | 458 | 16.7
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% COMBUSTION EFFICIENCY—NO. 6 OIL

TEMPERATURE = 700°F (371°C)

PERCENT COMBUSTIBLES IN FLUE GAS

0.0 82.5 82.4 82.4 82.3 82.2 81.9 80.9 79.3 76.2 | 66.5
0.5 82.2 82.2 82.1 82.0 81.9 81.6 80.6 79.0 75.7 | 65.8
1.0 81.9 81.9 81.8 81.7 81.6 81.2 80.3 78.6 753 | 65.1
15 81.6 81.5 81.5 81.4 81.2 80.9 79.9 78.2 74.8 | 64.3
2.0 81.2 81.2 81.2 81.1 80.9 80.6 79.5 77.8 74.3 | 63.6
3.0 80.5 80.5 80.5 80.3 80.2 79.8 78.7 76.9 73.2 | 619
4.0 79.7 79.7 79.6 79.5 79.3 79.0 77.8 75.9 719 | 60.0
5.0 78.8 78.8 78.7 78.6 78.4 78.0 76.8 74.7 705 | 57.8
6.0 77.8 77.8 7.7 77.6 77.4 76.9 75.6 73.4 69.0 | 55.4
8.0 75.3 75.2 75.2 75.0 74.8 74.3 72.7 70.2 65.1 | 494
10.0 71.8 71.8 717 715 71.2 70.6 68.8 65.8 59.8 | 41.3
12.0 66.9 66.8 66.7 66.5 66.1 65.4 63.2 59.5 52.1 | 29.5
14.0 59.0 59.0 58.9 58.6 58.1 57.2 54.3 49.6 40.1 11.0
TEMPERATURE = 800°F (427°C)
PERCENT COMBUSTIBLES IN FLUE GAS
0.0 80.5 80.5 80.4 80.3 80.2 79.9 78.9 77.4 742 | 64.5
0.5 80.2 80.1 80.1 80.0 79.8 79.5 78.6 76.9 73.7 | 63.8
1.0 79.8 79.8 79.8 79.7 79.5 79.2 78.2 76.5 73.2 | 63.0
15 79.5 79.4 79.4 79.3 79.1 78.8 77.8 76.1 72.7 | 62.2
2.0 79.1 79.0 79.0 78.9 78.7 78.4 77.3 75.6 72.1 | 614
3.0 78.2 78.2 78.2 78.1 77.9 77.5 76.4 74.6 70.9 | 59.5
4.0 77.3 77.3 77.2 77.1 76.9 76.5 75.4 73.4 69.5 | 57.5
5.0 76.3 76.2 76.2 76.1 75.9 75.4 74.2 72.1 68.0 | 55.2
6.0 75.1 75.0 75.0 74.9 74.6 74.2 72.9 70.7 66.2 | 52.6
8.0 72.2 72.1 721 71.9 71.7 71.2 69.6 67.1 62.0 | 46.3
10.0 68.2 68.1 68.1 67.9 67.6 67.0 65.2 62.2 56.1 | 37.6
12.0 62.4 62.4 62.3 62.1 61.7 61.0 58.8 55.1 47.7 | 25.0
14.0 53.4 53.3 53.2 52.9 52.5 51.5 48.7 44.0 344 5.3
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TEMPERATURE = 900°F (482°C)

PERCENT COMBUSTIBLES IN FLUE GAS

0.0 78.5 78.5 78.4 78.3 78.2 77.9 76.9 75.4 72.2 | 62.5
0.5 78.1 78.1 78.1 78.0 77.8 77.5 76.5 74.9 71.7 | 61.7
1.0 77.7 7.7 7.7 77.6 77.4 77.1 76.1 74.4 71.1 | 60.9
15 77.3 77.3 77.3 77.2 77.0 76.7 75.6 73.9 70.5 | 60.1
2.0 76.9 76.9 76.8 76.7 76.5 76.2 75.2 73.4 69.9 | 59.2
3.0 75.9 75.9 75.9 75.8 75.6 75.2 74.1 72.3 68.6 | 57.2
4.0 74.9 74.9 74.8 74.7 74.5 74.1 73.0 71.0 67.1 | 55.1
5.0 73.7 73.7 73.6 73.5 73.3 72.9 71.6 69.6 65.4 | 52.7
6.0 72.4 72.3 72.3 72.1 71.9 71.5 70.2 68.0 63.5 | 49.9
8.0 69.0 69.0 68.9 68.8 68.5 68.0 66.5 64.0 58.8 | 43.1
10.0 64.5 64.5 64.4 64.2 63.9 63.3 61.5 58.5 52.5 | 33.9
12.0 58.0 57.9 57.9 57.6 57.3 56.5 54.3 50.7 43.3 | 20.6
14.0 47.7 47.7 47.6 47.3 46.8 45.9 43.0 38.3 28.8 0.0
TEMPERATURE = 1000°F (538°C)
PERCENT COMBUSTIBLES IN FLUE GAS
0.0 76.5 76.5 76.5 76.4 76.2 75.9 74.9 73.4 70.2 | 60.5
0.5 76.1 76.1 76.0 75.9 75.8 75.5 74.5 72.9 69.6 | 59.7
1.0 75.7 75.6 75.6 75.5 75.3 75.0 74.0 72.4 69.0 | 58.8
15 75.2 75.2 75.1 75.0 74.9 74.5 73.5 71.8 68.4 | 57.9
2.0 4.7 74.7 74.6 74.5 74.4 74.0 73.0 71.2 67.7 | 57.0
3.0 73.6 73.6 73.6 73.5 73.3 72.9 71.8 70.0 66.3 | 54.9
4.0 72.5 72.4 72.4 72.3 72.1 71.7 70.5 68.6 64.7 | 52.6
5.0 71.1 711 711 70.9 70.7 70.3 69.1 67.0 62.8 | 50.1
6.0 69.6 69.6 69.5 69.4 69.2 68.8 67.4 65.2 60.8 | 47.2
8.0 65.9 65.9 65.8 65.7 65.4 64.9 63.4 60.8 55.7 | 40.0
10.0 60.9 60.8 60.8 60.6 60.3 59.7 57.9 54.9 48.8 | 30.2
12.0 53.6 53.5 53.4 53.2 52.8 52.1 49.9 46.2 38.8 | 16.1
14.0 42.1 42.0 41.9 41.6 41.2 40.2 37.4 32.7 23.1 0.0
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% COMBUSTION EFFICIENCY—BITUMINOUS COAL

TEMPERATURE = 300°F (149°C)

PERCENT COMBUSTIBLES IN FLUE GAS

0.0 91.2 91.2 91.2 911 90.9 90.6 89.6 88.0 848 | 74.9
0.5 91.1 91.1 91.0 90.9 90.8 90.5 89.5 87.8 845 | 743
1.0 91.0 91.0 90.9 90.8 90.7 90.3 89.3 87.6 84.2 | 73.8
15 90.9 90.8 90.8 90.7 90.5 90.2 89.1 87.4 83.9 | 733
2.0 90.7 90.7 90.7 90.6 90.4 90.0 89.0 87.2 83.6 | 72.7
3.0 90.5 90.4 90.4 90.3 90.1 89.7 88.6 86.7 829 | 714
4.0 90.2 90.1 90.1 90.0 89.8 89.4 88.2 86.2 82.2 | 69.9
5.0 89.8 89.8 89.7 89.6 89.4 89.0 87.7 85.6 81.3 | 68.3
6.0 89.4 89.4 89.3 89.2 89.0 88.5 87.2 84.9 80.4 | 66.5
8.0 88.4 88.4 88.3 88.2 87.9 87.4 85.9 83.3 78.0 | 62.0
10.0 87.1 87.1 87.0 86.8 86.5 85.9 84.1 81.0 748 | 55.9
12.0 85.2 85.1 85.1 84.8 84.5 83.7 815 .7 70.2 | 47.0
14.0 82.2 82.1 82.0 81.7 81.2 80.3 7.4 72.6 62.8 | 33.1
TEMPERATURE = 400°F (204°C)
PERCENT COMBUSTIBLES IN FLUE GAS
0.0 89.2 89.2 89.1 89.0 88.9 88.5 87.6 86.0 82.7 72.8
0.5 89.0 89.0 89.0 88.9 88.7 88.4 87.4 85.7 82.4 72.3
1.0 88.9 88.8 88.8 88.7 88.5 88.2 87.2 85.5 82.1 71.7
15 88.7 88.7 88.6 88.5 88.3 88.0 87.0 85.2 81.7 71.1
2.0 88.5 88.5 88.4 88.3 88.2 87.8 86.7 85.0 81.4 70.4
3.0 88.1 88.1 88.0 87.9 87.7 87.4 86.3 84.4 80.6 69.0
4.0 87.7 87.6 87.6 87.5 87.3 86.9 85.7 83.7 79.7 67.5
5.0 87.2 87.1 87.1 87.0 86.8 86.4 85.1 83.0 78.7 65.7
6.0 86.6 86.6 86.5 86.4 86.2 85.7 84.4 82.1 77.6 63.7
8.0 85.3 85.2 85.2 85.0 84.7 84.2 82.7 80.1 74.8 58.8
10.0 83.4 83.3 83.3 83.1 82.8 82.2 80.3 77.3 71.1 52.1
12.0 80.7 80.6 80.5 80.3 79.9 79.2 76.9 73.2 65.6 42.4
14.0 76.4 76.3 76.2 75.9 75.5 74.5 71.6 66.8 57.0 27.2
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TEMPERATURE = 500°F (260°C)

PERCENT COMBUSTIBLES IN FLUE GAS

0.0 87.2 87.1 87.1 87.0 86.8 86.5 85.6 83.9 80.7 | 70.8
0.5 87.0 86.9 86.9 86.8 86.6 86.3 85.3 83.7 80.3 | 70.2
1.0 86.7 86.7 86.7 86.6 86.4 86.1 85.1 83.4 80.0 | 69.5
15 86.5 86.5 86.4 86.3 86.2 85.8 84.8 83.1 79.6 | 68.9
2.0 86.3 86.2 86.2 86.1 85.9 85.6 84.5 82.7 79.1 | 68.2
3.0 85.8 85.7 85.7 85.6 854 85.0 83.9 82.0 78.2 | 66.7
4.0 85.2 85.2 85.1 85.0 84.8 84.4 83.2 81.2 77.2 | 65.0
5.0 84.6 84.5 84.5 84.4 84.2 83.7 82.5 80.4 76.1 | 63.1
6.0 83.8 83.8 83.8 83.6 83.4 83.0 81.6 79.4 74.8 | 60.9
8.0 82.1 82.0 82.0 81.8 81.6 81.0 79.5 76.9 716 | 55.6
10.0 79.6 79.6 79.5 79.3 79.0 78.4 76.6 73.5 67.3 | 483
12.0 76.1 76.1 76.0 75.8 75.4 74.6 72.4 68.6 61.1 | 37.9
14.0 70.6 70.5 70.4 70.1 69.7 68.7 65.8 61.0 51.2 | 214
TEMPERATURE = 600°F (316°C)
PERCENT COMBUSTIBLES IN FLUE GAS
0.0 85.1 85.1 85.1 85.0 84.8 84.5 83.5 81.9 78.7 | 68.7
0.5 84.9 84.8 84.8 84.7 84.5 84.2 83.2 81.6 78.3 | 68.1
1.0 84.6 84.6 84.5 84.4 84.3 83.9 82.9 81.2 778 | 67.4
15 84.3 84.3 84.3 84.2 84.0 83.6 82.6 80.9 774 | 66.7
2.0 84.1 84.0 84.0 83.9 83.7 83.3 82.3 80.5 76.9 | 65.9
3.0 83.4 83.4 83.4 83.2 83.1 82.7 81.6 79.7 75.9 | 64.3
4.0 82.7 82.7 82.7 82.5 82.3 81.9 80.8 78.8 74.8 | 62.5
5.0 82.0 81.9 81.9 81.7 81.5 81.1 79.8 77.7 735 | 60.4
6.0 81.1 81.0 81.0 80.8 80.6 80.2 78.8 76.6 72.0 | 58.1
8.0 78.9 78.8 78.8 78.6 78.4 77.8 76.3 73.7 68.4 | 52.4
10.0 75.9 75.8 75.8 75.6 75.3 74.7 72.8 69.8 63.6 | 44.6
12.0 71.6 715 715 71.2 70.9 70.1 67.9 64.1 56.5 | 33.3
14.0 64.8 64.7 64.6 64.4 63.9 62.9 60.0 55.2 454 | 15.6
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% COMBUSTION EFFICIENCY—BITUMINOUS COAL

TEMPERATURE = 700°F (371°C)

PERCENT COMBUSTIBLES IN FLUE GAS

0.0 83.1 83.1 83.0 82.9 82.8 824 815 79.9 76.6 | 66.7
0.5 82.8 82.8 82.7 82.6 82.5 82.1 81.1 79.5 76.2 | 66.0
1.0 82.5 82.4 82.4 82.3 82.1 81.8 80.8 79.1 75.7 | 65.2
15 82.2 82.1 82.1 82.0 81.8 81.5 80.4 78.7 75.2 | 64.5
2.0 81.8 81.8 81.7 81.6 81.5 81.1 80.0 78.3 747 | 63.7
3.0 81.1 81.0 81.0 80.9 80.7 80.3 79.2 77.3 735 | 61.9
4.0 80.3 80.2 80.2 80.1 79.9 79.5 78.3 76.3 72.3 | 60.0
5.0 79.3 79.3 79.2 79.1 78.9 78.5 77.2 75.1 70.8 | 57.8
6.0 78.3 78.2 78.2 78.1 77.8 7.4 76.0 73.8 69.2 | 55.3
8.0 75.7 75.6 75.6 75.4 75.2 4.7 73.1 70.5 65.2 | 49.2
10.0 72.2 72.1 72.0 71.9 71.5 70.9 69.1 66.0 59.8 | 40.8
12.0 67.1 67.0 66.9 66.7 66.3 65.6 63.3 59.5 52.0 | 28.7
14.0 59.0 58.9 58.9 58.6 58.1 57.1 54.2 49.4 39.6 9.7
TEMPERATURE = 800°F (427°C)
PERCENT COMBUSTIBLES IN FLUE GAS
0.0 81.0 81.0 81.0 80.9 80.7 80.4 79.4 77.8 74.6 | 64.6
0.5 80.7 80.7 80.6 80.5 80.4 80.0 79.1 77.4 74.1 | 63.9
1.0 80.3 80.3 80.3 80.2 80.0 79.7 78.7 77.0 73.6 | 63.1
15 80.0 79.9 79.9 79.8 79.6 79.3 78.2 76.5 73.0 | 62.3
2.0 79.6 79.5 79.5 79.4 79.2 78.9 77.8 76.0 724 | 61.4
3.0 78.7 78.7 78.7 78.5 78.4 78.0 76.9 75.0 712 | 59.6
4.0 77.8 7.7 7.7 77.6 77.4 77.0 75.8 73.8 69.8 | 57.5
5.0 76.7 76.7 76.6 76.5 76.3 75.9 74.6 72.5 68.2 | 55.1
6.0 75.5 75.4 75.4 75.3 75.0 74.6 73.2 71.0 66.4 | 52.5
8.0 72.5 72.4 72.4 72.2 72.0 715 69.9 67.3 62.0 | 45.9
10.0 68.4 68.4 68.3 68.1 67.8 67.2 65.3 62.3 56.1 | 37.0
12.0 62.5 62.4 62.4 62.1 61.8 61.0 58.8 55.0 474 | 24.2
14.0 53.2 53.2 53.1 52.8 52.3 51.3 48.4 43.6 33.8 3.9
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TEMPERATURE = 900°F (482°C)

PERCENT COMBUSTIBLES IN FLUE GAS

0.0 79.0 79.0 78.9 78.8 78.7 78.4 77.4 75.8 725 | 62.6
0.5 78.6 78.6 78.6 78.5 78.3 78.0 77.0 75.3 72.0 | 61.8
1.0 78.2 78.2 78.1 78.0 77.9 77.5 76.5 74.8 714 | 60.9
15 77.8 77.8 7.7 77.6 77.4 77.1 76.1 74.3 70.8 | 60.1
2.0 77.3 77.3 77.3 77.2 77.0 76.6 75.6 73.8 70.2 | 59.2
3.0 76.4 76.3 76.3 76.2 76.0 75.6 74.5 72.6 68.8 | 57.2
4.0 75.3 75.3 75.2 75.1 74.9 74.5 73.3 71.3 67.3 | 55.0
5.0 74.1 74.0 74.0 73.9 73.7 73.2 72.0 69.8 65.6 | 52.5
6.0 72.7 72.7 72.6 72.5 72.2 71.8 70.4 68.2 63.6 | 49.7
8.0 69.3 69.2 69.2 69.0 68.8 68.3 66.7 64.1 58.8 | 42.7
10.0 64.7 64.6 64.5 64.4 64.1 63.4 61.6 58.5 52.3 | 333
12.0 58.0 57.9 57.8 57.6 57.2 56.5 54.2 50.4 42.8 | 19.6
14.0 47.5 47.4 47.3 47.0 46.5 45.5 42.6 37.8 28.0 0.0
TEMPERATURE = 1000°F (538°C)
PERCENT COMBUSTIBLES IN FLUE GAS
0.0 77.0 76.9 76.9 76.8 76.6 76.3 75.3 73.7 70.5 | 60.5
0.5 76.5 76.5 76.5 76.4 76.2 75.9 74.9 73.2 69.9 | 59.7
1.0 76.1 76.0 76.0 75.9 75.7 75.4 74.4 72.7 69.3 | 58.8
15 75.6 75.6 75.5 75.4 75.3 74.9 73.9 72.1 68.6 | 57.9
2.0 75.1 75.1 75.0 74.9 74.7 74.4 73.3 71.5 67.9 | 56.9
3.0 74.0 74.0 73.9 73.8 73.6 73.3 72.1 70.3 66.5 | 54.8
4.0 72.8 72.8 72.7 72.6 72.4 72.0 70.8 68.8 64.8 | 52.5
5.0 71.4 71.4 71.4 71.2 71.0 70.6 69.3 67.2 62.9 | 49.8
6.0 69.9 69.9 69.8 69.7 69.4 69.0 67.6 65.4 60.8 | 46.9
8.0 66.1 66.0 66.0 65.8 65.6 65.1 63.5 60.9 55.6 | 39.5
10.0 60.9 60.9 60.8 60.6 60.3 59.7 57.8 54.8 48.5 | 295
12.0 53.4 53.4 53.3 53.1 52.7 51.9 49.7 45.9 38.3 | 15.0
14.0 41.6 41.6 41.5 41.2 40.7 39.7 36.8 32.0 22.2 0.0
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