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(57) Abstract

In a combustion system, the economic optimum efficiency is achieved by periodically computing a relative index of
combustion efficiency using the combustion chamber as a real-time, on-line calorimeter. This is accomplished by first de-
termining the combustion chamber inputs and outputs required to calculate a relative index of performance (including
measuring the amount of heat released or work performed at the present air/fuel ratio including the stack losses, without
oxygen and/or carbon monoxide sensors), sequentially comparing the latest relative index value with the previous value,
then adjusting the air/fuel ratio to achieve an improved index value.
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The present invention relates to a method and
apparatus for optimizing the efficiency of a combus-
tion device by developing a relative index of effi-
ciency to direct an automatic control system without
flue gas analyzers. More particularly, the present
invention is directed to improved combustion control
Systems including an optimization function which
continuously seeks an optimal operating point of the
air/fuel ratio and makes adjustment to the control
settings to maximize the relative index of efficiency
using the combustion system itself as a calorimeter.
It is particularly applicable where the quality of
the air/fuel supplied to the combustion system
varies, and where flue gas analyzers cannot be used
or justified for cost reasons. In an alternate
embodiment, the optimization function repeatedly
seeks the most economical operating point, rather
than the maximum energy output operating point.

Backaround Art

All combustion control systems include at least
an air flow (oxygen) subsystem and a fuel flow sub-
system. Many types of control schemes are commonly
used by those skilled in the art to control the air/
fuel ratio; they are generally characterized as
either positional or metering type systems.

Positioning systems are often used in smaller
combustion systems and solid fuel units, where one
or both flows are not usually measured. The combus—
tion device energy supply controller, whether
pressure, flow, and/or temperature based, positions
either a single shaft (i.e., commonly called a jack
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shaft), a fuel flow element, or an air flow element
which in turn causes a change in the air and/or fuel
flow into the combustion device. The air/fuel ratio
is substantially fixed, determined by the mechanical
linkage. These systems generally cannot maintain a
precise air/fuel ratio when either the air or the
fuel characteristics change from the initial ratio
calibration. Such systems are generally biased to
operate in the inefficient range with very substan-
tial excess air throughout the load range and nor-
mally do not or cannot adjust for daily changes in
input air and/or fuel characteristics such as rela-
tive humidity, temperature, combustion air supply fan
parameters, linkage wear, changes in fuel character-
istics, and other problems. There is no correction
for unburned carbon 1losses or 1loss of combustion
volatiles. The combustion control system is adjusted
for the expected worst case condition plus an amount
of excess air believed to be sufficient to avoid
serious problems. Such a prior art system is shown
in FIG. 2 of the appended drawings.

Metered systems are useful where the air/fuel
flows can both be measured. Typically, cross limit
controls can be installed in a lead-lag combination
such that fuel flow lags air flow when increasing the_
combustion firing rate, and fuel flow leads air flow
when-decreasing the combustion firing rate. Such a
prior art system is shown in FIG. 3 of the appended
drawings.

Optimization of the fuel/air ratio usually in-
volves use of flue gas analyzers in the exhaust
passageway. Various schemes have been employed, some
trimming the fuel flow and others trimming the com-
bustion air (oxygen) £flow, based on the percent
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oxygen signal derived from an exhaust gas sensor.
The assumption is made with oxygen (and carbon mon-
oxide) analyzer-based controllers that the measure-
ment can be related to the amount of excess combus-
5 tion air mixing with the fuel in the combustion zone.
A control set point indicative of the desired excess
air is entered as a controller input. Many problems
are associated with such systems. The oxygen (or
air) present in the stack may have leaked into the
10 analyzer path upstream of the combustion zone. Many
combustion devices, i.e., negative draft and induced
draft devices, operate at an absolute pressure which
is less than atmospheric. Reducing actual combustion
zone air to lower the inferred 'excess air' measure-
15 ment to the set point may result in an actual air
deficiency in the combustion zone. This results in
the combustion device actually operating at an in-
efficient net heat absorbed level even though the
control system indicates optimized operation. From
20 @ review of FIG. 4 it can be noted that efficiency
drops off more rapidly on the insufficient air side
of the efficiency peak than on the excess side. The
slope of the efficiency loss from the peak can be 10
to 15 times greater for 1nsuff1C1ent air than for the
25 ©Xcess air case, - S _
Flue . gasses are subject'to stratification, thus
the gas- analyzer must be carefully p051t10ned. An
analyzer which is not properly located results in
erroneous readlngs whlch 1ead to 1neff101ent opera-
30 tlon. o o
_ Common oxygen analyzers prov1de elther a percent
dry output or’ a percent wet output.-' Percent dry
analyzers are usually of the samplrng type, w1th—the-
amount of water vapor belng condensed = They result
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in long response times to varylng condltlons and
require high malntenance of the associated analyzer
system components (pumps, water coollng, etc.). More
modern analyzers are of the zirconium oxide 'in situ'
type operatlng according to the well-known Beer's
Law. In these units, the probe tempeiature is above
the ignition temberature of the combustibles in the
flue gasses. Incomplete reaction products use up
available oxygen. at the sample point, giving a per-
cent output value which is lower than the actual
value, again leading to inefficient operation.

The percent oxygen (or combustion air) set point
initially determined as optimum is often not a con-
stant as certain conditions change over time. Such
variations include fuel characteristic changes which
require more or less air; mechanical efficiency of
the burning mechanism can vary, 'requiring more or
less oxygen to avoid forming carbon monoxide or
smoke. Since the oxygen controller is always a one-
way (increase/decrease) action device (that is, for
an increase in measured percent oxygen the controller
reduces air to maintain its set point at zero), this
action is incorrect on many solid fuels as the com-
bustion chamber is also in fact a fuel drier. When
high moisture content fuel is encountered the com-
bustion process slows down and the excess oxygen
detected by the stack gas analyzer increases; the
subsequent reduction of combustion air by the oxygen

. controller exacerbates the actual 'problem and the

fuel bed may be extinguished.

Another problem associated with flue gas oxygen
analyzers 1is frequent periodic maintenance and/or
accuracy drift. Duplicate equipment for redundancy’
is expensive. Since the entire control scheme is
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dependent on the reliablity and accuracy of the gas
analyzer, and since the analyzer is subjected to a
harsh operating environment, failures and out-of-
specification drift will cause inefficiencies and
system failures. A failure or inaccuracy in the high
signal direction (i.e., indicating excess air) can
result in an unsafe condition being created as the
oxygen controller will decrease combustion air
supply. A failure or inaccuracy in the low signal
direction can result in high excess air as the con-
troller reacts to the low signal; at low loads this
may actually 'blow out' the flame by creating a lean
fuel mixture.

Other problems encountered with flue gas analyzer
systems include high initial installation and con-
tinuing maintenance expenses which often cannot be
justified. Specifically, fuel savings in smaller
combustion devices, or applications where the fuel
costs are low, may not offset the costs of an ex-
pensive oxygen and/or carbon monoxide analyzer
system. Also, many combustion devices (such as metal
heating furnaces) operate at temperatures above the
upper temperature limit of a conventional oxygen

probe and therefore such furnaces lack satisfactory»

optimization solutions. Many combustion devices do

not have room in their combustion zones to install a

conventional oxzygen and/or carbon monoxide probe
properly, and the problem is particularly exacer-
bating when multiple zone furnaces share a common
flue gas outleﬁ, where each combustion chamber must
be individually monitored.

Sometimes a carbon monoxide gas analyzer is also

installed to overcome some of the foregoing probleéms. -

Such an analyzer permits an inference of 'peak ef-

PCT/US87/00840
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ficiency' because in theory carbon monoxide is found
only as a product of insufficient air in the combus-
tion zone. Unintended air infiltration will only
cause a slight dilution in the carbon monoxide
measurement.

Current carbon monoxide analyzers require cooling
of the necessary electronics to prevent overheating;
this requires either air purge blowers or cooling
water supplies, which incur failures resulting in
analyzer failures. As with the oxygen analyzers,
carbon monoxide analyzers require frequent mainten-
ance by highly trained personnel, they are associated
with high initial costs, suffer high failure rates,
and have relative 1low maximum temperature 1limits
(e.g., 600 degrees Fahrenheit).

In addition to the multiplied expense of such
combination oxygen/carbon monoxide analyzer systems,
the carbon monoxide analyzers are subject to 'zero
point' calibration drift. Conventionally, to re-
calibrate the analyzer, the excess combustion -air is
increased, then minimal carbon monoxide inferred in
the measurement and the measured value taken as the
zero point. However, plugged or cracked burners
generate carbon monoxide even at high excess oxygen

levels. Thus the inferred zero calibration procedure

masks inefficiency and other problems.

In certain applications, and with certain fuels,
other serious limitations of oxygen and oxygen/carbon
monoxide analyzer systems exist such that they are
inefficient or cdmpletely inappropriate. For
example, on solid or 1liquid fuels, unburned hydro-
carbons are formed prior to carbon monoxide, repre-

senting fuel losses which are undetected by the’

sensors. In superheated steam-producing combustion

i
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apparatus, the most economical operating point may
not occur at maximum combustion efficiency, since it
may be more economical to operate at excess air
levels and gain additional superheat temperature.

5 With solid fuels it is possible to have carbon
monoxide form at high excess air levels by physically
blowing partially combusted particulate matter off
the fuel bed, causing a release of carbon monoxide.
Subsequently, the prior art control system will

10 adjust the air/fuel ratio in the wrong direction
because it necessarily assumes that carbon monoxide
is a product of insufficient air. Unburned carbon
losses due to flue gas particulates and unburned flue
gas volatiles are not ordinarily considered in det-

15 ermining combustion efficiency. A serious control
problem exists in solid fuel grate fired combustion
devices, even when equipped with both oxygen and
carbon monoxide analyzers. Significant quantities
of fuel can be left on the grate and lost into the

20 ash pit even when the oxygen and carbon monoxide
systems are properly operating as intended. This
loss can be significant and can usually be recovered
by adding more combustion air than the sensors
indicate is needed. These losses have not generally

25 been considered when determining combustion effi-
ciency. Also, the fuel bed can channel (develop-
holes) and permit combustion air to pass unreacted
through to the analyzers where it is detected and
treated as excess air. Here, the efficiency appears

30 higher than it actually is, and unless periodic ash
samples are checked for remaining combustibles, the
inefficiency will go unnoticed. -

US patent 4,033,712 to Morton attempts to over--
come similar limitations by a simple system in which
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only the exhaust gas temperature (EGT), i.e., the
wasted heat, is measured. The Morton patent is
directed solely to seeking the air/fuel ratio which
produces the maximum combustion produced temperature,
as measured by an exhaust temperature sensor which
allegedly measures the EGT. This will not work on
an industrial furnace because the exhaust stack gas
temperature thereof goes down when excess air is
reduced (higher efficiency, see FIG. 4), not as in
the Morton patent where the exhaust temperature of
the engine goes up. There is no consideration in
the Morton patent of the net heat (as opposed to EGT)
released in the combustion process, i.e., heat ab-
sorbed in the work product, preheaters, auxiliary
heaters, heat recovery units, etc. Nor is there any
attempt to estimate or calculate the net heat re-
leased by the combustion process as an indication of
efficiency. 1In the sole specific use disclosed in
the Morton patent, a stationary internal combustion
engine's exhaust temperature is maximized.

Also known in the prior art are US patents
3,184,686 to Stanton, and 4,054,408 to Sheffield et
al. The controller of the '686 patent closely
follows a paper entitled "Optimalizing System for

Process Control presented at the 1951 meeting of the'

Instrument Society of America by Y. T. Li, summariz-
ing the Massachusetts Institute of Technology work
of Dr. C.S. Draper. Other related patents include
US 4,253,404 and US 4,235,171 to Leonard; US
4,362,269 to Rastogi; and US 4,362,499 to Nethery.
For the purposes of the present disclosure, the
term "blowdown" is considered as the removal of

liquids or solids from a process or storage vessel-

or a line by the use of pressure.

rU1/udd/juusay
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In a combustion system having a combustion
chamber, controllable air and/or fuel inputs, and an
exhaust outlet path, a relative index value of the
apsorbed net heat release of the combustion process
is determined. This relative index of absorbed net
heat release represents, generally the objective uses
to which the heat of combustion are applied; it is
used as a relative index of efficiency of the com-
bustion process. It is then compared with a previous
relative index value of the absorbed net heat re-
lease, and the air/fuel feed ratio is adjusted to
optimize the combustion process. The combustion
device is used as a real-time calorimeter to estimate
the absorbed nét heat release. In particular, the
net heat inputs, the value detected by a temperature
sensor in the exhaust and the net heat release (de-
fined here as the sum of the absorbed heat and the
stack heat 1losses) are regularly sensed and a
relative index value related to efficiency derived
therefrom is computed and stored. The relative index
value may be periodically updated. For every change
in combustion conditions, the resultant change in the
relative index value is determined, compared with the

previous relative index value and used to initiate_

changes in the air and/or fuel input feed to maintain
peak combustion efficiency. Alternatively, the
method and apparatus may also be used to optimize the
efficiency of combustion apparatus in which most
economical operation is achieved at other than peak
combustion efficiency, such as steam production for
co-generation of electricity using waste matter as

fuel. A positive oxygen bias may be incorporated’

into the relative index of efficiency to avoid the

S T L
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"licking flame" syndrome and to assure safe operation
which is not reducing and is also minimally oxidiz-
ing.’ The invention comprehends adding slight excess
air bias when increasing the air/fuel ratio after
previous reductions in the air/fuel ratio to ensure
operation at the excess air side .of the efficiency
peak. Similarly, a slight reducing air bias may be
added.

The present invention employs a combination of a
specially designed regulatory control subsystem and
an optimizing subsystem, and a method of using the
apparatus. The invention finds application in pulp
and paper mills, refuse resource reclamation plants,
and sugar mills, as well as in reheat furnaces,

.soaking pits, melting furnaces, recovery boilers,

lime kilns, enhanced o0il recovery steam generators,
and the equivalents.

Brief Description of the Drawing Fiqures

Other features and advantages of the invention
disclosed will be apparent upon examination of the
drawing figures forming a part hereof and in which
the present combustion control system invention is
illustrated by way of examples:

FIG. 1 is a simplified block diagram of the
invention; _

FIG. 2 shows in simple block diagram form a
common prior art positioning type air/fuel ratio
control system;

FIG. 3 shows in simple block diagram form a
common prior art metering type air/fuel ratio
control system; -

FIG. 4 is a graph showing the desired relative-
index of efficiency curve superposed on (and offset



g

WO 87/07358 PCT/US87/00840

-11-
slightly from) a conventional percent air versus
efficiency curve;
FIG. 5 illustrates the optimizer operation:
FIG. 6 is a simplified block diagram of the
5 invention as applied in a simple positioning case;
FIG. 7 is a more detailed diagram of the inven-
tion as applied to a specific simple case;
FIG. 8 is a simplified block diagram of the
invention as applied to a metered system (i.e., a
10 more complex) case; and
FIG. 9 is a more detailed diagram of the inven-
tion as applied in a specific, more complex case.
Like reference numerals describe like features;
analagous elements performing substantially similar
15 functions are identified by reference numerals which
are increased by 100. For example, in FIGS. 2, 6,
and 7 the combustion devices 16 are analogous to the
combustion devices 116 of FIGS. 3, 8, and 9.

20 B i he Invention
The apparatus of our present invention 10, see
FIG. 1, includes means for both optimizing the com-
bustion process and modification of the means for
controlling the combustion process. There is shown
25 in FIG. 1 combustion control system 10, optimizer 12,
regulatory control subsystem 14, combustion chamberA
16, and temperature sensor 17. For .the purposes of
clarity in the following description, the two major
portions of the overall combustion system affected
30 by the invention will be called the ‘optimizer' 12
and the regulatory control subsystem 14. Further,
two basic kinds of fuel/air ratioing systems are
described, the so-called positioning systems (FIGS."
2, 3, and 7) and metering systems (FIGS. 6, 8, and
9).
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In operation, the combustion chamber 16 or device
itself is used as a real-time calorimeter to produce
a relative index of effiency or of energy utiliza-
tion. This relative index value, a partial function
of the optimizalization means, permits the optimizer
12 to continuously seek an operating point where
either an increase or decrease in the air/fuel ratio
decreases the relative index of efficiency or of
energy utilization. This relative index value of
efficiency is calculated from real time measurements
of the specific combustion device. The index may
preferentially represent the energy (heat) absorbed
as 'work'. See also FIG 4.

There is shown in the prior art FIG. 2 combustion
chamber 16, fan 18, damper 20, damper actuator 22,
fuel valve 24, fuel valve actuator 26, energy balance
indicator 28, and energy balance controller (or
energy demand controller) 30. In the case of a
simple positioning system, FIG 2, the combustion
chamber or device 16 is fed air via fan 18 and damper
20 and also fuel from an external source (not shown)
via valve 24 influenced by actuator 26. An energy
balance indicator 28 receives a signal related to the
energy balance via a pressure, temperature, flow or
other suitable sensor which in turn directs the
energy balance controller 30 to control the damper
20 via actuator 22.

The regulatory control subsystem operates con-
tinuously to regulate the input (flow, pressure,
etc.) and heat output in view of the temperature and
other requirements of the specific combustion
process. In a typical positioning type system, means
of modifying the the fuel/air ratio within Ppre--
scribed, and predeterminable limits according to the

PCT/US87/00840
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optimizer are required. Several ways are available
to modify the air/fuel ratio, including at least the

following:
1. Vary the volume of combustion air supplied to
5 the combustion chamber, such as by varying the

speed of combustion air fan drives, if included;
vary the position of an inlet air damper; or
modify the position of an outlet damper on an
induced draft fan.

10 2. Vary the fuel characteristics or volume. With
solid fuel systems, it is often more convenient
to vary the air.

The improvements required according to the
present invention are shown in FIG 6. There is shown

15 in FIG. 6 combustion chamber 16, fan 18, damper 20,

damper actuator 22, fuel valve 24, fuel valve actua-
tor 26, energy balance indicator 28, energy balance
controller (or energy demand controller) 30, bias
block 32, pressure controller 36, actuator 38, valve
20 40, and representative inputs (1) (2) (3) (4) wherein
(1) represents means (not shown) for varying the
speed of the combustion air fan drives, (2) repre-
sents means (not shown) for varying the position of
the inlet air damper on the combustion air fan, (3)
25 represents means (not shown) for varying the position
of the outlet air damper on the combustion air fan,
and (4) represents means (not shown) for varying the
fuel supply pressure. FIG. 6 shows the addition of
an adjustable bias 32 and a pressure controller 36,
30 actuator 38, and valve 40 according to the teaching
of this invention, wherein the optimizer 12 (not
shown) output signal controls the air/fuel ratio by
control of the fan 18 speed (1) or inlet air (2) via
inlet vane damper (not shown), by control of the air
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side linkage (3), or by control of the fuel supply ¢
(4) which may be by means of a pressure control (36,
38, 40) apparatus for fluid fuel or alternatively by
means of a conveyor and spreader apparatus (see FIG.
5 7) for solid fuels, or those equivalents known to
those skilled in the art. The control may be exer-
cised via conventional controller devices which are
well-known to those of ordinary skill in the art.
Similarly, prior art FIG. 3 shows a metering type
10 system which includes generally similar elements of
the positioning type system, such as combustion
chamber 116, fan 118, damper 120, damper actuator
122, fuel valve 124, fuel valve actuator 126, energy
balance indicator 128, energy balance controller (or
15 energy demand controller) 130, air measurement means
142, air characterizer means 144, air controller 146,
high selector 148, low selector 150, flow measurement
means 152, and fuel controller 154. The metering
type system is more complex than the ratioing system,
20 and further includes additional measurement and
control elements for both the air and the fuel
inputs, or feeds. On the air side are air measure-
ment means 142, “air characterizer" 144, and air
controller 146. The air characterizer adjusts the
25 measurement based on field tests. It is used because
the air flow measurement is usually not obtained from
a true square law type device such as an orifice
plate, and therefore the measurement taken does not
conform to the necessary square root law. The air
30 flow signal on a metered system is a relative rather
than an absolute value. It 1is indicative of the
number of BTU's it will support. On the fuel side
are the generally analagous fuel measurement means’
152 and fuel controller 154. These elements provide
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ordinary measurement and conventional control of the
air and fuel as is well known in the art. Also
well-known are the cross-coupling control elements
high signal selector 148 and low signal selector 150,
which compensate appropriately for increasing and
decreasing combustion chamber firing rates (a safety
interlock to prevent a fuel-rich mixture from enter-
ing the combustion chamber 116).

Note that the fuel/air ratio modification choices
will depend on available combustion equipment for
retrofit situations, and on available equipment,
configuration plans and design preferences, and bud-
getary constraints for new installations; therefore
the invention as claimed is not limited to the par-
ticular equipment or equipment configurations dis-
closed herein.

For metering type systems, three modifications
to the combustion air system shown in FIG. 8 permit
the regulatory system to respond to air/fuel ratio
change commands according to the present invention.
There is shown in FIG. 8 combustion chamber 116, fan
118, damper 120, damper actuator 122, fuel valve 124,
fuel valve actuator 126, energy balance indicator
128, energy balance controller (or energy demand
controller) 130, bias block 132, optimizer output

signal 134, air measurement means 142, air character-

izer means 144, air controller 146, high selector
148, low selector 150, fuel measurement means 152,
fuel controller 154, d/dt positive adjustable
derivative action block 156, bias block 158 and
summer function 162 (added to air controller 146).
These changes include adding an adjustable bias

132 to the air flow signal, adding a positive bias’

158 to a low signal selector 150 (which selects the

gy
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lower of the energy balance controller demand signal
or the actual measured air signal), adding a summer
function to the air controller 146 (if not otherwise
available), and optionally adding a positive adjust-
able derivative action 156 input to summer 162 in the
air controller 146 when the energy demand signal from
the energy balance or demand controller 130 exceeds
a given rate per unit of time (in either direction).
Both the amount of deriviative action and the rate
per unit time should be adjustable.

These changes also permit satisfactory response
to combustion control device commands while at very
low excess air conditions.

FIG. 4 illustrates a conventional plot, based on
practical experience, of furnace efficiency as a
function of the percentage of theoretical air. The
carbon monoxide and oxygen combustion product outputs
are also shown. Note that the vertical dashed 1line
is conventionally understood to represent the amount
of theoretical air capable of producing maximum heat
release for a particular fuel. Note that the effi-
ciency increases upward in the vertical direction.
The efficiency curve rises as theoretical air ap-
proaches 100%, then falls on either side of a point
representing just over 100% theoretical air. This
peak, for practical purposes, represents maximum heat
release efficiency. A similar efficiency peak occurs
for the steam/fuel ratio, net heat release/fuel
ratio, steam/combustion air ratio, and the net heat
release/combustion air ratio. The optimizer of the
present invention produces a relative index of ef-
ficiency (shown as a dashed line which is substan-
tially parallel to the theoretical efficiency curve)’
which follows closely the theroetical efficiency
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curve. This curve is used to control the air/fuel
ratio of the requlatory control Subsystem of the
invention for the embodiments disclosed here.

A generic description of the optimizer 12 opera-
tion is shown schematically in the diagram of FIG.
5. Hereinafter, words and phrases which are entirely
capitalized identify functional blocks of the optim-
izer apparatus and underlined words and phrases
identify signals and control lines. There is shown
in FIG. 5 the optimizer 12, START CYCLE block 201,
STOP CYCLE (interrupt) block 202, CHECK CONSTRAINTS
block 203, HOLD AND REPEAT block 204, CALCULATE
RELATIVE INDEX block 205, AVERAGE CALCULATIONS block
206, STORAGE block 207, COMPARE CALCULATIONS block
208, OUTPUT CHANGE AND DIRECTION block 209 and WAIT
timer 210. The optimizer 12 operates in a periodic
sample, output calculation, and hold sequence. The
output calculation basically determines a net heat
release to fuel demand ratio -value; compares this
value to a previous value, determines direction and
quantlty of heat output change, and bias if desired.

The START cycle. 201 is actlvated by either ini-
tialization via the .on or g_ﬁg_ lines or via start
output 51gna1 from completlon of a previous cycle.
At the next step, STOP CYCLE 202, an 1nterrupt func-

tion is 1nc1uded .80 that the cycle can ‘be manually_

stopped or turned Ooff at thlS p01nt.; The system
operating constralnts are 'checked at CHECK CON-
STRAINTS block’203.; Note that these .constraints are
speczfzc _for each combustlon dev1ce and are to be
1n1txally conflgured and subsequently may be adjusted
during . the process if needed, such as. 1f condltlons

change from the or1g1nal setup. This~ may be. accomp-
_llshed 1n a controller~ (preferably mlcroprocessor

[ TR A e
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based) by changing the controager modes and limit
values, or in a computer (micro, mini, or mainframe)
via the ‘'constraints' menu or equivalent. For
example, this may be accomplished if implemented on
a Spec 200 Micro (tm) controller (available from The
Foxboro Company, Foxboro, Massachusetts) by changing
over to the controller configuration mode and modi-
fying the 1limit values. If implemented on Spectrum
(tm) Multistation control systems (also available
from The Foxboro Company), this is accomplished from
the "constraints* menu . These examples are for
descriptive purposes only, and are not intended to
be 1limiting of the hereinafter appended 'claims.
Equivalent apparatus and method steps may be substi-
tuted within the scope of the claimed invention.

These constraints typically may include limits
on excessive demand changes such as would indicate a
process upset or a transient condition in progress,
a temperature 1limit violation, combustion device
limitation, excessive smoke, improper controller mode
setting (e.g., on manual), or such equivalent con-
straints in number and type as may be appropriate to
the particular system configuration. The optimizer
12 switches to a hold and repeat mode at HOLD AND
REPEAT block 204 and will remain in that mode if a
constraint violation signal remains present. An
alarm output signal may be provided to alert the
operator to the HOLD AND REPEAT status. When CHECK
CONSTRAINTS block 203 is free (e.g., constraints do
not exist), the optimizer 12 advances to CALCULATE
RELATIVE INDEX function block 205, where the specific
relative index of efficiency or of energy utilization
of the combustion device is calculated. The specific’
measurements must be configured for each combustion
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device. These measurements are discussed herein-
after,

At AVERAGE CALCULATIONS block 206, one or more
calculations can be averaged. If a single calcula-
5 tion is to be used (not averaged), block 206 may be
omitted. Note that at block 206, adjustment of the
number of specific measurements to be averaged in
calculating the relative index value is optional and
may be adjustable if desired. This permits genera-
10 tion of a present averaged calculation output which
is a representative average index value. An averaged
calculation may be used to avoid incorrect results
from noisy or improper signals. The present calcu-
lation output (averaged or otherwise) is coupled to
15 both STORAGE block 207 (storage of last value) and
to COMPARE CALCULATIONS block 208 (comparator),
wherein a comparison is made between the averaged
calculation of the previous cycle value stored in
block 207 (i.e., the last calculation value) and the
20 next present (averaged) calculation. The value
representing the present (averaged) calculation is
stored (block 207) and made available subsequently
as the previous value for the next cycle. Only the
present and immediate past cycle calculated values

25 need be used.

At block 208 the two values are matched for the
purpose of determining the relative algebraic magni-
tude and sign (plus or minus) of the difference and
forwarded to block 209 where a signal related to the

30 magnitude of the change is generated as the plus or
minus change request signal, which is directed to
the combustion control system. The amount of the
output change may be adjustable; e.gq., it"‘ma'y" be -
scaled as desired. After the change. has been made,
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a WAIT TIMER 210 is started. This time period may
be adjustable and may depend upon the characteristics
associated with the specific combustion device and
use; it is the time required for the combustion
5 device measurements to equalize at their new values
after the output change has actually occurred. The
cycle begins anew after the WAIT TIMER 210 cycles out

and produces a start signal for block 201.
The specific inputs required for determination
10 of the “relative index" will vary among combustion
system configurations and are usually specific to
each combustion device and configuration. For the
purposes of illustration only, an examplary embodi-
ment of the present invention is shown in FIG. 7 as
15 applied to a combustion device making steam using
biomass fuel. Analogous measurements are required
for other combustion systems and combustion objec-
tives; selection of such measurements is within the
skill of the ordinary artisan in view of the present

20 disclosure.

There is shown in FIG. 7 optimizer 12, regulatory
control subsystem 14, combustion chamber 16, temper-
ature sensor 17, fan 18, optimizer output signal 34,
fuel spreader 68, fuel conveyer 70, fuel bin 72, fuel

25 chute 74, grates 76, stack 78, cyclones 80, mud drum
82, superheater 84, steam out (pipe) 86, RELATIVE
INDEX OUTPUT block 87, blowdown (pipe) 88, STACK HEAT
LOSS block 89, overfire air 90, TOTAL HEAT RELEASE
block 91, underfire air 92, TOTAL HEAT ABSORBED IN

30 BOILER block 93, ash pit 94, HEAT IN STEAM/HZO 95,
air heater (or preheater) 96, HEAT IN STEAM OUT block
97, boiler feed (pipe) 98, and flow sensor 99.

Typically, the steam production may be used for~
producing electrical power (e.g., co-generation),
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plant heating, other plant work loads, or any com-
bination of these or equivalent uses. 1In the par-
ticular embodiment illustrated, the combustion device
is “base loaded" i.e., it has a generally constant
volumetric fuel feed rate without regard to fuel
quality characteristic variations. The fuel quality
may depend on hourly or daily weather conditions,
rotation of supplied biomass fuel, etc. The type of
combustion device shown in the example is commonly
found in pulp and paper mills, refuse resource re-
clamation facilities, sugar mills, and other facili-
ties which generate a waste solid fuel product such
as biomass, refuse, trash, bagasse, coal, and other
waste product solid fuels. Further, combinations of
fuels can be used, including low cost or waste fuels
in combination with commercially available (e.q.,
hydrocarbon) fuels. Such combinations may be ratioed
to achieve maximum economy consistent with the com-
bustion objective. Other combustion devices and/or
the steam generator systems may also require careful
control of the pressure of the steanm leaving the
boiler system. Note that the fuel character istics
in this base 1loaded confiquration requires that
substantially only the combustion air supply be
varied to optimize the use of the energy supplied by
the fuel. In other configurations, it may be more
practical to vary the fuel characteristics or supply
rate, and hold the air flow steady. A combination
may be employed. Such systems include, without
limitation: reheat furnaces, soaking pits, melting
furnaces, recovery boilers, lime kilns, and enhanced
0oil recovery steam generators. _

For the simple case of FIG. 7 the fuel Fflow is-
constant and need not be considered in the calcula-

iy
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tions. However, for the complex case of FIG. 9, the
fuel flov?‘ is changing and must be taken into account.
A useful approximation of fuel flow can be derived
by reverse calculations of the measurable outputs.
The following procedure may be used. It does not
rely on fuel measurement.

Divide the heat content of steam produced (in
BTU/Hr.) by the lower heating value of the fuel
(in BTU/16.). Divide the result (in 1b./Hr.) by
the estimated percentage efficiency (decimal
format). This estimated is usually between 60
percent and 85 percent for solid fuel boilers.
This percentage may also be estimated by measur-
ing stack temperature, making a percent oxygen
test by Orsat analyzer or portable analyzer,
knowing the composition of the fuel being burned
at the time of measurement. Further estimation
methods are available from the ASME. The result
of this calculation is a good approximation of
fuel flow in 1b./Hr.

Once this estimate of fuel flow is obtained,
there are several methods of determining the estim-
ated composition, weight, and heat content of the
flue gases, knowing the analysis of the fuel.

The products of complete combustion for gaseous,
liquid, and solid fuels can be readily determined by
those of ordinary skill in the art. One reference
work, the North American Combustion Handbook, at
Part 3 thereof, entitled “Combustion Analysis",
teaches the following useful formulas:

(1) weight of combustion products
weight of fuel = _
(%C x 0.1248) + (%H x 0.352) + (%S x 0.,053) --
(%0 x 0.0331) + the excess air effect
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(2) Weight of C02/weight of fuel = %C x 0.0366
(3) Weight of HZO/weight of fuel =
%H x 0.0894) + (% moisture x 0.01)
(4) Weight of SOzlweight of fuel = %S x 0.020

(5) Weight of N2/weight of fuel =

[(%C x 0.0882)+(%H x 0.02626)+(%S x 0.033)-

(%0 x 0.0333)1x[(1 + excess air %/100)+(%Nx0.01)]
(6) Weight of Oz/weight of fuel =

[(%C x 0.0266)+(%H x 0.0794)+((%S x 0.0979)-

(%0 %0.01)] x (% excess air/100)

Where:

‘C = carbon, H = hydrogen, S = sulfur, and 0 =

oxygen, and the units are percentage of fuel on

a weight basis.

With knowledge of the total weight of fuel, the
weight of flue gas products, and the various per-
centages of each component, one of ordinary skill in
the art can quantify the stack heat loss if the
BTU/1b. per degree (Fahrenheit) heat content for each
component is applied. These heat contents are well
known, and may for example be found in the previously
cited North American Combustion Handbook.

ASME specification PTC 4.1-1964, page 66, lists
the instantaneous heat contents of dry flue gas

products. For typical boiler flue gas temperatures,i

the heat content is 0.245 BTU/1b. per degree (Fahren-
heit). This value can be used in lieu of the North

American Combustion Handbook constants for the carbon

dioxide, sulfur dioxide, nitrogen, and oxygen per-
centages of the flue gases. For the moisture por-
tion, the ASME literature gives the heat content at

0.46 BTU/1lb. per degree (Fahrenheit). This includes "

only sensible loss, however. The latent heat content

i 2

£
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value per pound, 1089 BTU/lb., must be added to the
sensible heat loss.
In the example combustion device 16, the solid
fuel is commonly injected into the combustion device
5 16 by a fuel con?eyor 70 and fuel spreader 68 mech-
anism, shown in FIG. 7. Fuel combustion may occur
(for example) in suspension or on one or more fixed
or traveling grates 76. The total combustion air can
be measured at a forced draft fan 18 intake by a
10 piezometric ring, or on the discharge duct of a
forced draft fan by a pitot tube, or such equivalent
differential head producing devices as a venturi
tube, air foil, pressure differential across an air
preheater, or equivalent device, any of which are
15 represented in this example as a sensor 18. In the
present example, total combustion air is often split
into overfire 90 and underfire 92 air streams. For
this example, these two air flows will be assumed to
be controlled by separate control apparatus (not
20 shown) or based on a fixed proportion of undergrate/
overfire air flow. The entering boiler feedwater via
feed pipe 98 need not be measured for flow rate or
temperature content; flow rate is assumed propor-
tional to steam flow from steam out pipe 86 since
25 drum level can be controlled at a constant level by
a separate drum level controller (not shown, not part
of the present invention) and the incoming tempera-
ture can be held essentially constant by a de-aerator
pressure controller or other means not necessary to
30 this invention (not shown). These heat values may
be sensed and included in the relative index of
efficiency calculation if necessary (see discussion
of FIG. 9). Steam flow is measured at the boiler-
output by flow sensor 99 which can be a vortex meter,
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an orifice plate and differential pressure transmit-
ters, or any of the equivalents known to those
skilled in the art. Steam pressure and temperature
are (but need not be) assumed to be constant in this
example. Again, the more complex system of FIG. 9
includes these options.

Calculation of the relative index of efficiency
begins at HEAT IN STEAM function block 97, where the
measured steam flow (in pounds per hour in this
embodiment) is assigned an assumed energy unit value
in millions of BTU's per hour (MM BTU's/hr) by
scaling the steam flow measurement from flow sensor
99 by a constant BTU per pound value. This constant
can be determined by one of ordinary skill in the art
without undue experimentation, and may be readily
derived from Steam Tables, a well known reference
book by Keenan, Keyes, Hill, and Moore; John Wiley
and Sons Inc., New York. The constant BTU per pound
value is based on the fact that the pressure and
temperature operating conditions present at steam out
flow pipe 86 are substantially constant in this
example.

The relative index determination is continued at
HEAT 1IN STEAM/HZO function block 95 where the BTU
per pound value derived in block 97 is simply con-

veyed to block 95. This may be done because, for the

simple case, the boiler stored energy (the storage

of heat in the steam generating system, i.e., water
and steam) can be assumed to be a constant since the
boiler drum pressure and water level are held con-
stant. If this is not the case in a given applica-
tion, appropriate sensors could be included to

provide block 95 an appropriate value derived —for -

this variable (see FIG. 9 example). The heat in

I B R e
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£ water (supply feedwater heat content) value in
BTU per pound is subtracted at TOTAL HEAT ABSORBED
IN BOILER block 93 from the HEAT IN STEAM/HZO value
from block 95. This can be an unmeasured constant
in the present embodiment, and assumes that the
supply boiler feedwater is held at a constant tem-
perature and that the flow rate can be assumed to be
in a constant ratio to steam flow. An actual value
for this input may also be sensed and input if needed
(FIG. 9).

Also at block 93 (FIG. 7), an adjustment is made
for blowdown heat losses, identified here as heat in
hlowdown. Because the incoming boiler feedwater
conductivity is assumed to be a constant in this
example, and because the boiler conductivity can be
maintained effectively constant by a separate blow-
down controller (not shown, not part of this inven-
tion), this value of blowdown heat is essentially a
constant value. The inlet boiler feedwater has a
heat content (enthalpy) associated with it. This
value is the feedwater inlet temperature less 32
degrees F. Blowdown flow is a heat absorbed credit
because it is absorbed heat. As is the incoming
boiler feedwater, blowdown is treated here as the
ratio of steam flow; it is heat removed that includes
"heat absorbed"” by the fuel. The stack loss, on the
other hand, is a debit since it represents heat not
absorbed from the fuel but passed out of the stack
unutilized in heating the product(s). When incoming
boiler feedwater conductivity is substantially con-
stant and the boiler conductivity is controlled, the
blowdown heat can be estimated based on a fixed

percentage of steam flow.
For the present purposes, four major heat losses

PUL/USE7/00840
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are considered when calculating stack heat losses at
STACK HEAT LOSS block 89. They include:
i. Dry flue gas sensible heat lossées including
carbon dioxide and nitrogen;
5 iji. Latent and sensible heat losses due to fuel
moisture and hydrogen content;
iii. Dry flue gas losses due to excess combus-
tion air; and
iv. Heat losses due to incomplete combustion
10 products (CO, H2 etc.).
Of the foregoing, in the simple case, heat losses
i and ii are dependent upon the fuel flow and analy-
sis. It would, of course, be preferable that the
mass flow rate of the fuel be accurately méasurable,
15 that the fuel analysis be known, and that the heat
contents for the waste flue gas be determinable.
This 1is difficult or impossible to economically
achieve in cases using biomass fuel. Item iii need
only be estimated for calculation purposes in this
20 example. It is the object of the optimizer 12 in
this simple case to balance items iii and iv for
maximum energy utilization; or more specifically, to
maximize available heat to total heat input ratio or
the relative difference of available heat less stack
25 1losses.
The STACK HEAT LOSS at 89 is subtracted at TOTAL
HEAT RELEASE functional block 91 from the absorbed
heat value output from block 93 to give a relative
value in million BTU's per hour.
30 The amount of stack heat loss is calculated at
STACK HEAT LOSS block 89. The real-time measurement
of flue gas temperature by sensor 17 is taken im-
mediately after the last heat recovery device; such-
as air preheater 96, an economizer (not shown), etc.
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That is, the stack temperature is sensed after the
last useful heat loss. For example, an air preheater
96 recovers much of the wasted heat leaving the
furnace. It heats the incoming combustion air and
reduces the amount of fuel used. Note that air must
be heated from an ambient temperature up to the flame
temperature for combustion. Then it begins to cool
again as it goes through the radiation and convection
heat transfer areas of the furnace. Finally, the
waste gasses may go through an economizer (not shown)
to recover more of the waste heat for use in the
boiler feedwater or air preheater 96 which recovers
heat into the supply air. Here, the point to be
understood is that the stack heat 1loss is derived
immediately after the last heat reclamation device
and as close to it as possible. The higher heating
value of the fuel (BTU/1b.), is also used in block
89 along with the fuel analysis. A person of ordin-
ary skill in the art and familiar with the technology
of combustion can estimate from published tables and
charts the stack loss with acceptable accuracy with-
out taking actual mass flow measurements of the
exhaust gasses, excess air, and incomplete combustion
products. Such tables and charts may be found in
"Improving Boiler Efficiency”, Instrument Society of
America Handbook; "Energy Conservation Manual”/
Allied Corporation, Morristown, N.J.; and "Measuring
and Improving the Efficiency of Boilers"”, Federal
Energy Administration, Contract No.
FEA~C0-04-50100-00 Report. By interpreting the stack
heat losses and overall efficiency from the afore-
mentioned charts and tables, the ordinary skilled
artisan can fit the relative index curvé' Eb"the
desired inferred efficiency. (See FIG. 4) This
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portion of the procedure is performed off-line (not
in real time) and is commonly referred to as "“scal-
ing" by those skilled in the art. For the simple
case illustrated in FIG. 7 the fuel flow is held
5 constant. 1If the fuel flow is variable, more complex
calculations are required, as is described herein-

after for the example of FIG. 9.
It is important to note here that in the present-
ly described example, the actual precision of the

10 relative index of efficiency derived is not critical
to successful optimizer operation; repeatability
becomes a more significant factor as a relative
performance evaluation (i.e., better or worse) can
be repeatedly made by the optimizer.

15 Thus for the simple case being described, only
two real-time measurements are of greatest signifi-
cance in effectively estimating the combustion system
efficiency. These are the steam flow and stack
temperature. In the derivation of the relative index

20 of efficiency in this simple example, if following a
combustion air increase the relative index value
increases, the optimizer attributes the increase to
unburned carbon being present which was burned by
the additional air. The optimizer then incrementally

25 increases the air flow according to the described
method of the invention until the relative index
value stops increasing (an excess air condition is
reached). A small bias may be added to ensure an
optimum oxygen supply is maintained. Note in FIG. 4

30 that a slight increase in theoretical air results in
substantially less efficiency loss than a slight
decrease in theoretical air. In seeking the effi-
ciency peak, the optimizer can be adjusted to”prbvide'
larger or smaller incremental air changes above or
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below the detected peak efficiency.
The more complex example which is given in FIG.
9 for illustrative purposes draws on the suggested
improvements to the simple case above. This example
5 1is applicable where multiple fuels are fired, and/or
either the amount of solid fuel changes, the steam
pressure and temperature, and/or the the blowdown
rate changes over time. It is also applicable where
most economical operation may be at a heat output
10 rate which is less than maximized furnace efficiency.
The optimizer 12 may require one or more signals
related to these values in specific applications.
The complex example given also illustrates the
invention in the situation when an accurate air flow
15 measurement is present (from sensor 181) in 1b./hr.
terms. 1In such case, excess air may be calculated.
Also, gas opacity in stack 178 may impose a con-
straint input to the optimizer if the maximal effi-
ciency determined by the relative index of efficiency
20 is limited for environmental polution reasons. An
opacity sensor 183 is shown in this example.
Further, in situations when the fuel moisture content
is the dominant component affecting heating value and
fuel composition, as in biomass combustion, and when
25 the moisture content changes frequently, a moisture
signal (not shown) can be used to continuously modify
the fuel analysis if a predictable relationship
exists.
Where the solid fuel flow rate may vary based on
30 varying steam requirements, as in the Apresent
example, it becomes necessary to calculate another
relative index. In this example, total absorbed
heat, less auxiliary fuel produced heat (soiid"fuel'
absorbed heat) which must be added to the stack heat
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losses and the sum divided into absorbed heat by the
solid fuel. A ratio is thus provided which can be
optimized with solid fuel flow changes. The ratio
is the total absorbed heat by the solid fuel, to the
total heat released by the solid fuel. This ratio,
i.e.:
absorbed heat by solid fuel
absorbed heat by solid fuel +
stack heat loss by solid fuel =
relative index

This ‘ratio allows for fuel and air changes

between calculations of the relative index of’

absorbed net heat, based on the energy demand of the
boiler master control. That is for example, a steam
load increase in the process area of the plant will
require changes to the amount of solid fuel if it is
controlling steam pressure. Since the total absorbed
heat appears in both the numerator and the denomina-
tor, the effect of a total fuel and air change
between optimizer calculation cycles is neutraiized.
The ratio of the preferred absorbed net heat release
to total heat release indicates the proper direction
for changing the fuelsair ratio to obtain maximum
efficiency.

There is shown in FIG. 9 optimizer 112, regula-
tory ~control system 114, combustion chamber 116,
temperature sensor 117, fan 118, optimizer output
signal 134, steam temperature sensor 160, steam
pressure sensor 161, drum pressure sensor 163, boiler
feedwater temperature sensor 164, boiler feedwater
flow sensor 165, BOILER STORED ENERGY block 166, HEAT
IN FEEDWATER block 167, fuel spreader 168,blowdown
flow sensor 169, fuel conveyer 170, HEAT IN BLOWDOWN
block 171, fuel bin 172, supplemental fuel combustion

BT T
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air supply input 173a and 173b, fuel chute 174,
grates 176, supplemental fuel supply valve 177,
stack 178, supplemental fuel supply valve actuator
179, cyclones 180, combustion air flow sensor 181,
mud drum 182, opacity sensor 183, superheater 184,
steam out (pipe) 186, relative index output block
187, blowdown (pipe) 188, STACK HEAT LOSS block 189,
overfire air 190, TOTAL HEAT RELEASE (by all fuels)
block 191, underfire air 192, TOTAL HEAT ABSORBED IN
BOILER block 193, ash pit 194, TOTAL HEAT IN
STEAM/HZO block 195, air heater (or preheater) 196
HEAT IN STEAM block 197, boi}er feed (pipe) 198, and
steam flow sensor 199. Note in FIG. 9 that the
supplemental fuel combustion supply air input may be
provided at two points, represented in this example
at 173a and 173b, which are connected to a common
supply (not shown).

In the more complex example of FIG. 9, steam
temperature and steam pressure are not constant and
are derived via sensors 160 and 161l. These are
needed to accurately compensate the steam flow signal
from sensor 199 and also to derive the heat content
of the steam flow. Drum pressure sensor 163 is
required to detect stored energy changes affecting
the steam heat content.

Boiler feedwater temperature sensor 164 and flow
sensor 165 are needed if the supply temperature and
percent blowdown are not constant. The supplemental
fuel portion may also be needed, and when needed
consists of combustion air supply 173, fuel supply
valve and actuator 177, and fuel supply flow sensor
179. Additionally, the heat absorbed by the sup-
plemental fuel flow is subtracted from the relative-
index in function block 187.
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The amount of heat absorbed by the supplemental
fuel flow is estimated from the total heat input
multiplied by the efficiency (in decimal form) of
the supplemental fuel flow. This efficiency can be

5 determined by one skilled in the art as previously
described for FIG. 7. The supplemental fuel flow
need not be constant as long as means are provided
to calculate the amount of heat absorbed by the
supplemental fuel flow. Examples of sensors for

10 such measurement and calculation include a vortex
flow sensor or or orifice plate flow sensing appar-
atus and differential pressure transmitter for gas-
eous supplemental fuel flow, and knowledge of the
fuel analysis, and/or a target flow sensor or posi-

15 tive displacement sensor for a liquid supplemental
fuel flow, and knowledge of the fuel anaysis.

The complex case of FIG. 9 may also include in-
stallations where the solid fuel flow is variable.
The optimizer must be able to distinguish between a

20 rise in net heat release due to a fuel flow increase
and a rise in net heat release due to a more effi-
cient operation.

The invention disclosed also applies to other
examples which are not specifically illustrated,

25 which include similar apparatus (combustion systems)
operating in a similar fashion (burning fuels) for
similar purposes (application of heat to ‘work').
Such equivalents include reheat furnaces, soaking
pits, melting furnaces, recovery boilers, lime kilns,

30 enhanced oil recovery steam generators, and the like.

The application of the invention extends to
multi-zoned reheat or other furnaces, whether de-
signed to burn gas, o0il, or waste gas. The'ﬁéxfmiza-'
tion method and apparatus of the present invention
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can separately control the amount of combustion air
as a function of the calculated absorbed net heat
release to fuel demand or to fuel flow ratio. Since
steam output is not the objective, but rather heating
5 of workpieces, the heat input and output may be
calculated from the ‘work' temperature of the slab,
the pace or speed of the furnace, and the mass flow
of the slabs. The ‘'work' temperature of the slabs
may be inferred by wall thermocouples, or directly
10 measured, as by pyrometers. The mass flow in and
out of each can be assumed to be constant, can be
manually entered by the operator, or determined
automatically and down-loaded to the optimizer por-
tion of the invention from another computer or
15 system (not part of the present invention). Addi-
‘tionally, since combustion gas flow and metal flow
is usually counter-current and multi-zoned, heat
input to each zone is the sum of any common inlets,
for example, where two soak zones enter one heat

20 zone.

In another example, the improved combustion
process of the present invention may be applied as
an enhanced o0il recovery steam generator, usually
located in the o0il field. The boiler should be

25 designed to burn either reclaimed o0il or natural gas,
or combinations thereof. The system may separately
control the amount of combustion air as a function
of the calculated absorbed net heat release to fuel
demand or to fuel flow. The output of such steam

30 generators is ordinarily steam of less than 100%
quality, so the heat output can be calculated from
the total mass flow of the feedwater in and a quality
feedback measurement signal, or may be calculated-
from pressure, temperature, and ratio of desired
quality.
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1. In a combustion system having a combustion
chamber, controllable fuel inputs and/or air inputs,
an exhaust outlet path, and means for measuring the
temperature of combustion products in the exhaust
outlet path, the method of controlling the air/fuel
ratio input to the combustion system without measur-
ing the oxygen or carbon monoxide in the exhaust
outlet path, comprising:

a) determining the absorbed net heat released;

b) determining the stack heat losses as measured
by said means for measuring the temperature of com-
bustion products in the exhaust outlet;

c) determining the net heat released by the
combustion process by summing the absorbed net heat
release and the stack heat losses;

d) calculating at least one relative index value
related to the absorbed net heat release from the
combustion system;

e) identifying the relative index value having
the greatest magnitude; and

f) adjusting the air/fuel input ratio to the
combustion system in an amount to optimize the com-

bustion process according to the relative index value

of greatest magnitude.

2. The method of claim 1 further including a
first step of:

determining the net heat inputs to the combustion
chamber.

3. The method of claim 1 further including—the-

steps of:

L
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storing the relative index value of absorbed net
heat release; and
repeating steps a) through e) and the preceding
storage step to produce subsequent absorbed net heat
release relative index values.

4. The method of claim 2 further including the
step of:

periodically repeating steps a) through f),

5. The method of claim 1, further including the
steps of identifying external constraints and inter-
rupting step £) according to said external con-
straints.

6. The method of claim 1, wherein an air bias
is incorporated in step f).

7. The method of claim 6, wherein the air bias
increases the percent theoretical air supplied to the
combustion process.

8. The method of claim 6, wherein the air bias
decreases the percent theoretical air supplied to the
combustion process.

9. The method of claim 1, wherein the air or
fuel flow changes in step f) are limited in size.

10. The method of claim 1 further including the
steps of:

repeating steps a) through 4);

storing the values derived from repeatiﬁ@"éfeps'
a) through d); and
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calculating an average of the stored values

before proceeding with step e), using the average
value in step).

11. A combustion system having a combustion
chamber, controllable fuel inputs and/or air inputs,
an exhaust outlet path, and means for measuring the
temperature of combustion products in the exhaust
outlet path, apparatus for controlling the air/fuel
ratio input to the combustion system without measur-
ing the oxygen or carbon monoxide in the exhaust
outlet path, comprising:

a) means for determining the absorbed heat
release;

b) means for defermining the stack heat losses
as measured
by said means for measuring the temperature of com-
bustion products in the exhaust outlet;

c) means for determining the net heat released
by the combustion process including the absorbed heat
release and the stack heat losses as measured by said
means for measuring the temperature of combustion
products in the exhaust outlet;

d) nmeans for calculating a first, relative index

value related to the absorbed net heat release from

the combustion system;

e) means for identifying the relative index
value having the greatest magnitude; and

f) means for adjusting the air/fuel input ratio
to the combustion system in an amount to optimize the
combustion process according to the relative index
value of greatest magnitude.

PCT/US87/00840
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12. The apparatus of claim 11, further including:
means for storing the relative index value of
absorbed net heat release.

5 13. The apparatus of claim 12, further including
means for averaging more than one such value;

14. The apparatus of claim 11, further including
the means for detecting external constraints.
10
15. The apparatus of claim 14, further including
means for interrupting adjustment of the fuel/air
ratio according to external constraints.

15 16. The apparatus of claim 11, further including
means for incorporating an air bias in the fuel/air
ratio.

17. The apparatus of claim 16, wherein the air
20 bias increases the percentage theoretical air sup-
plied to the combustion process.

18. The apparatus of claim 16, wherein the air
bias decreases the percent theoretical air supplied
25 to the combustion process.

19. The apparatus of claim 11, further including
means for limiting the amount of fuel changes in the
air/fuel ratio.

30

20. The apparatus of claim 11, further including
means for limiting the amount of air flow changes in
the air/fuel ratio. T
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2l. A combustion system having a combustio%,
chamber, controllable fuel inputs and/or air inputs,
an exhaust outlet path, and means for measuring the
temperature of combustion products in the exhaust
5> outlet path, apparatus for controlling the air/fuel
ratio input to the combustion system without measur-
ing the oxygen or carbon monoxide in the exhaust

outlet path, comprising:

a) means for determining the net heat inputs to

10 the combustion
chamber;

b) means for determining the absorbed heat
release;

c) means for determining the stack heat losses

15 as measured by said means for measuring the tempera-
ture of combustion products in the exhaust outlet;

d) means for determing the net heat released by
the combustion process by summing the net heat inputs
to the combustion chamber, the absorbed heat release,

20 and the stack heat losses as measured by said means
for measuring the temperature of combustion products
in the exhaust outlet;

e) means for calculating a first, relative index
value related to the absorbed net heat release from

25 the combustion system;

f) means for identifying the relative index
value having the greatest magnitude; and

g) means for adjusting the air/fuel input ratio
to the combustion system in an amount to optimize the

30 combustion process according to the relative value
of greatest magnitude.

22, The apparatus of claim 21, further iﬁéIuaing:'
means for storing the relative index value of
absorbed net heat release.
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23. The apparatus of claim 22, further including
means for averaging more than one such value;

24. The apparatus of claim 21, further including
5 the means for detecting external constraints.

25. The apparatus of claim 24, further including
means for interrupting adjustment of the fuel/air
ratio according to external constraints.

10
26. The apparatus of claim 21, further including
means for incorporating an air bias in the fuel/air
ratio.
15 27. The apparatus of claim 26, wherein the air

bias increases the percent theoretical air supplied
to the combustion process.

28. The apparatus of claim 26, wherein the air
20 bias decreases the percent theoretical air supplied
to the combustion process.

29. The apparatus of claim 21, further including
means for limiting the amount of fuel flow changes
25 in the air/fuel ratio.

30. The apparatus of claim 21, further including
means for limiting the amount of air flow changes in
the air/fuel ratio.

30
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