Combustion analysis
Combustion analysis is part of a process intendedmiprove fuel economy, reduce undesirable exhaust
emissions and improve the safety of fuel burningigment. Combustion analysis begins with the meamant
of flue gas concentrations and gas temperature,naad include the measurement of draft pressuresaod
level.
Stable combustion requires three inputs - fuel,gexyand a source of ignition. If the combustibles provide
this third element as they burn, the source oftigmican be turned off.
In theory, there is a precise and predictable amolioxygen needed to completely burn a given arhotifuel.
This is called stoichiometric air. In practice, hewer, burning conditions are never ideal and mdrenast,
therefore, be supplied to completely burn the flgle amount of air above the theoretical requirgnign
referred to as ‘excess air’. If insufficient air $spplied to the burners, unburned fuel - soot smdke, and
carbon monoxide (the incomplete conversion to aarthioxide) - appear in the exhaust from the baikaick.
These can result in:

e the heat transfer surface fouling;

e pollution;

« lower combustion efficiency;

« flame instability (i.e. the flame blows out); and

« the potential for an explosion.
An insufficient air- to - burner ratio can be dar@es. Operating boilers at excess air levels pemszid

« protection from costly and potentially unsafe caoiodis;

« operating protection from an insufficient oxygemdition caused by variations in fuel composition.
On the other hand, air flows greater than thosededefor stable flame propagation and complete fuel
combustion needlessly increase flue gas flow anteguent heat losses, and thereby lower boilerigeffty.
Flue gas loss is usually the largest factor in catya boiler’s efficiency. Stack temperature ardess air level
are the main factors that determine boiler efficienMost boilers lose between 15% and 20% of the
energy input up the stack.

Flue gas measurements

To measure gas concentration, a probe is insamtedhe exhaust flue and a gas sample drawn obialst gas
temperature is measured using a thermocouple posdito measure the highest exhaust gas temper&nwe

is measured from a gas sample drawn off the exHbugstDratft is the differential pressure betweba inside
and outside of the exhaust flue.

Once these measurements are made, the data igrétéelr using calculated combustion parameters asch
combustion efficiency andexcess air. A more in depth analysis will examine the concatidn of the undesirable
products.

As described earlier, simple combustion of hydrboarfuel involves the reaction of oxygen in the with
carbon and hydrogen in the fuel, to form carborxidi®e and water and produce heat. Under ideal condit the
only gases in the exhaust flue are2C@ater vapor and nitrogen from the combustion air.

When Q appears in the flue exhaust, it usually meansriwat air (20.9 percent of which is)Qvas supplied
than was needed for complete combustion to ocameQ is left over. In other words, the measurement of O
gas in the flue indicates that extra combustionaiExcess Air, was supplied to the combustion reaction. This is
demonstrated in Figure where the bar on the rigihttasents the exhaust gas composition.
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When too little air is supplied to the burner, thés not enough oxygen to completely form2Q@th all the
carbon in the fuel. Instead, some oxygen combiriés sarbon to form carbon monoxide (CO). CO is ghhy
toxic gas associated with incomplete combustioneffatts must be made to minimize its formationisTéiffort



goes hand-in-hand with improving fuel efficiencydareducing soot generation. This formation of CQ ga
illustrated in Figure.
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As a rule, the most efficient and cost-effective o$fuel takes place when the &€ancentration in the exhaust
is maximized. Theoretically, this occurs when thisréust enough ©in the supplied air to react with all the
carbon in the fuel supplied. This quantity of sugglair is often referred to as ttieoretical air.
The theoretical air required for the combustionctiea depends _
on fuel composition and the rate at which the faelsed (e.g. kg | [ ]
per second, cubic meter per second, etc.). In wedt 140 [ A
combustion, factors such as the condition of thenduand the i —_——
burner design also influence the amount of air ithakeded. The
theoretical air is rarely enough.
The general relationship between the €upplied and the \
concentration of C®and CO in the exhaust is illustrated ing so A A
Figure. As the air level is increased and approad@®®% of the
theoretical air, the concentration of CO molecutecreases
rapidly as they pick up additional oxygen atoms fomch CQ.
Still more combustion air and GQ@eaches a maximum value.
After that, air begins to dilute the exhaust gasassing the C® 20—
concentration to drop. The maximum value of2@Odependent / ‘-‘/
on the type of fuel used. 0.0 £
In recent years, electronic flue gas analyzers haen developed 60 80 100 120 140 160 180
to analyze combustion routinely for tune-ups, neance and % Theoretical Air
emissions monitoring. These instruments are extacthey remove a sample from the stack or flue with a
vacuum pump and then analyze the sample waotyochemical gas sensors. Thermocouples are used for stack
and combustion air temperature measurements, anelsaure transducer is used for the draft measuterde
on-board computer performs the common combustitrulzdions, eliminating the need to use tablesesfqym
tedious calculations. Electronic instruments shbe tesults of boiler adjustments in real-time ane gnore
accurate information to help ensure that a systasrbleen tuned properly.
Once flue gas and temperature measurements are oaadistion parameters are calculated to help evaluate
the operating performance of the furnace or boilgpical combustion parameters include:

» Excess Air

» Carbon Dioxide

« Combustion Efficiency

* O2Reference

* Emissions Conversions
Insufficient combustion air causes a reductionuel fefficiency, creates highly toxic carbon monexghs and
produces soot. To ensure there is enough oxygatonwpletely react with the fuel, extra combustion igi
usually supplied. This extra air, called “Excess,’Ais expressed as thpercent air above the amount
theoretically needed for complete combustion. In real-world combustion, the excess air required gaseous
fuels is typically about 15 percent. Significamhpre may be needed for liquid and solid fuels.
A good estimate of excess air can be determinedgutsie following formula which is valid for compéet
combustion. This calculation uses the oxygen canagon in % measured in the exhaust.
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If the CO concentration or unburned carbon in aslvery high, it must also be included in the excaiss
calculation.
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Boiler Efficiency

In the boiler the heat energy resulting from thenbastion of fuel is transferred to the working madi(hot
water or steam). During this process, part of thergy contained in fuel is lost. The total lossemf the
generation of hot water or steam depend on mangnpeters e.g. the fuel (ash and water content, ifialor
value); the capacity and operation of the steaneiggar; the air-fuel mix; the final temperaturetioé flue gas;
and the mode of operation. The operation of théeboequires continuous surveillance.

Losses in Boiler Systems
The heat losses from the steam generator can bgoeied as:
e Losses via the off-gas (stack losses). These depetite flue-gas temperature and air excess in
outgoing flue gas. Flue-gas temperature dependigebguality and the level of fouling of the boiler
» Losses through unburnt gases, the chemical enéngiioh is not converted. Incomplete combustion
causes CO and hydrocarbons to occur in the flue-gas
e Losses through unburnt material in the residuesh sis carbon in bottom and fly ash.
e Losses via the bottom and fly ash from a dry botbaiters and the slag and fly ash from a wet bottom
boilers.
* Losses through conduction and radiation. Theselyndapend on the quality of insulation of the bpile
walls.
In addition to the heat losses, the energy consompeeded for theperation of auxiliary machinery (fuel
transport equipment, coal mills, pumps and fansramoval systems, cleaning of the heating surfates also
has to be taken into consideration.

Stack Losses

The largest energy loss in most boiler system&ésenergy that is lost through the flue gases tloaitstack.
Gaseous products of combustion, that i,G®, N,, SOG,, Ar and vapor carry a considerable amount of &émsi
heat up the stack. The extent of the losses islyndépendent on the temperature and volume oftek gases.
It is practically impossible to completely elimiradtack losses since that would require the semipérature to
be reduced to the ambient temperature. The fludegaperature leaving the boiler (depends on thetjpe) is
traditionally between 120 and 170 °C, kept highugioto minimize risks of acid corrosion by the censiation
of sulphuric acid. The losses can, however, beimimed by several techniques, such as ensuringhbat
transfer surfaces in the boiler are clean and iodgeondition. By minimizing the amount of excess thie
amount of flue gas losses can also be kept at ammim. The amount of excess air used depends otypleeof
boiler and on the nature of the fuel. Typically,-120 % excess air is used for a pulverised coattboiler with
a dry bottom. For reasons of combustion qualitiafesl to CO and unburnt carbon formation), ancctorosion
and safety reasons (e.g. risk of explosion in tbiéeb, it is often not possible to reduce the escair levels
further.

Unburned Carbon

Some energy may be lost through unburned carbontaluecomplete combustion. This is often the second
largest heat loss in boiler systems. In stokedfiveilers the losses can be considerably highehdfstoker is
improperly controlled a large amount of unburnerboa can end up in the bottom ash.

Optimization of the combustion leads to less unbegarbon-in-ash. It should be noted that N&batement
technologies using combustion modification (primargasures) show a tendency of increased unburipbrcar
Increased unburnt carbon could also worsen and tiaenguality of the coal fly ash and make it difiic or
even prevent, their utilisation for certain appiicas, with the risk that they may not comply withe
specifications and requirements laid down in reféveational standards.

Unburned CO
In all types of boilers, combustible gases canrethie stack as a result of incomplete combusti¢m [6sses are
not usually significant due to strict emission lisnivhich have to be reached.

Convection and Radiation Losses

Some of the heat from the combustion escapes fhenexternal surface of the boiler. For a boileoérating
temperature the loss is constant. Expressed asarpage of the boiler output, the loss increasdbe output is
reduced so it is at a minimum when the boiler osrat full load. The relative loss is greaterdforaller boilers
than larger ones. Some of this loss is unavoidhbtet can be controlled to some extent by propsuliation
techniques.



Efficiency Definitions

Efficiency is parameter commonly used for evaluatad boiler fuel utilization. There are severaligffncy
definitions that are commonly used when discusbioiger systems. In some cases these definitionsddéar
slightly between literature sources. The efficiedefinitions are therefore explained below in ortteprevent
any misunderstanding or confusion.

Combustion Efficiency

Combustion efficiency indicates a burner’s abitityburn fuels. The combustion efficiency can beesssd by
measuring the amount of unburnt fuel and excesmaine exhaust. When the fuel and oxygen are nfepe
balance the combustion is said to be stoichiometfie combustion efficiency is fuel dependent aadegally,
gaseous and liquid fuels burn more efficiently tkahd fuels.

Thermal Efficiency

Thermal efficiency measures the effectiveness eftthiler’'s heat exchanger, i.e. the heat exchasgdaility to
transfer heat from the combustion process to theemia the boiler. The thermal efficiency does make
radiation or convection losses into account andsdberefore not provide a true indication of thédsts fuel
usage and should therefore not be used for theoparpf economic evaluation.

Fuel-to-Steam Efficiency

The fuel-to-steam efficiency is a measurement & dverall efficiency of a boiler. It accounts fdret
effectiveness of both the combustion process aachéat exchanger as well as the losses due tdicsdand
convection. The fuel-to-steam efficiency is a tindicator and is the measurement that should bd fme
economic evaluation.

Evaluation of Boiler Efficiency

It is defined as the percentage of heat inputithaffectively utilized to generate hot water agash. There are
two methods of assessing boiler efficiency:

1) The Direct Method where the energy gain of the working fluid (watedasteam) is compared with the
energy content of the boiler fuel.

2) TheIndirect M ethod where the efficiency is the difference between tlssés and the energy input.

Boiler Efficiency Evaluation |
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The direct method is based on the output-to-inguhe boiler. The input and output, both expressedW
(MW), are determined through instrumentation arel résulting data is used in calculations that detex the
fuel-to-steam efficiency.

The indirect method is based on accounting forhett losses of a boiler. The total stack, radiatoal
convection losses in percents are subtracted fi@drP4 and the resulting value is the fuel-to-ste&fimiency of
the boiler.

Determination of boiler efficiency

Standards

There are two main standards used for definitiobaifer efficiency. Of those, the German DIN 1942nslard
employs the lower heating value (LHV) of a fuel asdvidely used in Europe. The American ASME stadda
based on higher heating value (HHV). However, thigpter calculates the efficiency according toRig 1942
standard. It should be marked that with the DINvdgad it is possible to reach boiler efficienciesnl00

%, if the condensation heat of the flue gasesdsvered.

Major heat losses

Heat loss with unburned combustible gases
The typical unburned combustible gases are carlmowride (CO) and hydrogen {§H In largeboilers usually
only carbon monoxide can be found in significanbants in flue gases.



Assuming that flue gases contain only these twegabe losses [kW]can be calculated as:

Gp =My 'HI,CO +my, 'I_[/,H2
where ism¢, the mass flow of carbon monoxide [kgfsi;;, the mass flow of hydrogeHi, o the lower heating
value (LHV) of carbon monoxide (10,12 MJ/Kg), ard., the lower heating value (LHV) of hydrogen (119,5

MJ/kg). If a relevant amount of some other flue gaspound can be found in the flue gases, it shbelddded
to the equation.

Heat loss due to unburned solid fuel
Unburned fuel can exit the furnace as well as lotsh or fly ash. The heating value of ashes candssured
in a specific laboratory test. The losses [kW] nburned solid fuels can be calculated as:

¢L2 = mubs ’ H/,ubs
where ism,,;;the total mass flow of unburned solid fuel (bottash and fly ash in total) [kg/s], art] s the
lower heating value (LHV) of unburned solid fudly(hsh and bottom ash in total) [kJ/kg]. Some estén of
the losses with unburned solid fuels are presenttable

Boiler type Heat loss per heat input of fuel
Qil fired boiler 0,2-0,5%

Coal fired boiler, dry ash removal 0,7-2%

Coal fired boiler, molten ash removal about 2 %

Grate boiler 2-4%

Heat loss due to wasted heat in flue gases

Flue gases leave the furnace in high temperatulettaurs they carry significant amount of energy avirayn
boiler process. To decrease flue gas losses, daexgt temperature should be decreased. Howénweeacdid dew
point of flue gases restricts the flue gas tempeeai about 150-170 °C for sulphur containing $ué@he losses
caused by the sensible heat of flue gases canitdated as:

Ous = Titpuet ) Ve (hitygaue = ityey)

where ism,; the fuel mass flow [kg/s], iB; thelvolume of a flue gas component (e.g.,Cfibm combustion

of 1 kg of fuel obtained from stoichiometric calatibn, h; ;. . the specific enthalpy of a flue gas component
[kJ/Nm] for stack temperature and, . the specific enthalpy of a flue gas component [kd?Nor reference
(surrounding) temperature. Values of specific elpika of flue gas components are in following table

o dry fly ash
t [ C] CO, 0, N, Ar H>,O air CcO 0O, [kJ/kg]

0 0 0 0 0 0 0 0 0 0

25 41,62 46,81 32,53 23,32 39,10 32,57 32,49 32,7820,20

100 170,0 191,2 129,5 93,07 150,6 132|3 132,3 131,7 80,4

200 357,5 394,1 259,9 186,0 304,5 266|2 261,4 267,0170,0

300 558,8 610,4 392,1 278,8 462,8 402|5 394,0 406,8264,6

400 7719 836,5 526,7 371,7 625,9 5417 5347 550,9361,6

500 994,4 1070 664,0 464,7 7945 684/1 671,6 698,7459,5

600 1225 1310 804,3 557,3 968,38 829/6 8143 849,9 58,05
700 1462 1554 947,3 650,2 1144 9781 960,4 10p3  ,3658
800 1705 1801 1093 7431 1335 1129 11Q9 1159 76p.8
900 1952 2052 1241 835,7 1526 1288 1260 1318 86B,4
1000 2203 2304 1392 928,2 1723 143D 1413 1477 98p.8
1100 2458 2540 1544 1020 1925 159y 1547 1638 1306
1200 2716 2803 1698 1114 21372 1756 1723 1802 1240
1300 2976 3063 1853 1207 2344 1916 1881 1965 1386
1400 3239 3323 2009 1300 2559 207y 2040 2129 19543
1500 3503 3587 2166 1393 2779 2240 2199 2293 17410
1600 3769 3838 2325 1577 3007 2408 2339 2465 2061
1800 4305 4363 2643 1742 345§ 273p 2682 2804 2381
2000 4844 4890 2965 1857 3925 3065 3008 3138 2500
2500 6204 6205 3778 2321 5137 3908 3830 4006




Heat loss due to wasted heat in ashes
Ash can exit the furnace either as bottom ash fottom of the furnace or as fly ash with flue ga3d® losses
related to the sensible heat of ash can be cadelibet:

¢L4 = mba ’ cp,ba ’ A];a + mfa ’ cp,fa ’ ATﬁz
where s, the mass flow of the bottom ash [kg/s].. the specific heat of the bottom ash [kJ/(kgkT,. the
temperature difference between the bottom ash texpe and the reference temperature [¥g},the mass
flow of fly ash,c,, the specific heat of fly asiAT:, the temperature difference between the fly astpéature
and the reference temperature [°C]. Usually theresfce temperature is 25 °C. In wet bottom botleeshottom
ash is removed as molten sludge in temperaturéadita700-800 °C. In addition, the amount of bottagh
divided by the amount of fuel is about 60 % in kerdoilers and 15 % in pulverized coal fired bigldn some
cases sensible heat in fly ash is involved in bégaseous flue gas and is added to stack losses.

Losses due to heat transfer (radiation) to the environment

The main form of heat transfer from boiler to boileom is radiation. It is proportional to the auseirface area
of the boiler and is usually 200-300 W) for a well-insulated boiler having its outer fage temperature
below 55 °C. Another possibility to determine theahtransfer losses to the environment is to usédla from
the DIN 1942 standard, presented in table.

c . Mass flow rate of steam [t/h]
ombustion method

| 10 [ 20 | 40 [ 60 | 80 | 100 | 200 | 400 | 600 | 800 |
[Pulverized firing | - [[13][10]09]075] 07 ] 055] 04 [[035] 03 |
Loss [%] ((Grate s j(rafloofior |l - I - I - [ - | - I[ - |
|Oil/gas fired boiler || 13 ]/ 09] 07] 06 055] 04 | 03 [[025] 02| 02 |

Calculating boiler efficiency

Direct method
In the direct method, the boiler efficiency is difg defined by the exploitable heat output frora thoiler and
by the fuel power of the boiler:

q)oulpur

(Pinpur

wheregaup IS the exploitable heat output from boiler, @i, the fuel power of the boiler.

n:

Indirect method
Indirect method determines the efficiency of a @olly the sum of the major losses and by the faelep of the
boiler:

n =1- ¢losses
¢inp1/f

wheregissss is the sum of the major losses within the bo#edgin,. is the fuel power of the boiler. The indirect
method provides a better understanding



