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Foreword Vv

Foreword

The demands made on the energy-efficiency and pollutant emissions of
industrial furnaces are rising continuously and have, following the recent
increases in energy prices and in view of the discussion concerning the
climate changes for which CO, emissions are, at least in great part,
responsible, attained a new high priority. In numerous companies, includ-
ing many in the steel industry, and in enterprises operating heat-treatment
installations, the saving of energy is now a top-ranking consideration. For
this reason, this work focuses unequivocally on the fields of energy-
efficiency and emissions reduction.

This book is intended to assist in bridging the gap between theory and
practice and thus to be of use both to the committed practitioner and to
those in the fields of research and teaching.

The opening chapters of the Handbook of Burner Technology for Industrial Furnaces examine the
fundamental theoretical principles of combustion theory, fluid mechanics and heat transfer, focus-
ing only on those aspects of significance for burner systems. Subsequent chapters then deal in
more detail with this technology, discussing combustion concepts, pollutant generation and
reduction, and the recovery of heat for use in preheating of combustion air, the minimum require-
ment for enhancement of energy-efficiency. The "Industrial burners" chapter then examines,
citing examples, the more important types of industrial burner and their integration into the fur-
nace-system concept. This is followed by chapters on standardization and regulatory legislation,
suggestions for further reading, relevant research institutions and an annex containing pertinent
physical data.

A large range of tasks will need to be solved in the coming decades to enable mankind to main-
tain high production levels as resources become ever scarcer. The rational requirement for the
lowest possible environmental impact from industrial combustion processes will constitute one of
the most important of these challenges. Developments in the field of combustion technology are
striding forward extremely rapidly at present, and many of the technical solutions advanced in this
book will, without doubt, have been augmented by further developments and innovations within a
few years; the underlying principles will remain valid, however. It is therefore vital to remain
informed on new developments at all times, and the book thus closes with an attempt to highlight
some of the potential sources of further information.

| am particularly grateful, in completing this work, to my two mentors from my period of study in
Aachen. The essays on combustion theory (Prof. G. Woelk) and heat transfer (Prof. U. Renz) treat
the essential principles of combustion systems in depth. A large range of individuals and compa-
nies contributed text and illustrations for Chapter 8, and to them | also extend my most sincere
thanks. | also wish to thank Dr. Beneke for the whole of Chapter 9, on Standardization. My grati-
tude is also due to my co-editor, Dr. Milani, whose ever positive approach and untiring industri-
ousness again and again contributed to making the drafting of this title less strenuous work, and
more a pleasure.

Renningen, 2009 Joachim G. Wiinning
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1. Combustion 1

1. Combustion
Gulnther Woelk

1.1 Stoichiometry
1.1.1 Reaction elements of technical fuels

Technical fuels usually contain, next to the inert (not participating in reactions) components, only
three elements in changing composition which provide energy for a process by reacting with the
element oxygen.

e hydrogen (H)
as pure hydrogen in molecular state or in combination with other reaction elements,

e carbon (C)

as pure carbon or in combination with hydrogen and/or oxygen
e sulphur (S)

in combination with other reaction elements.

The reaction partner is oxygen (O) in molecular state as O,. Normally, the oxygen is taken out of
the air. The composition of dry air is simplified to be:

0.2099 mol O, + 0.7901 mol N, = 1 mol air (1.1)

The substance amount fraction of oxygen in combustion air n(O,), (index a for air) is assumed to
be 0.2009 - 0.21.

If oxygen-enriched air (a-air) is used, the following correlation is applied for the composition:

1—n(02) 1 1.2)

1mol O, + molN, = mol a-air = 4.76 mol air / mol O
2 niO2 2 n 0, 2

The most important chemical reactions are shown in figures 1.1, 1.2 and 1.3 as well as in equa-
tion 1.3.

@ reaction

Fig. 1.1: Hydrogen - oxygen — reaction
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1. Combustion

reaction

Fig. 1.2: Carbon - oxygen — reaction

reaction

Fig. 1.3: Methane - oxygen -
reaction

2H, + 0, < 2H,0
C+0, & CO,
2C+0, £2CO
2CO0+0, ©2C0, (1.3)
4CH,+(4 - m+n) 0O, 4-mCO, +2-nH,0O
S+0, &S0,

1.1.2 Characteristic values for the composition of gaseous fuels

For calculating the air requirement and exhaust gas amount of reaction of fuel and air, it is of no
interest of which chemical compounds the fuel consists. During combustion, most of the com-
pounds will be broken.

It proved to be beneficial to split up the fuels into the elements carbon, hydrogen, nitrogen, oxy-
gen and sulphur as if they would exist in atomic state.

The individual amounts of elements are calculated for gaseous, liquid and solid fuels in different
ways.

1.1.2.1 Characteristic amount of atoms for gaseous fuels

Since liquid and solid fuels are rarely used in industrial furnaces, the relevant formulas are left out
here. Gaseous fuels are mainly used where supply grids exist.

Gaseous fuels derive from different sources with partly natural and partly technical origin.
Table 1.1 contains a typical breakdown into percentage of substance (volume or molar fraction) of
relevant technical fuel gases.



1. Combustion 3

Table 1.1: Fuel gas analysis

Con. Component molar city coke oven| natural natural |liquid gas
No. mass in gas gas gas gas
kg/kmol L H

1 Carbon C 12.01

2 Methane CH, 16.04 19 25 81.30 93.30

3 Ethane C,Hg 30.07 2.85 3.38

4 Propene C3Hg 42.08 2 2

5 Propane CsHg 44.10 0.37 0.88 57.2

6 Butane C4Hyo | 58.12 0.14 0.36 42.8

7 Pentane CgHyp | 7215 0.04 0.15

8 Hexane CeHqs | 86.18 0.05 0.07

9 Heptane C;H46 | 100.20 0.04

10 Octane CgHqg | 114.23 0.01

11 |Carbon monoxide| CO 28.01 18 6

12 | Carbon dioxide | CO, 44.01 4 2 0.89 1.06

13 Hydrogen H, 2.02 51 55

14 Nitrogen N, 28.02 6 10 14.35 0.75

15 Oxygen 0O, 32.00 0.01

The composition of gas fuels is usually presented as a standard analysis:

X(CH4 )f + X(C2H4)f + X(CzHe )f + X(C3H6)f + X(CsHs) + X(C4H10) + X(CsHm)

+ x(CGHM) (C7H16) (<38H18)f + x(Co)f +x(co, )f +x(H, )f + x(HZO)f (1.4)

" X(N2)f " X(O2)f +X(302)f =1

As an example, x(CO); means the fraction of substance amount of carbon in the fuel (index f for
fuel).

The fraction of substance amount x(i) is the ratio of the amount of the component i and the total
amount of substance in a mixture:

_(
L

The amounts of substance of the elements in the fuel can be combined to amounts of atoms.
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The amount of atoms of carbon in the fuel is:

AAC, = x(CH, ), +2- [x(<:2H4)f +x(CHg), |+3- [X(CsHG )+ x(C3H8)f]

+4:X(CHyg ), +5-X(CgHy, ) +6:x(CgHyy ), +7-X(CoH,g ), +8-x(CgHyg ), (1.6)

+x(co), +x(co,).

The amount of atoms of hydrogen is:

36

AAH, - 4- [x(CH4)f + x(CzH4)f] +6- [X(C2H6)f

+x(CH )f]

+8-X(CgHg ) +10-x(C Hyq ) +12:x(CH,, ) +14-x(CeH, ;) (1.7)

+16-X(C;H,g ). +18-x(CgH,g ), +2- [X(Hz)f ¥ x(HZO)f]
The amount of atoms of nitrogen is:
ASN, =2 - x (No)p (1.8)

The amount of atoms of oxygen is:

AR, = x(CO) +x(H,0), +2-[x(002)f+x(02)f} (1.9)

The amount of atoms of sulphur is:
AASf =X (SOQ)f (1 A 0)
Since gaseous fuels usually contain only little amounts of sulphur, the sulphur fraction can be

neglected in most cases.

The characteristic amounts of atoms of fuel gases are based on the amount of fuel and, therefore,
non-dimensional. It has to be considered that the values, in contrast to the substance amount
fraction, can be larger than one. An example for natural gas from table 1.1 is:

AAC; = 0.9006 AAH;=3.4784 AAN;=0.2870 AAO;=0.0180 AAS;= 0.0000

1.1.3 Combustion calculation
Technical combustion differentiates between:

- complete combustion

This is a reaction which is completed. For complete combustion, the exhaust can contain
unburned components if the combustion was performed under air deficiency. It is not possible
that oxygen and unburned components coexist. In this case, it would be an

- incomplete combustion
because the reactions were not finished. The incomplete combustion is usually technically
unintentional.

For both cases, the dissociation of combustion products, which occurs at high temperatures, is
disregarded.
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A further differentiation of technical combustion is the amount of combustion air. It is known how
much oxygen is needed so that every fuel molecule can react. When the combustion is carried out
with the correlating amount of air, the combustion is called “stoichiometric”. If more air is provided,
it is called “overstoichiometric” or “excess air” or “lean” combustion. If less air is provided, the
combustion is described as substoichiometric or “air deficiency” or “rich” combustion.

1.1.3.1 Calculation of the air requirement
The amount of air N(O,); for a stoichiometric reaction with the amount of fuel N is:

N(O,) , =N;(AAC, + AAS, +0.25- AAH, - 0.5-AAD,) a1

The index “st” indicates a stoichiometric reaction. The related amount of dry air for the stoichio-
metric amount of oxygen is:

N, gyt = 4764 -N(02 )St (1.12)

The index “dry” indicates dry air. The stoichiometric air fuel ratio lq,, s can be calculated by relat-
ing the amount of air N g5t to the amount of fuel.

Na,dry,st -

= 4.764-(AAC, + AAS, +0.25- AAH, - 0.5- AAO; ) (1.13)
f

When burning the fuel with a different amount of air than the stoichiometric amount of air, the ratio
is called “air factor -".

|
A=Y ) =

(1.14)

dry = dry,st

dry,st

So far, the calculations were performed for dry air. In reality, the combustion air contains a variable
amount of water vapour which depends on temperature, pressure and relative humidity.

Relative humidity — of a gas (air in this case) is the ratio of water vapour N,, to the maximum
amount of water vapour N,, s which a gas can hold at a given temperature and pressure without
condensation (saturation point).

According to the ideal gas law, the ratio of amount of substance is equal to the ratio of partial pres-
sures. It is:

== =P, =9 Py (1.15)
The saturation pressure p,, s of water vapour in air is predominantly a function of temperature
Pw,s(-) as listed in Table 1.2. This function can be approximately written as:

2
) -20°C=%=<40°C (1.16)

p
WS _5.87-exp 0.078-% _0.00039 (2
mbar °C

o



