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Abstract

This master’s thesis deals with combustion air preheating and its influence on combustion
process parameters. In the theoretical part, an overview of the most common air pollutants
from industrial combustion is presented. The relevant currently valid legislation in the
European Union is described and its implementations into national legislations in the Czech
Republic and in Germany are compared. Furthermore, classification of burner types according
to different criteria and a research on previous work concerning combustion air preheating are
included. An experimental investigation of two different fuel-staged burners fired by natural
gas at a constant thermal input of 750 kW with combustion air preheated up to 250 °C was
carried out at a burner testing facility. The results revealed a positive effect of preheating on
the combustion efficiency. On the contrary, the amount of produced emissions NOx and CO
emissions increased with the preheating temperature.

Keywords

Combustion air preheating, burner, heat flux, temperature distribution, emissions, nitrogen
oxides

Abstrakt

Tato diplomova prace se zabyvd predehfevem spalovaciho vzduchu a jeho vlivem na
parametry spalovaciho procesu. V teoretické casti je zpracovan piehled nejcastéjSich
znec€ist'ujicich latek z primyslového spalovani. Je popsana aktualné platna relevantni
legislativa v Evropské unii a jsou porovnany jeji implementace do narodni legislativy v Ceské
republice a v Némecku. Dale je provedena klasifikace hotaki z hlediska rtznych Kritérii
a reSerse piedchozi prace v oblasti pfedehfevu spalovaciho vzduchu. Na zkusebné hotaki byla
provedena experimentalni studie dvou riznych hotdkli na zemni plyn pii konstantnim
tepelném piikonu 750 kW se spalovacim vzduchem piedehiatym az na 250 °C. Vysledky
odhalily pozitivni vliv pfedehfevu na G¢innost spalovani. Mnozstvi emisi NOx a CO naopak
rostlo s teplotou spalovaciho vzduchu.

Klicova slova
Predehiev spalovaciho vzduchu, hofédk, tepelny tok, rozlozeni teplot, emise, oxidy dusiku
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1 Introduction

Industrial combustion is a complex topic, which has been widely discussed in recent times
since heat is an essential requirement in the process industry. Most of the industrial heating
processes are characterized by demand on large amount of energy. Nowadays, the major
energy source for heat and power generation is burning of fossil fuels. According to the data
provided by the International Energy Agency, the contribution of fossil fuels (coal, oil and
natural gas) to the total primary energy supply ! worldwide has not changed significantly in
the past decades (86 % in 1971; 81 % in 2016) [1]. However, the global primary energy supply
is increasing on a long-term basis, as shown in Fig. 1, which leads to an increase in the amount
of pollutant emissions produced by combustion of fuels. These pollutants (e.g. nitrogen and
sulphur oxides, carbon monoxide and dioxide, volatile organic compounds and particulate
matter) have a negative impact on human health as well as on the environment in general.
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Fig. 1: Primary energy supply worldwide in exajoules between 1971 and 2016; data from [1]

In recent years, some developed countries have announced their plans to significantly reduce
the use of certain fossil fuels for energy production and to replace them by low-carbon or
renewable sources of energy in order to reduce pollutant emissions into air. For example, the
government of United Kingdom decided in November 2015 that all coal-fired power stations
will be restricted from their usage from 2023 and must close by 2025 at latest. These coal
power plants should be replaced with a new generation of gas-fired power plants [2].
Coal-fired power plants in Germany should be shut down by 2038 at latest, as decided by
a government-appointed commission in January 2019 [3]. Concurrently, Germany will retreat
from using nuclear energy by 2022 and will thus become the first developed industrialized
country in the world which phases out both coal and nuclear energy at the same time [4].
However, combustion of fuels in general will most likely remain irreplaceable in process
industry and power generation even in the future.

Operating a combustion process requires consideration of multiple factors. In order to
minimize the operating costs, waste heat from the process is utilized in most industrial
applications. A common possibility is to reuse the waste heat energy for preheating the
supplied combustion air. This can be an effective tool for saving fuel and reducing costs.
Moreover, combustion air preheating may be useful in a wide variety of industrial applications

! Primary energy is any energy commodity that can be captured directly from natural resources [1]

-10 -
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which require high temperatures, for example metal processing or glass production. Another
priority with respect to relevant environmental regulations is minimizing the amount of
produced pollutant emissions. Any change in combustion air temperature may however affect
parameters of the overall combustion process. A negative consequence of combustion air
preheating may be an increase in amount of NOx and CO emissions [5]. Thus, it is an important
engineering task to design the process and to find the optimal operating conditions, taking
these factors into consideration.

1.1  Aims of the thesis

In the first chapter of this master’s thesis, an overview of the most common pollutants from
industrial combustion will be presented, including their formation mechanisms and abatement
strategies. Further, the currently valid legislation in the European Union concerning emissions
from industrial combustion will be described with focus on its transpositions into national
legislations in the Czech Republic and in Germany. Moreover, data from national pollution
release and transfer registers on NOx production in these countries will be presented. Another
chapter will deal with the basic mechanisms of heat transfer, followed by a classification of
burner types according to different criteria (draft, fuel, oxidizer and mixing type). The previous
research work on combustion air preheating will be summed up.

An experimental investigation will be carried out at a large-scale burner testing facility at
Faculty of Mechanical Engineering in Brno, which is equipped with a combustion air
preheater. In contrast to most industrial applications, an auxiliary natural gas burner will be
used for preheating instead of waste heat in order to ensure a precise control of the combustion
air temperature. The tests will be performed with two different natural gas burners:
a fuel-staged burner and a fuel-staged burner with integrated flue gas recirculation.

The aim of this investigation is to reveal the impact of combustion air preheating on the
combustion process parameters. Among the most important parameters are NOx and CO
emissions, flue gas temperature and heat fluxes to the water-cooled shell of the combustion
chamber. Based on the heat fluxes and total heat input to the chamber, efficiency of the radiant
section will be calculated according to API standards. In addition to this, temperatures inside
the chamber will be measured and the resulting temperature profiles will be visualised. The
stability of combustion as well as flame colour and length will be observed even at different
oxygen concentrations in the flue gas. All these parameters will be investigated for combustion
air temperatures ranging from 20 °C to 250 °C. Finally, the obtained experimental data will
be evaluated and discussed.

-11 -
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2 Combustion pollutants

2.1 Nitrogen oxides

Most of the world’s nitrogen occurs naturally as inert gas contained in the atmospheric air,
which consists of approximately 78% N2 by volume [6]. There are generally seven oxides of
nitrogen, however, only nitrogen monoxide (NO, known also as nitric oxide) and nitrogen
dioxide (NO) are relevant with respect to emissions from combustion processes. These two
oxides are together commonly referred as NOx.

Nitrogen monoxide is a colourless gas, which is poisonous to humans and can cause for
example irritation of the eyes and throat, nausea or headache. Nitrogen monoxide is the
predominant NOx compound formed in combustion processes and a precursor to the formation
of NO: in the atmosphere. Nitrogen dioxide, a reddish-brown gas, is a strong oxidizing agent.
It is highly toxic and hazardous because of its ability to enter into the bloodstream, causing
disruption of oxygen supply similarly to carbon monoxide [7]. Moreover, nitrogen oxides
decompose in the presence of sunlight into ozone and are thus responsible for ground-level
ozone formation. Together with sulphur oxides contribute the NOx to the formation of acid
rain as they react with moisture present in the atmosphere to form nitric acid (HNO3) [6].

There are three generally accepted mechanisms for NOy formation. The first type of NOx with
respect to the formation mechanism is referred as thermal or Zeldovich NOy. It is produced as
a result of a reaction between oxygen and nitrogen in the oxidizer at high temperatures. The
amount of produced thermal NOx emissions increases exponentially with temperature. It is the
predominant mechanism in combustion processes over 1100 °C. Generally, it is possible to
reduce the emissions of thermal NOx by reducing the reaction time, temperature, and overall
concentrations of N2 and Oz in the combustion system [8].

Another formation mechanism, known as prompt or Fenimore NOy, occurs as a result of
a relatively fast reaction between nitrogen, oxygen and hydrocarbon radicals [6]. It is actually
a complex process consisting of hundreds of reactions with hydrogen cyanide (HCN) as an
intermediate product. Increasingly important becomes the prompt mechanism under very rich
fuel conditions. However, these are not very common in the most combustion processes and
this mechanism is thus less significant compared to the two other formation mechanisms [8].

The third mechanism of is NOyx formation is the so-called fuel or de Soete mechanism. It is the
dominant mechanism during combustion of fuels which contain higher amount of organically
bound nitrogen, e.g. coal or heating oils. For these fuels, the contribution of the fuel NOy to
the total NOx may range 50 to 95 % [8]. The reason is that the N-H and N—C bonds, common
in fuel-bound nitrogen, are weaker than the triple bond N=N in molecular nitrogen, which
must be dissociated to produce thermal NOx. In contrast to this, the amount of produced fuel
NOx is negligible for most gaseous fuels like natural gas due to a very small amount of bound
nitrogen [6].

The measures for NOx control can be divided into two basic categories. The primary measures
include combustion modifications where the NOx production is reduced directly during the
combustion process. As an example may serve staged supply of oxidizer or fuel, flue gas
recirculation, or injection of water steam into the combustion chamber. The aim of the
secondary (or post-combustion) methods is to reduce the already formed nitrogen oxides. The
most common secondary methods are selective catalytic or non-catalytic reduction, using
ammonia or urea as reduction agent [9]. The methods for NOx reduction as well as the
formation mechanisms were already described more in detail in previous work [10].

-12 -
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2.2 Sulphur oxides

With respect to emissions from combustion processes, the sulphur oxides referred as SOx
include sulphur dioxide (SO2) and sulphur trioxide (SO3). Sulphur dioxide is a colourless
acidic gas with a pungent odour, which can be registered by human olfactory sense at
concentrations over 3 ppm. Concentrations of SO higher than 10 ppm irritate the upper
respiratory tract and may cause among other things breathing problems by reaction with
moisture in the respiratory system [7]. In the atmosphere, sulphur oxides react with water to
form sulphurous and sulfuric acid (equations (2.1) and (2.2)), which are in diluted form
components of acid rain [6]:

SOZ + Hzo — H2803 (21)
SO; + H,0 — H,S0, (2.2)

Thus, the sulphur oxides are generally responsible for accelerating metal corrosion. Sulphur
dioxide is according to Miller [8] the most detrimental pollutant that contributes to metals
corrosion. Higher temperatures and relative humidity significantly influence the rate of
corrosion. Sulphurous and sulphuric acids are also capable of damaging a wide variety of
building materials including e.g. limestone or marble [6].

All fossil fuels contain a certain amount of sulphur or sulphur compounds. Fuels like heavy
heating oil and coal generally contain significant amounts of sulphur, while gaseous fuels like
natural gas tend to contain little or no sulphur. Since the oxidizer typically does not contain
any sulphur, is the fuel the only source of sulphur for SOx formation. This is a difference in
comparison to the nitrogen oxides (chapter 2.1), which can be formed from nitrogen contained
both in fuel and oxidizer. The amount of SOx emissions from combustion cannot be thus
affected by any changes of the burner setting.

The formation process of sulphur oxides may be described in two steps. In the first oxidation
step, the sulphur is in high-temperature combustion processes oxidized by oxygen from the
combustion air to form SO, according to the overall reaction (2.3) [6]:

S+ 0, — SO, (2.3)

The second step of sulphur oxidation is described by the following equation (2.4):
28+ 30, — 250, (2.4)

The formation of sulphur dioxide occurs predominantly at higher temperatures, while sulphur
trioxide is more preferred at lower temperatures. Typically, due to high temperatures in the
most combustion systems is the ratio of SO> to SOz on the order of 40-80:1. The second step
is than more probable to occur in the atmosphere after leaving the combustor, since the
equilibrium strongly favours formation of SOz at ambient temperatures [6].

There are several basic abatement strategies of SOx. The first strategy involves pre-treating
the incoming fuel, oxidizer, or feed materials, which leads to reducing overall sulphur content
at input into the combustion system. This is usually referred as (fuel) desulfurization.
Examples of this can be cleaning coal in order to remove components such as pyrite [8], or
replacing the fuel with another one which contains less sulphur. However, switching to another
fuel may be uneconomical in some cases [6].

Another possibility to reduce SOx emissions is based on modifications of the combustion
process. An alternative to burning coal in traditional combustors is to use a fluidized bed
combustor where the bed contains e.g. limestone particles. The limestone reacts with the

-13-
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sulphur oxides to form CaSOa, which can be subsequently scrubbed out in the exhaust gas
treatment system [6].

The third strategy is focused on post-combustion treatment of the flue gases. Generally, the
systems for flue gas desulphurization (FGD) can be classified as wet scrubbers or dry
scrubbers. A wet FGD process produces a slurry waste, while a dry FGD application results
in solid waste, which makes the transport and disposal easier compared to the waste from wet
FGD [8].

2.3 Carbon dioxide

Carbon dioxide (CO,) is a colourless, odourless and inert gas that does not support life since
it can displace oxygen and act as an asphyxiant. Itis found naturally in the atmosphere at
concentrations averaging 300 ppmv. Concentrations of 6 to 10 % vol. can cause headaches
and visual disturbances. At concentrations above 10 %, unconsciousness eventually leading to
death may occur [6].

As a significant greenhouse gas, carbon dioxide absorbs and emits radiation from the
atmosphere within the thermal infrared range, which results in an increase in the average
surface air temperature of the planet, referred as global warming [7]. The concentration of CO>
in the Earth’s atmosphere is increasing on a long-term basis, as it is obvious from the so-called
Keeling curve (Fig. 2). This curve depicts the CO, concentrations in the atmosphere, measured
since 1958 on the island of Hawaii. The location was chosen in order to avoid any influences
of urban pollution on the measurements. Characteristic for the Keeling curve are the regular
fluctuations of the CO> level during a year cycle, corresponding to the seasonal vegetation
changes [11].
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Fig. 2: Average monthly CO, concentrations in the atmosphere, depicted by the Keeling curve [11]

Carbon dioxide is a naturally occurring part of the natural cycle in the atmosphere, which is
removed by photosynthesis. However, the major source of CO; released into the atmosphere
is combustion of carbon-containing fuels near or above the stoichiometric conditions. Since
emissions of carbon dioxide are unavoidable during combustion of fossil fuels, most of the
abatement and control strategies for CO. involve improving the overall thermal efficiency of
the combustion system so that less fuel needs to be consumed for a given level of production.
Another possibility is to sequestrate the resulting CO2 in some form so that it does not
contribute to the growing increase in its concentration in the atmosphere [6]. The recent trends
in this field include for example development of new adsorbents for post-combustion CO-
capture [12].

-14 -
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2.4 Carbon monoxide

Carbon monoxide (CO) is a colourless, odourless and tasteless flammable gas. Nevertheless,
it is a highly poisonous compound due to its much greater affinity for haemoglobin
(approximately 300 times [6]) compared to oxygen. When inhaled, carbon monoxide enters
the bloodstream and disrupts the supply of oxygen to the body’s tissues, which may result to
death at concentration of ca. 1000 ppm or higher [7]. Even at low concentrations, CO may
have negative influence on mental function, vision, and alertness of the affected person [6].

Generally, carbon monoxide is produced during incomplete combustion of carbon-containing
fuels. This occurs if there is an insufficient amount of oxygen for a complete combustion, or
the temperature is not high enough to oxidize the fuel completely, or the residence time in the
combustion zone is insufficient. The amount of CO emissions is therefore an important
parameter, which indicates the completeness of combustion. Commonly, industrial
combustion systems are operated under slightly lean conditions (with O> excess) to ensure
a complete combustion and to minimize the CO emissions [5].
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Fig. 3: Carbon monoxide emissions as a function of equivalence ratio for two different fuels [5]

As can be seen in Fig. 3, it is obvious that the amount of produced CO emissions is strongly
dependent on the equivalence ratio 2. With decreasing combustion air surplus, CO emissions
increase rapidly. At fuel rich conditions, the CO concentration is even higher than 10 000 ppm
for the both considered fuels.

The abatement strategies are primarily based on catalytic oxidation of CO to CO2. This is
typically done at temperatures between 400 and 500 °C. The higher is the temperature, the
higher is the destruction efficiency. If the temperature is high enough, then no catalyst is
needed. The catalyst is only needed when it would be more expensive to heat the flue gases
up to a sufficient temperature [5]. The catalyst can be based for example on manganese oxides,
as proposed by Mobini et al. [13]. Without any catalytic oxidation, the lifetime of carbon
monoxide in the atmosphere is fairly long, on the order of two to four months, before it is
oxidized to carbon dioxide [5]. Consequently, CO may be also indirectly considered as
a greenhouse gas due to formation of CO> as its oxidation product.

2 Equivalence ratio @ is defined as the actual fuel-air ratio divided by the stoichiometric fuel-air ratio.
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3 Legislation

3.1 European Union

Since the 1970s, the European Union has developed a complex legal framework for tackling
air pollution [14]. The member countries are responsible for implementing the European
directives into their national legislations. Currently, the basic legislative sources concerning
emissions from industrial combustion in the EU are the following directives of the European
Parliament and of the Council:

e 2001/81/EC on national emission ceilings for certain atmospheric pollutants
e 2008/50/EC on ambient air quality and cleaner air for Europe
e 2010/75/EU on industrial emissions (integrated pollution prevention and control)

e 2015/2193 on the limitation of emissions of certain pollutants into the air from
medium combustion plants

e 2016/2284 on the reduction of national emissions of certain atmospheric pollutants

The directive 2001/81/EC was adopted in 2001 to set national ceilings of the major air
pollutants emissions in order to improve the protection of the environment and human health
against effects of acidification, soil eutrophication and ground-level ozone. Another aim was
to move towards the long-term objectives of not exceeding critical levels of pollution, taking
the years 2010 and 2020 as benchmarks [15]. Currently (2019), the directive 2001/81/EC is
no longer in force, except for Articles 1 to 4 which are valid until the 31% of December 2019.
In 2016, this directive was revised and newly entered in force as directive no. 2016/2284,
which is setting out national emission reduction commitments of each member country for
year 2030 in compliance with the revised Gothenburg Protocol .

In chapter 1l of the directive 2008/50/EC, requirements on member countries regarding
assessment of ambient air quality are specified. Pursuant to Article 4 shall the member
countries establish zones and agglomerations throughout their territories in order to assess the
air quality. Further, the criteria for locations of sampling points for the pollutant measurements
are listed in Annex 111 to this directive.

In the directive 2015/2193, emission limits for combustion plants with a rated thermal input
equal to or greater than 1 MW and less than 50 MW (referred as medium combustion plants)
are specified. The values of these limits for SO2, NOx and dust are stated in Annex IlI
separately for new and existing plants.

The directive no. 2010/75/EU was designed in order to control, prevent and reduce emissions
of NOx, CO and SO into air, water and soil from specific sources of pollution listed in Annex |
to this directive. Technical provisions relating to combustion plants with total rated thermal
input equal to or greater than 50 MW are stated in Annex V. With respect to the emission
limits, the installations are divided into two groups. The installations, which have been granted
a permit before 71" January 2013, or a complete application for a permit has been submitted
before that date and the installation was put into operation no later than 7™ January 2014, shall
not exceed the emission limits set out in Part 1 of Annex V. For the other installations, the
limit values are stricter and are stated in Part 2 ibid. On these limit values are based the national
legislations in the EU member countries.

3 Gothenburg Protocol to abate acidification, eutrophication and ground-level ozone
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In the directive 2016/2284, long-term objectives of achieving air quality levels are set out. The
national emission reduction commitments for reduction of NOx, SO2, ammonia, non-methane
volatile organic compounds and fine particulate matter are established. For this purpose,
national air pollution control programmes are required to be drawn up, adopted and
implemented. The commitments are applicable from 2020 to 2029 and from 2030 onwards, as
laid down in Annex I to this directive. The emission reduction targets for particular member
countries are expressed in this Annex as percentual change in comparison to emissions
produced in the year 2005.

In the following chapters 3.2 and 3.3 of this thesis, the transposition of the above mentioned
directives into national legislation is described for the Czech Republic and for Germany.
Moreover, valid emission limits of nitrogen oxides and carbon monoxide are stated, since these
emissions can be affected by changing the burner setting. Besides that, the amount of CO
emissions is an important parameter giving information about the completeness of the
combustion process.

3.1.1 European Pollutant Release and Transfer Register

The European Pollutant Release and Transfer Register (E-PRTR) provides since 2006 data
concerning pollutant releases to air, water and soil, as well as information about waste transfers
from installations covered by Annex | of the regulation 166/2006/EC. It is built on the same
principles as the previous European Pollutant Emission Register (EPER) but includes
reporting of more pollutants and activities. The 91 currently monitored pollutants are listed in
Annex |1 to this regulation along with the threshold values, over which the releases must be
reported. The E-PRTR is administrated by the European Environment Agency (EEA).

The term installation is in 166/2006/EC defined in Article 2 as ‘a stationary technical unit
where one or more activities listed in Annex | are carried out, and any other directly
associated activities which (...) could have an effect on emissions and pollution’ [16].

The aim of E-PRTR is to provide public access to information on releases of pollutants.
Concurrently, it is a cost-effective tool for encouraging improvements in environmental
performance, for tracking trends and demonstrating progress in pollution reduction [15].

These objectives can only be achieved if the data reported by the EU member states are reliable
and comparable. An adequate harmonisation of the data collection is therefore needed to
ensure the quality and comparability of data. Pursuant to Article 7 of 166/2006/EC, the
member states shall provide the required data within 15 months after the end of the reporting
year, where the first reporting year was 2007. Subsequently, the European Environment
Agency incorporates the information reported by the member states into the E-PRTR [15].
Moreover, the member countries gather the data about pollutants emissions in their own
national PRTRs (see chapters 3.2.1 and 3.3.1).

3.2 Czech Republic

In the Czech Republic, the key legislative document concerning to emissions from industrial
combustion is the Act no. 201/2012 Sh. on the protection of air#, which entered into force on
1% September 2012 and replaced the previous Act no. 86/2002 Sb.®

A stationary source of pollution is defined in 8§ 2 as ‘compact, technically indivisible unit or
activity, which pollutes or could pollute and is not used exclusively for research, development

4 Zakon ¢. 201/2012 Sb., o ochrang ovzdusi
5 Zakon ¢&. 86/2002 Sbh., o ochrané ovzdusi
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or testing purposes’. A combustion stationary source means in terms of this Act ‘a stationary
source, in which fuels are oxidized in order to utilize the released heat .

Annex 1 to the Act 201/2012 Sb. contains a list of activities with accordance to the directive
2010/75/EU. Moreover, for each activity it is stated, if a dispersion study, compensation
measures or operating rules pursuant to 8 11 of this Act are required. The emission limits are
divided into two types: general and specific. The general limits for polluting substances can
be used only in case that no specific limits are defined in the operating permit for the particular
installations.

The specific emission limits for stationary sources of pollution with rated thermal input lower
than or equal to 300 kW are stated in Annex 10, Part 1l to the Act no. 201/2012 Sb., related to
standard conditions ® and reference oxygen content 3 % in dry flue gas. The limit values of
NOx and CO are presented in Tab. 1. For solid fuels, limits of NOx are not given.

Tab. 1: Specific emission limits /mg-m™] for stationary sources with rated thermal input lower than
or equal to 300 kW valid in the Czech Republic from 1.1.2018 [17]

Fuel NOy CO
Liquid 130 80
Gaseous 65 80

In comparison to the limits valid up to 31% December 2017, the currently valid limits of NOx
are for gaseous fuels tightened from 120 to 65 mg-m?, limits of CO are tightened for both
types of fuel from 100 to 80 mg-m=,

Another important legislative document on emission limits is Regulation no. 415/2012 Sb. on
the permitted level of pollution and its ascertainment ’, which processes the relevant directives
of the EU. Above all, general and specific emission limits for operation of stationary sources
of pollution and methods of evaluation of their fulfilment are given by this regulation.
Furthermore, methods for ascertainment of the level of pollution and general provisions to
combustion of fuels are described. As given in Annex 9, the general emission limit of nitrogen
oxides expressed as nitrogen dioxide is 500 mg-m™ for mass flow rates higher than 10 kg-h™.
The mass concentration of carbon monoxide shall not exceed 500 mg-m™ for mass flow rates
higher than 5 kg-h™, related to standard conditions.

In Part Il of Annex Il to the regulation 415/2012 Sb. are stated the specific emission limits for
stationary combustion sources of pollution with rated thermal input greater than 0.3 MW and
lower than 50 MW. For this purpose, the sources of pollution are divided into three groups. In
the first group, piston combustion engines are included. The second group is comprised of
boilers and hot air direct heating stationary sources, while the last group contains gas turbines.
These limits, presented in Tab. 2, are related to normal conditions and dry gas. The reference
oxygen content is 6 % for solid fuels excluding biomass, 11 % for biomass and 3 % for gaseous
and liquid fuels. Moreover, limit values valid from 1% January 2025 are further stated, the
limits of NOx and CO will however remain unaffected for sources of pollution put into

® The standard conditions are defined as a temperature of 273.15 K and an absolute pressure of
101.325 kPa.

" Vyhlaska ¢. 415/2012 Sb., o pfipustné Girovni znecistovani a jejim zjistovani a o provedeni
nekterych dalSich ustanoveni zakona o ochran¢ ovzdusi
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operation on 20" December 2018 and later. For the sources put into operation before this date,
new exceptions concerning certain types of fuels are added.

Tab. 2: Specific emission limits [mg-m™®] valid in the Czech Republic from 20.12.2018 up to 31.12.2024
for stationary sources with rated thermal input greater than 0.3 MW and lower than 50 MW, excluding
piston combustion engines and gas turbines [18]

>03-1MW >1-5MW >5-50 MW
Fuel

NOx CO NOx CO NOx CO

Solid fuel excluding biomass 500 500 300
) 600 400 500

Biomass 333 200 500
Liquid fuels 200 80 200 80 200 80
Gaseous fuels 100" 50 100" 50 100 50

Notes: a) 300 mg-m™ for biomass pressings; b) 200 mg-m™ if not possible to meet the limit 100 mg-m™
by using low-emission burners

The Part 1 of Annex Il to 415/2012 Sbh. contains values of specific emission limits for
combustion stationary sources with a total rated heat input power of 50 MW and greater. In
accordance with 2010/75/EU, these installations are divided into two groups: the first group
comprises installations, for which a complete application for a permit has been submitted
before 71" January 2013 and the installation was put into operation no later than 7" January
2014. In the other group are those installations, which do not comply with these requirements.
The limits for the other group of installations are presented in Tab. 3. Limit values of NOy are
for certain fuels stricter by 50 mg-m™ compared to the first group. The reference O content is
equal to 6 % for solid fuels and to 3 % for liquid and gaseous fuels.

Tab. 3: Specific emission limits /mg-m] valid in the Czech Republic for stationary sources with rated
thermal input 50 MW or greater, for which a complete application for a permit has been submitted on
7.1.2013 or later, or were put into operation after 7.1.2014 [18]

50 - 100 MW >100 - 300 MW > 300 MW
Fuel NOx CcO NOx CcO NOx CcoO
Biomass and peat 250 250 200 250 150 250
Other solid fuels 3009 250 200 250 150 250
Liquefied natural gas 300 175 150 175 150 175
Other liquid fuels 300 175 150 175 100 175
Gaseous fuels 100 100 100 100 100 100

Notes: a) 400 mg-m™ for pulverized brown coal; b) 200 mg-m~in fluidized bed

More in detail are the legislative regulations and measures regarding emissions from industrial
combustion in the Czech Republic, including emission ceilings and national emission
projection, described for example in [10].
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3.2.1 Integrated pollution register

A publicly accessible database of transfers of selected substances into the environment in
accordance with the European directive regulation 166/2006/EC is in the Czech Republic
known as Integrated pollution register (IRZ)8. It is run by Czech Environmental Information
Agency (CENIA)®, a state-funded organisation of Ministry of the Environment!°. Currently,
releases and transfers of 93 substances are monitored [19]. The list of these substances as well
as thresholds for their reporting are part of Act no. 25/2008 Sb.!, which is the key document
for establishing this national pollutant release and transfer register. In the year 2017, pollutant
transfers and releases from total 1338 facilities were reported. In the Tab. 4 below are
presented the top five producers of NOx emissions in the Czech Republic,

Tab. 4: The top five NOy emissions producers in the Czech Republic, 2017 [20]

No. Facility Main activity Region NO [tly]
1. | Elektrarna Pocerady, a.s. Thermal power station Ustecky 5518
2. | CEZ, a.s., Elektrarny Prunéfov Thermal power station Ustecky 3 866
3. |CEZ, a.s., Elektrarna Mélnik Thermal power station Stfedocesky 3133
4. |UNIPETROL RPA, s.r.o., Litvinov Chemicals production Ustecky 3199
5. | Sev.en EC, a.s., Elektrarna Chvaletice | Thermal power station Pardubicky 2 867

The Fig. 4. shows average yearly concentrations of nitrogen oxides reported by Czech
Hydrometeorological Institute (CHMU)*2. It proves that the most significant sectors with
respect to production of nitrogen oxides are industry and transport. The highest concentrations
of NOx were measured in large cities (Praha, Brno), in industrial regions (Ustecky region,
Ostravsko—Karvinsko) and near the most frequented roads. This is in correlation with the data
presented in Tab. 4, since three out of top five NOx producers in the Czech Republic are located
in the northern part of the country in Ustecky region.

koncentrace [pg.m~]
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Fig. 4: Average yearly concentration of NOyin the Czech Republic, 2017 [21]

8 Integrovany registr zneéistovani

% Ceské informaéni agentura Zivotniho prostiedi

10 Ministerstvo Zivotniho prostiedi

11 Zakon ¢&. 25/2008 Sb., o integrovaném registru znec¢istovani Zivotniho prostiedi
12 Cesky hydrometeorologicky tistav
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3.3 Germany

One of the basic legislative sources with respect to industrial combustion and emissions in the
Federal Republic of Germany is the Federal Immission Control Act, also referred as
BImSchG 3. The purpose of this Act is to ensure integrated prevention and reduction of any
harmful effects on the environment caused by emissions to air, water and soil in compliance
with the directive 2010/75/EU. Its provisions shall apply to construction and operation of any
stationary facilities, machines and other non-stationary technical facilities as well as vehicles
[22].

The relevant terms are defined in § 3 of BImSchG. Harmful effects on the environment are
defined as ‘any immissions which (...) are likely to cause any hazards, significant
disadvantages or significant nuisances to the general public or the neighbourhood’, air
pollution is pursuant to this act ‘any change in the natural composition of the air, especially
through smoke, soot, dust, gases, aerosols, steam or odorous substances’. In the Part Il of
BImSchG, requirements for construction, licensing and operation of installations are stated.
Part V contains general provisions on monitoring and improving air quality.

From the Federal Immission Control Act, altogether 44 Ordinances on the Implementation of
the Federal Immission Control Act are derived. These are referred as BImSchV 4. For the topic
of industrial combustion, the most important ordinances are the following ones:

1% ordinance on small and medium-sized combustion plants

4" ordinance on installations requiring a permit

13" ordinance on large combustion plants and gas turbine plants
39" ordinance on air quality standards and emission ceilings

The 4™ ordinance contains a list of different installation types requiring permit pursuant to
Article 10 of the directive 2010/75/EU, similarly to the Act no. 201/2012 Sh. valid in the
Czech Republic. For each type of installation, it is stated if a permitting procedure with
participation of the public is required (pursuant to 8 10 BImSchG) or a simplified permitting
procedure without participating of the public can be carried out (8 19 BImSchG).

The European directives 2001/81/EC and 2008/50/EC are directly implemented into the 39™
ordinance, which i.e. defines tools for evaluating the air quality (Part 3) and states the values
national emissions ceilings for SOz, NOx, NMVOC and NHs (Part 7).

The emission limits for installations with thermal input of 50 MW or greater are contained in
the 13" ordinance. For this purpose, the fuels are divided into four groups: solid fuels (§ 4),
biofuels (8 5), liquid (§ 6) and gaseous fuels (8 7). The reference content of O in flue gas is
equal to 3 % vol. for liquid and gaseous fuels and 6 % vol. for solid and biofuels. In the Tab. 5,
the values of emission limits pursuant to the 13. BImSchV are presented.

Another important document with regard to air pollution control is called Technical
Instructions on Air Quality Control, commonly referred as TA Luft®. These technical
instructions serve to protect the general public and the neighbourhood against harmful effects
of air pollution on the environment and to provide precautions against harmful effects of air
pollution in order to attain a high level of protection for the environment altogether, taking the
best available techniques into consideration [24]. The currently valid version of TA Luft
entered into force in 2002. However, a proposal of a new version was issued in 2018 [25].

13 Bundes-Immissionsschutzgesetz
14 Verordnungen zur Durchfilhrung des Bundes-Immissionsschutzgesetzes
15 Technische Anleitung zur Reinhaltung der Luft
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Tab. 5: Emission limits /mg-n] for installations with thermal input greater than 50 MW valid
in Germany [23]

Euel >50-100 MW > 100 - 300 MW > 300 MW
NO CO NOx CoO NOy CcoO
Brown coal 400 200 200
- 150 200 200
Other solid fuels 300 200 150
Untreated wood 150 200 200
- 250 250 150
Other biofuels 250 250 250
Liquid fuels 3009 80 150 80 100 80
Natural gas 100 50 100 50 100 50
Other gaseous fuels 200 80° 200 80° 80°

Notes: a) 250 mg-m™ for light heating oils; b) 100 mg-m for use in refineries; ¢) 100 mg-m* for
blast furnace gas and coke gas

Pursuant to chapter 5.2 of the TA Luft, the nitrogen oxides belong to class IV of inorganic
gaseous substances. Therefore, their content in waste gas indicated as NO2 shall not exceed
amass concentration of 350 mg-m™ under standard conditions. In waste gas generated by
thermal or catalytic post-combustion facilities, concentration of NOx emissions shall not
exceed 200 mg:m™ and simultaneously, CO emissions shall not exceed 100 mg-m. At
installations emitting gaseous substances in excess of given mass flow rates, concentrations of
the respective substances shall be measured continuously. This threshold value is equal to
30 kg-h! for nitrogen oxides.

Further, special requirements for certain types of installations are stated in the chapter 5.4 of
the TA Luft, including limit values for emissions of i.e. total dust, inorganic particulate matter,
nitrogen oxides, sulphur oxides, carbon monoxide and organic substances.

The emission limits valid for combustion installations for generating of electricity, steam, hot
water, process heat or hot waste gas with a rated thermal input of less than 50 MW are shown
in Tab. 6. The reference oxygen level in flue gas is 11 % for solid fuels and 3 % vol. for liquid
and gaseous fuels. Compared to the emission limits valid in the Czech Republic, the
installations in Germany are not further divided into more categories according to their thermal
input in order to assign the limits.

In October 2018, the 44" ordinance on medium-sized combustion plants, gas turbine plants
and combustion engines was approved by the German Bundestag as a direct implementation
of the European directive 2015/2193. Its provisions relate to installations with a rated thermal
input greater or equal to 1 MW and lower than 50 MW. New stricter limit values of NOx, SOx
and particulate matter emissions for these installations are defined and should replace the
currently valid limits stated in the TA Luft. Concurrently, the 1% ordinance shall be
amended [26]. However, this 44" ordinance has not entered into force yet (April 2019).
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Tab. 6: Emission limits /mg-m™] for installations with thermal input lower than 50 MW valid
in Germany [24]

Fuel NOx (6{0)
Untreated wood 250
Other solid fuels in fluidised bed furnace 300 150
Other solid fuels, thermal input < 10 MW 500
Other solid fuels, thermal input > 10MW 400
Oils defined in DIN 51603 180 80
Other liquid fuels 350
Gaseous fuels from public gas supply 100 50
Other gaseous fuels 200 80

3.3.1 Thru.de

The regulation no. 166/2006/EC concerning establishment of E-PRT is in Germany
implemented through an act referred as SchadRegProtAG . The German national PRTR is
named Thru.de’ and it is run by German Environmental Agency (UBA) 8. It provides data
about 91 pollutants into air, water and soil, as well as information about waste transfers from
ca. 5000 registered industrial facilities in Germany (5417 facilities in 2016). These pollutants
are divided into seven groups: greenhouse gases, other gases, heavy metals, pesticides,
chlorinated organic substances, other organic substances and inorganic substances [27].

The data from the facilities are collected in a three-step process. At first, the operators of the
facilities forward the data to a competent authority in the corresponding federal state. These
authorities review the data for completeness and plausibility and send it subsequently to the
German Environmental Agency. In the last step, the UBA makes another review of the data
and releases it on Thru.de. Concurrently forwards the UBA the data to the European
Commission, which includes it in the European Pollution Release and Transfer Register [27].
In the Tab. 7, the top five NOx producers in Germany are listed, based on the data in Thru.de
from year 2016.

Tab. 7: The top five NOy emissions producers in Germany, 2016 [28]

No. Facility Main activity Federal state | NOx[t/y]
1. | RWE Power AG, Grevenbroich | Thermal power station NRW 21700
2. | LEAG, Kraftwerk Janschwalde | Thermal power station Brandenburg 19 200
3. R\.NE Power AG, Kraftwerk Thermal power station NRW 16 500

Niederauflem
4. | LEAG, Kraftwerk Boxberg Thermal power station Sachsen 13 300
5. | RWE Power AG, Eschweiler Thermal power station NRW 12 700

Note: NRW = Nordrhein—Westfalen

16 Gesetz zur Ausfiihrung des Protokolls tiber Schadstofffreisetzungs- und -verbringungsregister
sowie zur Durchfiihrung der Verordnung (EG) Nr. 166/2006

17 The name refers to the Nordic goddess of trees and flowers Thrude [27]
18 Umweltbundesamt
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As a result of legislative measures, the air quality in the member countries of the EU has in
recent decades significantly improved. This can be seen e.g. in Fig. 5, which shows
a comparison of average yearly concentrations of NOyx in Germany between the years 1990
and 2015. Again, it is obvious that the highest concentrations were registered in large cities
and in industrial regions, e.g. in western part of the country in the federal state Nordrhein—
Westfalen. Nevertheless, there are also points with high NOy concentration in the eastern part
of Germany in Lausitz region, where several coal-fired power stations are located. In general,
thermal power stations are one of the most significant sources of NOx emissions. This fact can
be supported by the list of the top NOx producers in Germany (Tab. 7), based on data from
Thru.de, since all the five top places are occupied by thermal power stations.

1990 2015
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Fig. 5: Comparison of average yearly concentrations of NOyx in Germany in years 1990 and 2015
[29]
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4 Heat transfer

Heat transfer is the crucial part of industrial combustion. In accordance with the second law
of thermodynamics, heat is spontaneously transferred from places with higher temperature to
places with lower temperature [30]. There are generally three mechanisms of heat transfer. All
these mechanisms participate in the heat transfer simultaneously, but in some applications,
there is one dominant mechanism. Thus, it may be possible to simplify the case by neglecting
the minor mechanisms, which can make the necessary calculations easier. During combustion
processes, radiation is the most important mechanism due to high temperatures, as described
in chapter 4.3.

4.1 Conduction

The kinetic energy of disorganised particles movement is transferred by collisions between
neighbouring particles of mass, which is also called diffusion of energy [5]. This can be
described by the Fourier’s law of heat conduction. For a general three-dimensional body, it
can be written in following form [30]:

g[ =—A-gradT 4.2)
When considering only one-dimensional case, it is possible to write:
g dT
q= ax (4.2)

where ¢ is heat flux [W-m™], 1 is thermal conductivity of the material [W-m™*-K™2], T is
thermodynamic temperature [K] and x is length coordinate [m]. The minus sign in these
equations denotes, that the heat moves from places with higher temperature to the colder ones.
Therefore, when the temperature gradient is positive, the heat flux must be negative.
According to these equations (4.1) and (4.2), the heat flux is proportional to the temperature
gradient. The proportionality constant is the thermal conductivity A of the heat transferring
material [5]. Its value is generally higher for solid materials than for liquid and gas ones.
Therefore, conduction occurs especially in solid bodies.

4.2 Convection

Characteristic for convection is that particles of mass change their position in space and carry
the heat energy. The convection can be either natural or forced. The natural convection occurs
as a result of local density differences. In case of forced convection, the driving force is
mechanical energy from devices such as fans or pumps [5].

The convection is described by the Newton’s law of cooling [30]:
Q=A a- (T, —Ts) (4.3)

where Q is the heat flow rate [W], A is the heat transfer surface area [m?], « is the heat transfer
coefficient [W-m?K™?], T,, is the temperature of the body surface [K] and T, is the
temperature of the environment [K].

The value of the heat transfer coefficient @ depends on six independent variables, namely:
flow velocity u [m-s!], characteristic dimension L [m] (e.g. diameter of a pipe), and properties
of the fluid: density p [keg'm?], kinematic viscosity v [m?s?], specific heat capacity
cp [J-kgt-K?] and thermal conductivity A [W-m™-K™?]. The relationship between these
variables can be described by three dimensionless criteria: Nusselt number Nu (ratio of
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convective to conductive heat transfer), Reynolds number Re (ratio of inertial forces to viscous
forces) and Prandtl number Pr (ratio of momentum diffusivity to thermal diffusivity) [30].

_a-L
NU—T (44)
R _u-L
€= v (4.5)
_Viprc v
Pr=——=— (4.6)

4.3 Radiation

In combustion processes, the predominant mechanism of heat transfer is radiation. It is the
only mechanism which enables heat transfer in vacuum. Actually, it is a movement of energy
by electromagnetic waves [5]. Therefore, the speed of propagation depends on type of the
environment *°. According to Stefan—Boltzmann law (4.7), the heat flow rate is proportional
to the fourth power of thermodynamic temperature of the body. The constant of proportionality
in this law is called Stefan—Boltzmann constant?. The Stefan—Boltzmann law?! can be written
in following form [5]:

Q=¢-A-0-T* 4.7)

where @ is the heat flow rate [W], « is emissivity [-], A is surface area of the body [m?], o is
the Stefan-Boltzmann constant [W-m™K*] and T is the thermodynamic temperature [K]. The
emissivity can be defined as a ratio of energy emitted from surface of a body to energy
theoretically emitted from this surface at the same temperature if the body would be black 2.
For a black body, the emissivity is equal to one. On the contrary, for a white body is the
emissivity equal to zero, however, these are only ideal cases. All real bodies can be described
as grey bodies. Therefore, their values of emissivity lie between zero and one [30].

191n vacuum, the speed of propagation of electromagnetic waves is equal to co = 2.998- 108 m-s*[5].
20 Stefan—Boltzmann constant o =5.669- 108 W-m?K* [5]
2L The Stefan-Boltzmann law is obtained by integration of the Planck’s law over all wavelengths.

22 A black body is an idealized body, which emits (and absorbs) the maximum possible amount of
radiation energy for all wavelengths.
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5 Types and classification of burners

The chemical energy of fuel is converted into thermal energy by combustion in burners. There
are several ways how to classify industrial burners. In this chapter, burners are described
according to four different criteria: mixing type, fuel type, oxidizer type and draft type.

5.1 Mixing type
5.1.1 Diffusion burners

A commonly used method for classifying burners is according to how the fuel and the oxidizer
are mixed. In a diffusion burner, the fuel meets combustion air outside the fuel nozzle without
any previous mixing. By separating the fuel from the oxidizer before the ignition zone, the
possibility of flashback is eliminated. Therefore, diffusion burners are able to handle a wide
range of fuels without any concern on safety. Another major advantage of diffusion burners is
their simple construction. They are commonly also referred as raw-gas or nozzle-mix burners
[31].

Fig. 6: Schematic of a diffusion burner [5]

5.1.2 Premixed burners

On the contrary, in premixed burners, the fuel and the oxidizer are completely mixed before
the combustion starts. In comparison to diffusion burners, the flame is shorter and more
intense. This leads to formation of high temperature regions, which causes less uniform
distribution of temperature and heat flux across the flame but enables achieving higher peak
temperature [31]. Nevertheless, higher temperature leads to increased formation of nitrogen
oxides via the thermal mechanism [8].

Burners can be also partially premixed, which means, only a fraction of fuel is mixed with the
oxidizer before the combustion. This is often done for improving combustion stability as well
as for safety reasons since partial premixing reduces the risk of flashback. The properties of
a partially premixed flame (i.e. length, peak temperature, uniformity of heat flux distribution)
are somewhere between diffusion and premixed burners [5]. A schematic of a partially
premixed burner can be seen in Fig. 8

Fig. 7: Schematic of a premix burner [5]

Air ————
Fuel —  »
Alr—
Fuel ——

Air——

Fig. 8: Schematic of a partially premixed burner [5]
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5.2 Fuel type

5.2.1 Gaseous fuel

Gaseous fuel is the dominant fuel source used in the process industry owing to good
availability and low price of natural gas, which is the most widespread gaseous fuel. Natural
gas consists of a wide range of hydrocarbons, with methane (70 to 99.6 % vol.) and ethane
(2to 16 % vol.) making up the majority [5]. In many industrial applications, a mixture of
different gases (e.g. hydrogen, methane, propane etc.) is frequently used as fuel. Other reasons
for using gaseous fuel are low emissions and low maintenance costs of equipment in
comparison to other fuel types [6]. In general, gaseous fuels produce often nonluminous flames
with a very small amount of soot particles. Another advantage of utilizing gaseous fuels is that
they do not require any treatment before utilization, whereas liquid fuels need to be atomized
and solid fuels need to be pulverized.

5.2.2 Liquid fuel

A key requirement for complete combustion of liquid fuels is their good atomisation into small
enough droplets in order to achieve high combustion efficiency and low unburned
hydrocarbon emissions. When designing the atomizer, several factors need to be considered,
e.g. viscosity of the fuel as a function of temperature or vaporization temperature of the fuel
[31]. The process of fuel atomization was experimentally investigated and more in detail
described by Liu et al. [32]. Another drawback of burning liquid fuels is that they often contain
bound impurities, especially sulphur, which causes formation of SOy, and nitrogen, which is
responsible for formation of NOx emissions via the fuel mechanism [5].

Some burners are able to operate on more than one type of fuel, where one fuel is major,
whereas the other fuels are used as a reserve in case of drop-out of the major fuel. It is also
possible to switch between the fuels for economic reasons. An example of simultaneous
burning of more fuel types can be waste incineration, where a waste liquid is fed to burner
which is powered by an auxiliary fuel (usually natural gas). This is commonly done because
of low heating values of the waste fuel [31].

5.2.3 Solid fuel

The utilization of solid fuels like wood has been known since the early civilization,
nevertheless, this type of fuel is not very frequent in process industrial applications. The two
most utilized solid fuels in these applications are coal (e.g. in power generation industry) and
coke (e.g. in metal production). To burn coal in a burner, it is necessary to pulverize it before.
Based on experimental investigation conducted by Liu et al. [33], preheating the pulverized
coal is an effective way for reducing NO emissions for some types of burners. Another
example of solid fuel is sludge, which is combusted in incineration plants. In general, industrial
burners for solid fuels usually have an annular zone to inject pneumatically conveyed fuel into
the furnace [5]. However, the combustion of solid fuels does not comprise the subject matter
of this thesis and therefore is not analysed further.

5.3 Oxidizer type
5.3.1 Atmospheric air combustion

In most combustion processes, the atmospheric air is used as oxidizer. The air in Earth’s
atmosphere contains approximately 21 % of oxygen by volume. In some cases, the combustion
air is blended with the combustion products. As an example may serve flue gas recirculation,
which is commonly used as a method for reducing NOx emissions [5].
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5.3.2 Oxygen-enhanced combustion

In some industrial applications where high temperatures are needed (e.g. glass production or
metallurgy) contains the oxidizer more than 21 % vol. O». Other reasons for oxygen enhanced
combustion are higher combustion efficiency and lower fuel consumption [31]. The main
drawback of utilizing oxygen is its high cost. There is also a risk of equipment damage by the
high temperatures. Other disadvantages are nonuniform distribution of heat flux along the
flame, risk of flame disturbances and flashback and possibility of higher thermal NOx
production due to higher temperatures [34].

There are four basic ways how to mix the oxygen with the combustion air [31]. One method
consists in injecting the oxygen into combustion air supply through a diffuser in order to
achieve proper mixing, as can be seen in the Fig. 9 This is referred as air enrichment.

Diffuser

—_—

Oxygen ——

Fuel — < El:

Burner

Heater
wall

Fig. 9: Schematic of an oxygen-enriched air/fuel burner [5]

Another method air-oxy/fuel involves injecting O2 directly to the flame, separately from the
air/fuel mixture. There is also possibility to inject oxygen into the combustion chamber
without modifying the existing conventional air/fuel burner. This technique is called
O2 lancing [5].

The influence of oxygen content in combustion air on the combustion characteristics was
experimentally investigated more in detail by Bélohradsky et al. [35] at a natural gas burner.
The overall oxygen concentration was varied from 21 % to 46 %. It was observed that NOx
emissions in flue gas were higher with increasing O concentration. The NOx formation was
significantly lower for air-oxy/fuel combustion than for air enrichment method. Wu [36] et al.
observed that amount of NOx emissions increased 4.4 times when the overall O2 concentration
was increased from 21 to 30 % due to higher furnace temperature.

In some processes, high-purity oxygen is utilized as the oxidizer. This is often referred as
oxy/fuel combustion. The advantage of oxy-fuel combustion is a very low formation of thermal
NOy, because there is a low amount of nitrogen contained in the oxidizer. The only way how
NOx emissions may form during oxy-fuel combustion is from nitrogen bound in the fuel via
the fuel mechanism [5]. A schematic of an oxy-fuel burner is shown in Fig. 10.
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Fig. 10: Schematic of an oxy-fuel burner [5]

5.4 Draft type

Draft can be described as a driving force which enables the flow of the combustion air through
the burner. According to API 535, it is possible to categorize burners into two categories based
on the draft type [37].

5.4.1 Natural draft

In a natural-draft burner, the negative draft produced by the fuel jets is used for supplying the
oxidizer to the burner. Therefore, it may be more difficult to control this burner type with
regard to environmental conditions, as the operation can be negatively influenced by wind
speed or humidity variations when operating the burner outdoor. The natural-draft flame is
usually longer than the forced-draft one, which means the heat is distributed over a longer
distance and therefore is also the peak temperature lower [31]. A typical use of natural-draft
burners is in process heaters in chemical and petrochemical industry, where no rapid changes
of thermal output are usually needed [5].

5.4.2 Forced draft

In case of forced-draft burners (sometimes referred as mechanical-draft burners [5]), the
oxidizer is supplied to the burner at a positive pressure. This can be achieved by using a blower
or a fan, which means higher capital cost of the equipment, as well as higher operation and
maintenance costs. Most of the industrial burners use forced draft because of their higher
combustion stability, wide range of thermal output and an easy control in comparison with
natural-draft burners [31]. Forced-draft burners are often used with air preheating systems
since fans are able to overcome the pressure drop across the preheater [37].
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6 Combustion air preheating

Preheating the combustion air is often done in order to recover part of the energy form the
exhaust products [31]. This results in a nearly linear increase of the adiabatic flame
temperature, as can be seen in Fig. 11. The radiant heat flux increases with the fourth power
of thermodynamic temperature according to the Stefan—-Boltzmann law (4.7).
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Fig. 11: Adiabatic flame temperature as a function of air preheat temperature for different fuels [31]

Another positive effect of preheating the combustion air (or oxidizer in general) is improving
the thermal efficiency of the combustion process by increasing the available heat. The
available heat is defined as higher heating value of the fuel minus the energy carried out of the
exhaust stack by the flue gases. Fig. 12 shows an nearly linear increase of the available heat
for three different fuels [31].
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Fig. 12: Available heat as a function of air preheat temperature for different fuels [31]
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On the other hand, higher temperatures in the combustion chamber achieved by combustion
air preheating cause higher emissions of nitrogen oxides formed by the thermal mechanism,
as described in chapter 2.1. The temperature dependence of NO emissions is depicted in

Fig. 13 [5].

Master’s Thesis
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Fig. 13: Adiabatic equilibrium of NO emissions as a function of air preheat temperature for
stoichiometric air/fuel flames [5]

Fig. 14 show the effects of combustion air preheating on carbon monoxide production. High
flame temperatures achieved by preheating cause higher CO emissions as the preheat
temperature increases [5].
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Fig. 14: Adiabatic equilibrium of CO emissions as a function of air preheat temperature for
stoichiometric air/fuel flames [5]
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6.1 Devices for preheating

The devices for heat recovery from flue gases to the combustion air can be divided into two
basic categories: regenerators and recuperators.

6.1.1 Recuperators

Characteristic for recuperators in comparison to regenerators is the fact that the heat is
transferred by conduction through a wall and the hot exhaust gases do not contact the same
surface as the heated air. This is an advantage e.g. in case that the flue gases contain solid
particles and a risk of combustion air contamination exists. A disadvantage of recuperators is
a limited use at higher temperatures. For preheating temperatures up to 700 °C, recuperators
made of metal can be utilized. Recuperators for preheating to higher temperatures require
using ceramics instead of metals [31].

Heat recuperation is frequently done using external heat exchangers and does not involve the
burners at all [5]. A commonly used recuperative air heater is the tubular type, but for lower
air and flue gas pressures, the plate type can be also used. Tubular air heaters are commonly
shell-and-tube type with a counter-current flow arrangement, where hot flue gases pass
through the inside of the tubes and air flows outside. Baffles are provided to maximize the
contact area between air and the hot tubes. Another disadvantage is that these heaters usually
occupy a large space [7]. However, it is also possible to recuperate the waste heat using
a recuperator integrated within the burner [38].

6.1.2 Regenerators

Regenerators are typically used in high-temperature processes, frequently over 1000 °C. Their
working principle is that energy from the hot exhaust gases is temporarily stored in a unit
constructed out of refractory firebricks. The material for the heat storage must be able to resist
the high temperatures, for example some type of porous ceramic or alumina can be used.
Another requirement on the burners in regenerative applications is that they must be able to
work in periodical thermal cycles. Usually are the regenerators operated in pairs [31].

In the first part of the cycle flows the hot flue gas through one of the regenerators, while the
cold combustion air is being heated up by the refractory bricks in the other regenerator. Both
the combustion air and the flue gas are in direct contact with the bricks, although not both at
the same time. After a certain time (mostly 5 to 30 minutes), when a certain temperature level
is reached, the cycle is reversed: the bricks in the cold regenerator are reheated now by the
flue gas, while the hot regenerator is cooled by the incoming combustion air [31]. In the
temperature range from 800 to 1400 °C, 90 % of the heat from the flue gases can be transferred
to the incoming combustion air. This enables to reach up to 80 % gross thermal efficiency
[38].

An example of regenerative burners utilization is a method for NOy reduction called HITAC
(High Temperature Air Combustion) which leads to more uniform temperature field in the
furnace. The formation of NOy occurs then predominantly by the prompt mechanism. This
method, characterized also by low oxygen concentration, was investigated more in detail by
e.g. Rafidi and Blasiak [39].
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6.2 Previous research

Suzukawa et al. [40] carried out tests of a newly developed regenerative fuel-staged burner
where the primary fuel comprised 10 to 15 % of the total fuel. A ceramic honeycomb was used
as heat storage medium, that was able to raise the combustion air temperature up to 1300 °C,
which was close to the furnace gas temperature 1350 °C. The fuel was a mixture of gases
(N226.4 %, CO 25.2 %, H> 23.5 %, CHs 11.1 % vol.) with a lower heating value of
11.5 MJ-mn3. The air excess ratio was kept constantly 1.05 throughout the experiment. The
NOx emissions were lower than 50 ppm (at 11 % O), while temperature distribution in the
furnace was quite uniform. Carbon monoxide was not detected in the flue gas.

Moreover, theoretical and numerical analyses on heat transfer improvement by highly
preheated air combustion were carried out. A uniform gas temperature field can according to
the authors increase the radiative heat transfer and contribute to saving of fuel. Fig. 16 shows
the calculated results. For a preheated air temperature of 1000 °C, the fuel savings can be about
40 % compared to systems without preheating. With the newly developed system, it is possible
to save approximately 10 to 15 % fuel in comparison to conventional preheating furnaces
equipped with recuperators [40].
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Fig. 15: Schematic diagram of the regenerative burner system [40]
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Fig. 16: Predicted fuel consumption improvement by combustion air preheating [40]
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In another experimental study carried out by Sorrentino et al. [41], a combustion process in
a cyclonic burner operated under MILD 2 conditions was investigated. During the tests,
propane was used as fuel, the mixture equivalence ratio was constantly equal to 0.8, thermal
power of the burner was fixed to 2 and 4 kW. Measurements of temperature at three different
locations (T1, T2 and T3) inside the combustion chamber proved, that as air preheat temperature
increased, temperatures in the chamber increased with an almost linear trend, as shown in
Fig. 17. The decreasing difference between temperatures in particular locations suggested
a higher uniformity of the temperature field with increasing preheat temperature.
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Fig. 17: Temperatures at three different locations in the chamber (Ty, T2 and Ts) as a function of
combustion air temperature [41]

The experimentally obtained CO and NOyx emissions as a function of combustion air
temperature are depicted in Fig. 18. Emissions of carbon monoxide slightly decreased
from 10 to 5 ppm when the temperature increased up to 650 °C, while NOx emission remained
almost constant for the 2 kW-case. For the 4 kW-case, CO decreased from 16 to 10 ppm
whereas the NOy increased to 30 ppm while preheating the combustion air to 650 °C compared

to 24 ppm without preheating [41].
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Fig. 18: CO and NOy emissions as a function of combustion air temperature [41]

23 Moderate or Intense Low-oxygen Dilution
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The effect of air preheat temperature on MILD combustion of coal-derived syngas under the
heat loads between 15.3 and 29.9 kW in a parallel jet forward flow combustor was investigated
by Huang et al. [42]. The results showed that air preheating led to higher NOy at a fixed
equivalence ratio, as depicted in Fig. 19 a). This was caused by higher peak flame temperature.
Lower carbon monoxide emissions were at a fixed equivalence ratio observed for the case
with preheating (see Fig. 19 b)). According to the authors, this was related to the higher peak
flame temperature combined with the longer reactants residence time in the high temperature
region. The carbon monoxide had thus more time to accomplish the oxidation process.
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Fig. 19: NOy and CO emissions at different combustion air temperatures as functions of equivalence
ratio [42]

The structure of turbulent diffusion propane flames with highly preheated combustion air was
experimentally investigated by Gupta et al. [43]. The test facility consisted of two combustion
chambers, each of them was equipped with a ceramic honeycomb regenerator. The combustion
air supplied to the test section was preheated to temperatures ranging from 900 to 1100 °C. At
a standard concentration of oxygen in the combustion air 21 % vol., the following results were
obtained: The flame volume and length as well as the content of yellow colour in the flame
were found to increase with increasing preheat temperature. At 1100 °C, the flame was
completely yellow. On the other hand, there was no yellow colour present in the flame at
temperatures lower than 1000 °C. In contrast to this, the content of blue colour decreased at
higher temperatures. This may suggest an increasing carbon production in the flame.
Correspondingly, emission spectroscopy showed increasing concentrations of *OH, CH*, and
C2 at higher air preheat temperatures. It was demonstrated that thermal and chemical behaviour
of the flame strongly depended on the preheating temperature.
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7
7.1

Burner testing facility

An essential prerequisite for burner testing is a facility equipped with proper measuring
instrumentation. The experimental investigation was carried out at large-scale burner testing
facility located at Institute of Process Engineering, Faculty of Mechanical Engineering, Brno
University of Technology. This facility is used for testing and research of industrial burners.

Experimental investigation

It is possible to test gaseous, liquid and dual fuel burners [44].

Fig. 20: Burner testing facility at Institute of Process Enginééring [44]
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Fig. 21: Simplified block diagram of the burner testing facility. From [45], modified.
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7.1.1 Combustion chamber

An important part of this facility is a horizontally oriented two-shell water-cooled combustion
chamber with an inner diameter of 1 m and a length of 4 m. The water-cooled shell is divided
into seven cylindrical sections with an independent water supply in each section. Moreover,
each section is equipped with monitoring of inlet and outlet water temperatures and with water
flow rate measurement. This enables to evaluate the heat fluxes from the hot flue gas to the
shell. The hot water from the shell is cooled down in a cooling tower [44].

The six sections closest to the burner are 0.5 m long, the last section has a length of 1 m.
Nevertheless, the first and the last section are insulated with a 100 mm thick high temperature
fibrous lining. This means, the actual length of the heat transfer area is equal to 0.4 m in the
first section closest to the burner and 0.9 m in the last seventh section [35]. In each section,
there is a helix between the two shells, which is welded to the inner shell. The cooling water
flows along a helical trajectory in order to avoid non-uniform heat fluxes in the particular
sections. However, it was not possible to weld the helix to both inner and outer shell for
fabrication reasons. Therefore, there is a small orifice between the helix and the outer shell,
causing a short-circuit water flow, as can be seen in the Fig. 22 [46].
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Fig. 22: Schematic of the helix and of the water flow in one section [46]

There are eighteen inspection holes in the chamber — eight holes on both sides of the
cylindrical shell and two holes on the side opposite to the burner. These holes allow
observation of the flame and installation of additional instrumentation, for example
thermocouples for measuring temperature in the flame. The combustion chamber can be
operated in both underpressure and overpressure regime. It is possible to change the pressure
in a range from —300 to 800 Pa with respect to the ambient pressure. The chamber is connected
to a natural gas streamline capable of overpressure ranging from 90 up to 105 kPa. It is also
possible to mix alternative fuels in the mixing station, which is able to mix up to four different
gases.

The combustion air is supplied by a high-speed fan with a capacity of 2500 mn3-h, where the
overpressure behind the fan is ca. 11.2 kPa. Temperature, pressure and volume flow rate of
the combustion air are measured at the inlet pipeline [44].

7.1.2 Combustion air preheater

It is also possible to preheat the combustion air. The preheater, which is situated outside the
building, is composed of two parts — a jacketed combustion chamber and a convection block.
The vertical combustion chamber is installed over the convection block on a steel construction.
Supply of the heat for the combustion air preheating is provided by a natural gas burner
APH-M 10 PZ manufactured by PBS Power Equipment [47]. The combustion air is supplied
to the jacket of the combustion chamber by a radial fan. Inside the jacket, the air flows through
a helical duct. The inlet and outlet of the air are arranged tangentially to the chamber (see
Fig. 23) [48].
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Fig. 23: View of the jacketed combustion chamber for air preheating [48]

At the outlet from the jacket, the air can be preheated up to 230 °C. Then, both the flue gas
and preheated air flow through the convection block, which is anchored on a concrete footing.
It is a shell and tube heat exchanger composed of three sections of U-tubes. These tubes are
located in a housing equipped with a lining inside. The flue gas flows inside the tubes. After
leaving the convection block, the flue gas goes on to the stack. The preheated combustion air
flows outside the tubes through a system of baffles, so that the arrangement of the heat
exchanger is purely counter-current (Fig. 24). The convection block enables to reach the
temperature of the combustion air up to 500 °C [48].
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Fig. 24: Longitudinal and transversal cross-sections of the convection block [48]

7.1.3 Measurement instrumentation

The flue gas analysis is provided by a TESTO 350 XL flue gas analyser, equipped with
electrochemical sensors for real-time measurement of O, (measuring range from
0to 25 % vol.), CO (0to 1000 ppm), NO (0to 3000 ppm), NO2 (0 to 500 ppm), SOy
(0 to 5000 ppm) and CxHy (0 to 40000 ppm). Flue gas temperature is measured by a K-type
thermocouple. Moreover, other types of external analysers can be installed into the chamber
for measuring e.g. emissions of solid particles [44].

The testing facility is equipped with a safety system for a safe and reliable operation. This
system consists of an ionization flame safeguard. In case of flame blow-off, the environment
is no more ionized and the flame safeguard relay disconnects [49].
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The user interface of the facility (Fig. 25) enables to regulate both the fuel and the combustion
air flow rate fed to the burner. It is also possible to read all the instantaneous values of the
measured quantities (temperature, pressure, flow rate, concentration) on the screen.
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Fig. 25: User interface of the burner testing facility

Temperatures inside the combustion chamber can be measured by high-speed water-cooled
R-type thermocouples, which are inserted into the inspection holes at each section of the
chamber, as seen in the Flg 26. The data issentto a Graphtec midi GL220 datalogger.

Fig. 26: Detail of thermocouples for measuring temperatures in the combustion chamber

7.2 Burners

The experimental investigation was performed with two types of burners: a fuel-staged burner
and a fuel-staged burner with integrated flue gas recirculation. These burners are described in
the following chapters 7.2.1 and 7.2.2.

7.2.1 Fuel-staged burner

This burner is fired by natural gas, which is supplied to the burner in two stages. The
combustion air supply is one-staged. It is a diffusion burner; the fuel and the combustion air
are supplied separately and are not premixed before the combustion. The maximum thermal
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input is 1500 kW. Diameter of the burner body, through which the combustion air is fed to the
burner, is equal to 300 mm, same as the inner diameter of the burner quarl. There are two
circular sets of primary fuel nozzles in the primary nozzle head. The first set contains four
nozzles with a diameter of 3.0 mm whereas the other set consists of eight 2.6 mm nozzles [35].

The secondary fuel inlet is provided by four nozzle heads. Each of them contains two fuel
nozzles. It is possible to change the tangential orientation of the secondary nozzle heads and
their position in radial direction towards to the burner axis. However, the geometry of the
burner was not changed during the tests. The influence of the secondary fuel nozzles setting
on characteristic parameters of combustion was investigated e.g. by Macenauerova [49].

Moreover, it is possible to change the ratio of fuel supplied to the primary stage by placing an
exchangeable orifice into the primary fuel inlet. The thermal input to the primary stage
increases with the orifice diameter.

QO

Fig. 27: 3D model of the exchangeable orifice for regulating fuel supply to the primary stage [35]

The burner is equipped with a flame holder, which has a form of a swirl generator consisting
of eight pitched blades. This swirl generator is mounted on the central burner pipe. It provides
tangential velocity to the combustion air, which leads to an intense mixing of the primary fuel
with the air. Moreover, it prevents the flame blow-off. The flame ignition is provided by an
auxiliary natural-draft premixed burner with a thermal input of 18 kW [35].
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Fig. 28: 3D model of the fuel-staged burner [50]
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Fig. 29: Side view of the fuel-staged burner [50]
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7.2.2 Fuel-staged burner with internal recirculation

The construction of this burner is similar to the fuel-staged burner described in chapter 7.2.1.
It is a low-emission diffusion burner with a maximum thermal input of 1500 kW. The inner
diameter of the burner quarl is 300 mm, the outer diameter is equal to 600 mm.

In comparison to the fuel-staged burner, there is one major difference in the construction. This
burner includes a special device ?* for suction of the flue gas from the combustion chamber
back to the burner body through four circular ducts.

The primary fuel nozzles are arranged in two circular sets. There are four nozzles with
a diameter of 2.3 mm in the inner set and twelve nozzles with the same diameter in the outer
set. In the secondary stage, the fuel is supplied to four adjustable nozzle heads [49].

It is possible to regulate the thermal input to the primary stage by using an exchangeable
orifice, same as by the fuel-staged burner. The swirl generator as well as the auxiliary burner
for ignition are the same as by the previous burner.

Combustion

Recirculation
duct inlet

Swirl
generator

Secondary
nozzle head

Primary
nozzle head

Fig. 30: 3D model of the fuel-staged burner with internal recirculation [50]
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Fig. 31: Side view of the fuel-staged burner with internal recirculation [50]

7.3 Experimental setup

Throughout all the tests, natural gas was used as fuel. The thermal input to the burner was
maintained at a constant value of 750 kW. This was done by regulating the amount of supplied
fuel. The amount of combustion air fed to the burner was regulated so that the concentration
of oxygen in the flue gas was constantly equal to 3 % by volume on dry basis.

24 This device cannot be described more in detail due to protection of intellectual property.
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During tests of the fuel-staged burner, the orifice with inner diameter of 4.5 mm was used.
Tests of the burner with integrated recirculation were carried out with two different diameters
of the orifice, namely 4.5 mm and 6.5 mm. During tests of the recirculating burner, the 6.5 mm
orifice was used at first due to expected lower combustion stability with the 4.5 mm orifice,
based on previous results obtained by Bélohradsky [46]. However, the combustion was stable
even with the smaller orifice diameter, as described in chapter 8.7.

In a temperature range of the combustion air from 20 to 250 °C, following parameters were
investigated: NOx and CO emissions, flue gas temperature, heat fluxes from the combustion
chamber to the shell, temperature distribution across the chamber, thermal efficiency of the
radiant section, flame colour and stability. Heat fluxes and temperature distribution were
measured at selected temperatures 20, 50, 150 and 250 °C. The emissions and temperature of
flue gas were recorded in a step of 50 °C, in the range from 100 °C to 50 °C was the step size
reduced to 10 °C. Moreover, temperature of the recirculated flue gas was measured in the
recirculation duct at the recirculating burner. The flame stability was observed in a step of
50 °C.

The first measurements were carried out with non-preheated combustion air at a temperature
of 20 °C. Then, the air was preheated to 250 °C. After reaching this target temperature and
measuring all the parameters, the auxiliary preheater burner was switched off. Thus, the
combustion air temperature was decreasing back to the ambient temperature. During this
decreasing of the combustion air temperature, measurements at remaining temperatures were
performed. These measurements required repeated short-time ignition of the preheater burner
in order to reach a steady thermodynamic state.
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8 Results

8.1 NO, emissions

The flue gas analyser provided values of NO, NO2 and NOx concentrations in the flue gas. The
provided concentration of NOx can be also calculated from the measured values of NO and
NO- using the following equation:

M(NO,)

NO, [mg-m™3] = NO [mg-m3]- MNO)

+NO, [mg - m™] (8.1)
The first term on the right side of the equation (8.1) is the measured NO concentration
expressed as an equivalent concentration of NO». Because the concentrations of NO and NO>
were measured in ppm units, it was necessary to convert them into mg-mn3. This was done
using the formula (8.2), which is valid for concentration of any general substance X. For
converting into mg-mn 3, the value of standard molar volume is Vv = 22.4136 - 10 m3-mol*
[30].

X [mg-m™] = X [ppm] - —— (8.2)

The resulting dependences of NOx emissions on the combustion air temperature are shown in
Fig. 32 for all three investigated burner settings.
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Fig. 32: Dependence of NOx concentrations in the flue gas on combustion air temperature

As can be seen from Tab. 2 and Tab. 6 in chapter 3, the limit values of NOy both in the Czech
Republic and in Germany are equal to 100 mg-mn3. During the tests of the recirculating burner
with the 4.5 mm orifice, NOx emissions were in compliance with the valid legislation across
the whole investigated temperature range. For the other two configurations, the limit of
100 mg-mn~ was exceeded when the combustion air temperature was higher than 150 °C.

As it is obvious, the NOx emissions increased with the combustion air temperature. Higher
temperatures in the flame contribute to the increased formation of thermal NOy, which is the
predominant mechanism of NOx formation during natural gas combustion. This is completely
in accordance with the theory presented by Baukal [5].

-44 -



- FACULTY
r OF MECHANICAL
ENGINEERING Master’s Thesis

It was investigated that NOx emissions were lower with the smaller orifice diameter, which
means a higher amount of fuel supplied to the secondary stage. This is an evidence that fuel
staging is an effective method for reducing NOyx emissions, based on creating
non-stoichiometric zones. It can be also observed from the temperature profiles in chapter 8.6
that distributing more fuel to the primary stage leads to the formation of high-temperature
peaks in the burner vicinity, resulting in higher NOx emissions.

During the tests of the fuel-staged burner, a 4.5 mm orifice was used. It was also found out
that lower emissions were achieved at the fuel-staged burner without recirculation than at the
fuel-staged recirculating burner with higher orifice diameter. Hence, increasing the ratio of
fuel distributed to secondary stage seems to be more efficient way to reduce NOx emissions
than recirculating the flue gases without changing the orifice diameter. On the other hand,
more fuel distributed to the secondary stage may have a negative impact on combustion
stability (see chapter 8.7).

In case of using the same orifice diameter 4.5 mm, NOx were lower at the recirculating
fuel-staged burner than at the pure fuel-staged one. Recirculation of flue gas is a widely used
primary method for reduction of NOx based on flame cooling. It can be seen from temperature
profiles in chapter 8.6 that the recirculation results in a more uniform temperature distribution
across the chamber. Therefore, there are less high-temperature peaks which has a positive
influence on NOx reduction compared to the pure fuel-staged burner.

8.2 CO emissions

During all the tests carried out at oxygen concentration 3 % vol. in dry flue gas, CO emissions
were very low (0 to 3 mg-mn3). This was a sign of a complete combustion, which corresponds
with the fact that air surplus was used. Throughout all tests, the legislative limit of 50 mg-my
valid both in Germany and in the Czech Republic was not exceeded (for the limits see Tab. 2
and Tab. 6 in chapter 3). In general, it is possible to observe the trend that carbon monoxide
emissions increase with higher combustion air temperature, which is in accordance with
Baukal [5] (see chapter 6). The probable reason is the shorter residence time in the combustion
chamber which may be insufficient for a complete combustion due to higher flow velocities
at higher air temperatures, as already mentioned in chapter 2.4.

4

w

CO [mg/m3]

0 50 100 150 200 250 300
Combustion air temperature [°C]

Staged fuel 4.5 mm Recirculation 4.5 mm Recirculation 6.5 mm
Fig. 33: Dependence of CO concentrations in the flue gas on combustion air temperature
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8.3 Flue gas temperature

Temperatures of the flue gas were measured in the flue gas duct behind the outlet from the
combustion chamber. The measured values are presented in Fig. 34.
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Fig. 34: Dependence of flue gas temperature on combustion air temperature

It was revealed that the influence of combustion air temperature on flue gas temperature was
rather minor. Flue gas temperature was slightly increasing with the combustion air temperature
as expected. However, the difference between flue gas temperatures for non-preheated air and
air preheated to 250 °C was lower than 20 °C for all settings. The reason is that the enthalpy
of the air is considerably lower than the energy released by combustion of the fuel (as
calculated in chapter 8.5). Moreover, a part of the additional heat energy is recovered to the
shell, which results in higher efficiency of the radiant section (chapter 8.5) The lowest flue gas
temperatures for preheated combustion air were achieved using the recirculating burner with
a 6.5 mm orifice. On the contrary, the highest flue gas temperatures were recorded for the
fuel-staged burner.

In a previous experimental investigation by Hudak [51] carried out at a fuel staged burner with
higher oxygen concentration and without recirculation, the flue gas temperature was
increasing with larger diameter of the orifice. This is in contradiction with the above presented
results for a recirculating fuel-staged burner. The possible explanation is that smaller diameter
means more fuel distributed to the secondary stage. This results in higher temperatures near
the secondary fuel nozzles (as can be seen from temperature profiles shown in chapter 8.6),
where the inlets of recirculation ducts are located. By recirculating are these hot gases directed
close to the axis of the chamber and less heat energy is recovered to the water-cooled shell
compared to the case without recirculation. The heat energy is then taken out of the chamber
with the flue gases. This is in accordance with the total heat flow rates to the shell (see Fig. 40),
since for the recirculating burner with 4.5 mm orifice the lowest heat flow rates to the shell
were measured. Likewise, the calculated thermal efficiency was the lowest for this
configuration (see chapter 8.5).

At the recirculating burner, temperatures of recirculated flue gas were also measured inside
the recirculation duct. The results of these measurements are presented in Fig. 35.
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Fig. 35: Dependence of recirculated flue gas temperature on combustion air temperature

Temperatures of the recirculated flue gas were higher with smaller orifice diameter. As already
mentioned above, smaller orifice diameter means that more fuel is distributed to the secondary
stage which results in higher temperatures close to the wall (as can be seen from temperature
profiles shown in chapter 8.6) where the inlets of recirculation ducts are located. With higher
combustion temperature, the difference between these two settings was slightly lower.
However, this measurement could be burdened with higher uncertainty, because it was not
possible to fully ensure that the thermocouple was every time inserted to the same position in
the duct. Moreover, it would be necessary to measure the temeperatures at more points in each
duct in order to obtain more accurate results.

8.4 Heat fluxes

Heat fluxes to the shell were calculated from the measured cooling water input and output
temperatures. These temperatures were recorded for 14 minutes at a sampling frequency of
2 minutes. In view of the fact that density and specific heat capacity of water are dependent
on temperature, it was necessary to calculate values of this quantities using following formulas
[52]:

tin +t tin + tour)\?

p = 1006 — 0.26 - ‘"T"“t —0.0022 - (mT"“t) (8.3)
tin +t tin + tour)\?

¢, = 4210 — 1.363 WT‘W +0.014 - (‘”TO”) (8.4)

For each section and combustion air temperature, values of both above stated quantities were
calculated. The heat flow rate [W] is than given by the following formula:

Q=m'cp'At:p'V'Cp'(tout_tin) (8.9)

After dividing the heat flow by the heat transfer area, the heat flux [W-m] for the i-th section
was obtained:
0 O
qi ==

A, " md L (86)
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As soon as a thermodynamic steady state was reached in the chamber (Fig. 36), heat fluxes
were recorded. The resulting heat fluxes along the combustion chamber are visualized in
Fig. 37 to Fig. 39.
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Fig. 36: Example of heat fluxes in a thermodynamic steady state

The obtained shape of the heat flux curves was similar for all investigated settings. In general,
the highest heat fluxes were reached in the third section whereas the lowest heat fluxes were
achieved in the last seventh section for all three settings. In this section furthest from the
burner, the heat fluxes were almost independent on combustion air temperature (ca. 25 KW-m
for all settings). With higher combustion air temperature, the heat flux is higher owing to
a higher amount of heat energy supplied to the combustion chamber. The absolutely highest
heat flux (over 70 kW-m2) was reached at the recirculating burner with 6.5 mm orifice for
combustion air temperature of 250 °C. Difference in heat fluxes between preheated and
non-preheated air was highest in the third section for the fuel-staged burner. Using the
combustion air at ambient temperature, the heat flux in this section was lower by 10.2 kW-m
compared to the air preheated to 250 °C. As far as the recirculating burner is concerned, this
difference was highest in the second section for both orifice sizes (almost 16.5 kw-m-2 for
4.5 mm orifice; 14.0 kW-m for 6.5 mm orifice).
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Fig. 37: Fuel-staged burner, 4.5 mm orifice — heat fluxes at different combustion air temperatures
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Fig. 38: Recirculating burner, 4.5 mm orifice — heat fluxes at different combustion air temperatures
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Fig. 39: Recirculating burner, 6.5 mm orifice — heat fluxes at different combustion air temperatures
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Similar shapes of the heat flux curves were experimentally obtained at the same testing facility
by e.g. Hudak [51], who carried out tests of a fuel-staged burner at higher oxygen
concentration. Another investigation was done with a recirculating fuel-staged burner by
Macenauerova [49], having the maximum heat fluxes likewise in the third section of the
chamber.

For each burner configuration, the total heat flow rates at investigated temperatures were
calculated as a sum of heat flow rates in all seven sections (i=1to 7):

Q =2(q; - A) (8.7)
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Fig. 40: Influence of combustion air temperature on overall heat flow rate in the combustion
chamber

As can be seen in Fig. 40, the values of total heat flow rates in the investigated temperature
range increased approximately linear with higher combustion temperature due to higher total
heat input to the combustion chamber. At the fuel-staged burner and the recirculating burner
with 4.5 mm orifice, the values of heat flow rates were almost identical (ca. 490 kW without
air preheating, 550 kW with air preheated to 250 °C). At the recirculating burner with 4.5 mm
orifice, the total heat flows were lower by ca. 7 kW (at three of four temperature points), which
could be caused by higher amount of heat energy taken out of the chamber by the flue gases
(see chapter 8.3), or alternatively by a slightly lower stability of combustion (as discussed in
chapter 8.7).

8.5 Efficiency of the radiant section

The thermal efficiencies of the radiant section were calculated for all configurations from the
heat flow rates. First, the volumetric flow rate of fuel supplied to the burner was calculated
according to the formula (8.8) from the known thermal input Py = 750 KW, which is released
by combustion of the fuel:

Py

I./fuel = THV (8.8)

Information about chemical composition of the natural gas and its lower heating value
(LHV = 34.615 MJ-mn®) are provided by the gas supplier company [53]. Next, based on the
required concentration of Oz in dry flue gas 3 % vol., the volumetric flow rate of the
combustion air was calculated using a simple simulation carried out in ChemCad software.
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From the simulation, the values of mass flow rates and specific heat capacities were also
ascertained for both air and fuel. The flow rate values are presented in Tab. 8.

Tab. 8: Flow rates of fuel and combustion air obtained from ChemCad simulation

Fuel volumetric flow rate Vfuel =78 myht
Fuel mass flow rate Meyer = 58 kg'h™

Combustion air volumetric flow rate | V,;, = 867 mp®ht
Combustion air mass flow rate Thgir = 1116 kgh

Then, enthalpy flow rates of fuel and combustion air with reference to the standard temperature
(273.15 K) were calculated using formula (8.9). The obtained results (Tab. 9) were converted
into KW units, which are equal to kJ-s™.

H=m-c, AT (8.9)
Tab. 9: Calculated enthalpy flow rates of fuel and combustion air at investigated temperatures

Fuel enthalpy flow rate | 20 °C | Hpye = 0.7 KW
20°C | Hyir 20 = 6.3 KW

Combustion air 50 °C | Hg 50 = 15.7 KW

enthalpy flow rate 150 °C | Hygyp 150 = 47.6 KW

250 °C | H iy 250 = 80.7 KW

According to API 560, Appendix G [54], the efficiency of radiant section can be defined as
heat absorbed to the water-cooled shell divided by the total heat input to the system. The total
heat input can be calculated as a sum of fuel enthalpy flow rate, combustion air enthalpy flow
rate and heat flow rate released by combustion of the fuel. Thus, the thermal efficiency [%]
was calculated as following:

_ Q .
Hfuel + Hair + PH

n 100 (8.10)

The results are shown in Fig. 41. The efficiency of the radiant section was slightly increasing
with the combustion air temperature. This is in accordance with Baukal [31], since the
available heat is also increasing with the temperature, as described in chapter 6. The
efficiencies are lower for the both settings with recirculation than for the fuel-staged burner.
However, the increase of efficiency with combustion air preheating was not very significant,
since the enthalpy flow rates of the combustion air (Tab. 9) are minor compared to the 750 kW
released by combustion of the fuel. For the fuel-staged burner without recirculation, the
efficiency increased from 64.9 % (without preheating) to 66.3 % (preheating to 250 °C), for
the recirculating burner with 4.5 mm orifice was an increase from 63.7 to 65.6 % calculated.
Nevertheless, even a minor increase in the efficiency may lead to significant savings in
industrial applications.
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Fig. 41: Influence of combustion air temperature on the radiant section efficiency

As already stated in chapter 8.3, lower efficiency of the recirculating burner could be explained
by the fact that hot gases from the surroundings of the secondary fuel nozzles are recirculated
to the central area close to the axis of the chamber and less heat energy is transferred to the
shell in comparison to the burner without recirculation, because the heat energy is taken out
of the chamber with the flue gases.

8.6 Temperature distribution

Another aim of the experimental part of this thesis was to investigate the influence of
combustion air temperature on temperature distribution in the chamber. The temperatures were
measured by R-type thermocouples described in chapter 7.1.3. It was assumed that the
temperature distribution is symmetric with respect to a vertical plane passing through the axis
of the cylindrical chamber, so the temperatures were measured in one half of the chamber
only. As mentioned in chapter 7.1.1, there are eight inspection holes on each side of the
chamber. Spacing between these holes is 0.5 m. In each of the eight holes, a thermocouple was
placed. It was possible to move the thermocouples in radial direction towards to the chamber
axis. The temperatures were measured in distances 5, 10, 20 30, 40 and 50 cm from the inner
shell. Since the inner diameter of the chamber is equal to 1 m, the last position was situated
exactly on the axis of the chamber. At each position, the data were collected for a time period
of 30 seconds at a sampling frequency of 1 second. Afterwards, an arithmetic mean was
evaluated from this data set. For each setting, altogether 48 values were obtained at every
investigated combustion air temperature (8 thermocouples, 6 positions).

These values were visualized using a simple script written in Python programming language.
The resulting temperature profiles are presented in Fig. 42 to 44. For all settings, the highest
temperatures were measured near the axis of the chamber in distance approximately 1.25 m
from the burner. Near the walls of the chamber, temperatures were lower compared to the axis
because the heat from this area was transferred to the cooled shell. The influence of the
combustion air temperature was not very significant for all settings. The peak temperature was
roughly 1300 °C. With higher combustion air temperature, the area covered with this peak
temperature was slightly larger. The lowest temperatures (circa 650 °C) were recorded by the
end of the combustion chamber opposite to the burner.

-52-



- FACULTY
r OF MECHANICAL
ENGINEERING Master’s Thesis

For the fuel-staged burner, the area with the peak temperature was not as large as for the
recirculating burner. In the surroundings of the recirculating burner, higher temperatures were
observed when using the orifice with a larger diameter. This was caused by the fact that larger
diameter of the orifice results in supplying higher amount of fuel to the primary fuel nozzles,
which are located close the axis of the chamber and the supplied heat is concentrated to
a smaller area. With smaller diameter of the orifice (4.5 mm), the supplied heat was distributed
more uniformly across the width of the chamber (compared to the 6.5 mm orifice) due to
higher amount of fuel supplied to secondary stage, which led to the reduction of NOy, as shown
in Fig. 32.

In any other plane than the horizontal one, the distribution of temperatures could be slightly
different due to combustion air swirling behind the burner. However, this testing facility
currently does not allow to measure temperatures inside the chamber in any other planes.
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Fig. 42: Fuel-staged burner, 4.5 mm orifice — temperature distribution in the combustion chamber
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Fig. 43: Recirculating burner, 4.5 mm orifice — temperature distribution in the combustion chamber
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Fig. 44: Recirculating burner, 6.5 mm orifice — temperature distribution in the combustion chamber
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8.7 Flame stability

At selected temperatures of combustion air (20, 50, 150 and 250 °C), the range of flame
stability was investigated as a function of O concentration in the flue gas. The O
concentration in the flue gas was controlled by regulating the amount of combustion air fed to
the burner. The obtained results are presented in Fig. 45 to Fig. 47.

At the level of 3 % O vol. (on dry basis) in the flue gas, the flames were stable for all three
burner configurations. At first, both lower and upper O concentrations in flue gas were found,
at which first instabilities (e.g. blow-off at the secondary fuel nozzles, flame pulsation)
occurred. Nevertheless, at a low air surplus, the amount of CO emissions exceeded the current
valid legislative limit 50 mg-m due to incomplete combustion. With further decrease of the
air surplus, CO emissions increase rapidly up to 1000 mg-m=3. As can be seen from the
diagrams, the proper operational range of the burners is situated between the ‘CO emissions
curve’ and the ‘upper stability curve’. When the air surplus was increased over the upper
stability limit, major flame instabilities (e. g. significant blow-off), were observed at certain
O2 concentration even at the primary nozzles due to very lean fuel conditions.

For operating in compliance with the legislative limit 50 mg-m=, the lowest allowable O
concentration in the dry flue gas was around 1.4 % vol. for all settings. The influence of
combustion air temperature on the operational range was not very significant. The upper limit
oxygen concentration in flue gas, at which major instabilities occurred, was increasing with
preheating temperature. For the air preheated to 250 °C, the border value was by
ca. 1 % Oz vol. higher (1.5 % for the recirculating burner with 6.5 mm orifice) compared to
the case without preheating.

The widest range was obtained for the fuel-staged burner without recirculation, which could
be operated without any obvious flame instabilities up to 6.4 % vol. Oz in the flue gas. On the
contrary, the narrowest operational range was obtained for the recirculating burner with
4.5 mm orifice due to higher amount of fuel supplied to the secondary stage (compared to the
6.5 mm orifice), which negatively influenced stability of the primary flame. For this 4.5 mm
orifice combined with recirculation, the upper stability limit was found out at approximately
4.5 % O. This was in accordance with the previous experimental investigation carried out by
Bélohradsky [46], who found out that decreasing the orifice diameter at the recirculating
burner led to lower flame stability due to lower amount of fuel supplied to the primary stage.
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Fig. 45: Fuel-staged burner, 4.5 mm orifice — flame stability diagram
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8.8 Flame pattern

Another task of the experimental investigation was to describe the flame pattern.
Determination of flame parameters like colour, length and diameter of the visible part was
based on subjective observations through the inspection windows.

The results were similar for all three burner configurations. Throughout all tests, the observed
flames were sharp and stable at the oxygen concentration 3 % vol. in dry flue gas. Without
preheating the combustion air, the flame was characterised by a blue core and a yellow
envelope. At higher preheating temperatures was the content of yellow colour increasing.

With increasing combustion air temperature, the length of the flame was decreasing slightly.
The length of the flame was ca. 2.8 m without preheating, while at combustion air temperature
of 250 °C, the flame was by approximately 0.4 m shorter due to higher oxidation rate of the
fuel at higher temperatures. Thus, the fuel needs shorter distance to complete the burnout
compared to the case with non-preheated air.

The diameter of the flame was independent on the combustion air temperature. For the settings
with a 4.5 mm orifice, the diameter was equal to ca. 0.9 m. For the recirculating burner with
a 6.5 mm orifice, the diameter was by 0.1-0.2 m lower due to smaller amount of fuel supplied
to the secondary fuel nozzles, which are located closer to the wall than the primary fuel nozzles
(see chapter 7.2)

These results are in accordance with the results experimentally obtained by Gupta et al. [43],
who proved by emission spectroscopy that the increased flame luminosity at higher preheating
temperatures was caused by higher concentrations of *OH, CH*, and C,, which cause the
radiation in the visible spectrum.
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9 Conclusions

In the first part of this master’s thesis, a classification of industrial burners according to
different criteria was carried out, including mixing type, draft type, fuel type and concentration
of oxygen in the oxidizer. Some pollutants from combustion processes (CO, NOx) can be
reduced by changing the conditions and burner setting, however, abatement of some pollutants
(SOx) requires a post-combustion treatment. For the combustion processes, radiation is the
most important mechanism of heat transfer, as described in chapter 4.

The legislative measures concerning emissions from industrial combustion are in the EU
member countries based on the directives of the European Parliament. However, the way of
implementation of these directives into national legislations is at the countries’ decision. The
emission limits for pollutants may thus differ in the particular member countries. However,
these limit values must not be higher than the limit values given by the EU legislation. The
information about releases of pollutants can be found in the European Pollutant Release and
Transfer Register as well as in the national registers.

In the experimental part, an investigation with combustion air preheated up to 250 °C was
carried out at a large-scale burner testing facility. During all the tests, natural gas was used as
fuel. The thermal input to the burner was constantly equal to 750 kW. It was possible to
increase the ratio of fuel supplied into the primary stage by increasing diameter of the
exchangeable orifice at primary fuel inlet. The concentration of oxygen in flue gas was
maintained constantly at 3 % vol. by regulating the volume flow of the combustion air. The
following three burner configurations were investigated:

e Fuel-staged diffusion burner, orifice diameter 4.5 mm

e Fuel-staged diffusion burner with internal recirculation, orifice diameter 4.5 mm

e Fuel-staged diffusion burner with internal recirculation, orifice diameter 6.5 mm
The investigated parameters of the combustion process included:

e NOyand CO emissions

e Flue gas temperature

e Heat fluxes to the water-cooled shell

e Thermal efficiency of the radiant section

e Temperature distribution across the combustion chamber

e Flame pattern and stability

Higher combustion air temperature led within the investigated temperature range to a nearly
linear increase of the measured NOx concentration in the flue gas due to increased formation
of NOx via the thermal mechanism. At combustion air temperatures above 150 °C, the valid
legislative limit of NOx 100 mg-mn 2 was exceeded for two out of the three burner
configurations. The very low amount of carbon monoxide emissions (0 to 3 mg-mn )
indicated a nearly complete combustion.

The temperature of the flue gas was increasing with the combustion air temperature.
Nevertheless, this increase was not very significant, since the difference in flue gas
temperature between the case without preheating and the one with air preheated to 250 °C was
not higher than 20 °C. The explanation is that the enthalpy of the combustion air is minor in
comparison to the heat energy released by combustion of the fuel.

Further, heat fluxes to the shell were measured indirectly, based on the increase in cooling
water temperature. The highest heat fluxes were obtained in the third section from the burner.
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Preheating the combustion air to 250 °C led to an increase in the total heat flow rate to the
shell by approximately 60 kW and to efficiency of the radiant section by ca. 1.7 % higher
compared to the non-preheated air due to higher available heat in the system. Nevertheless,
even a minor increase in efficiency can bring large financial savings in industrial applications.

Based on subjective observations, flame pattern and stability were evaluated. At oxygen level
of 3% vol. in dry flue gas, the flame was stable within the entire temperature range. The widest
stable operational range as a function of air surplus was noticed for the fuel-staged burner
without recirculation. In general, the influence of combustion air preheating on stability of the
combustion process was not significant. However, at even higher combustion air temperatures
than used in this investigation, lower stability would be expected due to higher volumetric
flow rates of the air according to the equation of state. Without combustion air preheating,
a blue core and a yellow envelope of the flame were observed. With increasing combustion
air temperature, the flame luminosity as well as the content of yellow colour were increasing.
A shorter flame was observed at higher temperatures due to higher rate of fuel oxidation.

In industrial applications, waste heat is often utilized for preheating the combustion air, which
can result to fuel savings and thus to reduction of carbon dioxide emissions produced by
combustion of fossil fuels. During the carried out experimental investigation, an auxiliary
burner was used for the preheating in order to ensure an easier control of the combustion air
temperature. A contradiction between efficiency and economy on the one hand and amount of
pollutant emissions on the other hand may occur in many combustion processes. Thus,
a thoroughgoing analysis is always necessary for each particular case in order to optimize the
process parameters. For a detailed description of flow patterns in the combustion chamber and
obtaining more accurate results within the scope of this thesis, it would be necessary to carry
out a CFD investigation. This could be subject of another final thesis in the future.
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List of symbols

A [m2] area

Cp [J-kg1-K1] specific heat capacity at constant pressure

d [m] inner diameter of the combustion chamber
[W] enthalpy flow rate

L [m] characteristic dimension

Li [m] length of i-th section of the combustion chamber

LHV [J'm3] lower heating value

M [kg:mol-1] molecular mass

m [kg:s1] mass flow rate

Nu [-] Nusselt number

T [K] thermodynamic temperature

t [°C] temperature

p [Pa] pressure

P [W] thermal input to the burner from combustion of the fuel

Pr [-] Prandtl number

0 [W] heat flow rate

q [W-m-2] heat flux

Re [-] Reynolds number

u [m-s1] flow velocity

Vu [m3-mol-1] molar volume

|4 [m3-s1] volumetric flow rate

X [m] length coordinate

a [W-m-2-K-1] heat transfer coefficient

£ [-] emissivity

A [W-m1-K1] thermal conductivity

v [m?-s-1] kinematic viscosity

Yo, [kg:m-3] density

o [W-m2-K-4] Stefan—Boltzmann constant

n [%] combustion efficiency
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List of chemical formulas

Cz diatomic carbon

CaSO04 calcium sulphate

Co carbon monoxide

CO2 carbon dioxide

CH* methylidine radical

CxHy hydrocarbon (in general)

H2S03 sulphurous acid

H2S04 sulphuric acid

HCN hydrogen cyanide

HNO3 nitric acid

N2 molecular nitrogen

NH3 ammonia

NO nitrogen monoxide

NO2 nitrogen dioxide

NOx nitrogen oxides (monoxide and dioxide)
02 molecular oxygen

*OH hydroxyl radical

SO2 sulphur dioxide

SO3 sulphur trioxide

SOx sulphur oxides (dioxide and trioxide)

List of abbreviations

API American Petroleum Institute

BImSchG Bundes-Immissionsschutzgesetz

BImSchV Bundes-Immissionsschutzverordnung

CENIA Ceska informacni agentura Zivotniho prostiedi
CFD Computational fluid dynamics

CHMU Cesky hydrometeorologicky Ustav

EC European Commission

EPER European Pollutant Emission Register

E-PRTR European Pollutant Release and Transfer Register
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EU European Union
FGD Flue gas desulphurization
HIiTAC High Temperature Air Combustion
IRZ Integrovany registr znecistovani
MILD Moderate or Intense Low-oxygen Dilution
NMVOC Non-methane volatile organic compounds
TA Luft Technische Anleitung zur Reinhaltung der Luft
UBA Umweltbundesamt
VOC Volatile organic compounds
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