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Abstract. The combustion of hydrocarbon fuels in the chambers of heat generating plants is one
of the main sources of pollutant emissions. Environmental standards and rules that limit emissions
are becoming more stringent and their implementation requires the introduction of advanced tech-
nologies and equipment. The main device in combustion systems are blow burners, the design
of which largely determines the level of emission. The article considers factors that intensify the
formation of normalized pollutants, provides global chemical reactions, various types of mecha-
nisms, and kinetic schemes. Based on the analysis of modern methods for reducing harmful emis-
sions, the most effective design solutions for mixing devices, nozzles and systems for distributing
the flow of fuel and air supplied to combustion are determined. A comparative analysis of the
methods and conditions for determining the emission class of the burner device is carried out
depending on the selected units of measure, the coefficient of excess air (oxygen concentration
in flue gases), air humidity and the initial composition of natural gas using examples of EU
and EAC standards. The methodology for calculating the emissions of nitrogen oxides depending
on the measurement conditions is given. The conversion factors for the values of pollutant emis-
sions from the accepted units in the EU (mg/(kW-h)) into the units indicated according to the EAC
environmental rules (mg/m’) taking into account the respectively normalized coefficient of excess
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HOPMBI ¥ IIPaBMJIa, OTPAaHUYNBAIOIINE BEIOPOCH], CTAHOBSTCS BCE O0JIee )KECTKUMU, U UX COOIIoe-
HHEe TpeOyeT BHEIPEHUs MEPEeAOBBIX TEXHOIOTHH M o0opynoBaHusi. OCHOBHBIM YCTPOWCTBOM B
CHCTEMAaX CXKHUTaHMS SBIISIFOTCS {yThbEBBIE TOPENKHU, OT KOHCTPYKIIMU KOTOPBIX BO MHOTOM 3aBUCHT
YPOBEHb SMHCCHH. B cTaThe paccMOTpeHbl (akToOpbl, MHTCHCH(PUIUpYIONIHe 00pa3oBaHUE HOP-
MHPOBAHHBIX 3arpsI3HSAIOMNX BEIECTB, NMPHUBEACHBI ITI00ANbHBIE XUMUUECKHAE PEaKIUH, Pa3iInd-
HBIE THIBI MEXaHM3MOB M KHHETHYECKHe CXeMbl. Ha ocHOBe aHamm3a COBPEMEHHBIX METOJOB
CHIDKCHHMS BPEJHBIX BBIOPOCOB ompe/eneHbl Hanbonee 3¢ heKTHBHbIE KOHCTPYKTOPCKUE PELICHHS
CMECHUTEIIbHBIX YCTPOHCTB, HACAJ0K U CUCTEM paclpeeeH:s TOTOKOB TOIINBA U BO3/yXa, oja-
BaeMoro Ha ropenue. IIpoBe/ieH CpaBHUTENBHBIN aHATN3 METOJOB M YCIOBHI ONpPENEICHUS IMHC-
CHOHHOTO KJIacca TOPEIOYHOT0 yCTPOHCTBA B 3aBUCHMOCTH OT BBHIOPAaHHBIX €AWHHI] H3MEPEHNS,
ko3¢ ¢unueHTa M30bITKAa BO3MyXa (KOHIEHTPAIMH KHCJIOPOAA B JIBIMOBBIX Ta3ax), BIQKHOCTH
BO3/lyXa U UCXOJHOr'0 COCTaBa IpUPOJHOro rasa Ha npumepax cranaapros EC u EAC. Ilpusenena
METOJIMKA PacueTa BHIOPOCOB OKCHIOB a30Ta B 3aBUCUMOCTH OT YCIOBHH M3MepeHus. [lomyueHst
K03 UIEHTHI NepecyeTa 3HaUeHUH BBIOPOCOB 3arps3HSIONIMX BEIIECTB U3 MPUHATHIX €AUHUI
8 EC (Mr/(xBT-4)) B ¢IMHHIIbI, yKa3aHHbIE 1O 3Konoruueckum mpasunam EAC (Mr/m’) ¢ yuerom
COOTBETCTBEHHO HOPMHUPYEMOT0 Kod¢duIreHTa n30bITKa Bo3iyxa. B pesynbrare pacyeroB ompe-
JeTIeHBI TUTIBI TOPENIOK 10 HMUCCHOHHBIM KJIacCaM, COOTBETCTBYIOIIUM AEHCTBYIOIIUM 3KOJIOTH-
YeCKMM HOpMaM W IpaBuiaM B PecrmyOuke Bemapyck B 3aBHCHMOCTH OT TEIUIOBOM MOIIHOCTH
KOTENTbHBIX YCTaHOBOK.

KnwueBble cjI0Ba: 3KOJOTHYECKUE HOPMBI, KO3(1)(1)I/IHI/I€HT n30bITKA BO3yXa, CMCECUTECIBHOC

yCTpOﬁCTBO, IJIaMCHHas rojioBa, KO3(1)(1)I/IIII/ICHTBI nepecucTa, KOHICHTpanusa OKCUI0B a30Ta

Jas uutupoBanus: Spmonsuuk, 0. I[1. Mexanu3zmbl 00pa3oBaHHs 1 METOJIUKA pacueTa BHIOpPO-
COB 3arps3HSIONINX BELIECTB IPU COKUTAHUM IIPUPOJHOTO ra3a B 3aBUCUMOCTH OT 3MHCCHOHHO-
ro kiacca ropenok / FO. II. Spmonsuuk // Dnepeemuxa. H36. svicui. yueb. 3agedenuti u snepe.
obveounenuti CHI". 2019. T. 62, Ne 6. C. 565-582. https://doi.org/10.21122/1029-7448-2019-
62-6-565-582

Introduction

With the coming into force in the Republic of Belarus since-October 1, 2017
of environmental norms and rules of EcoNiP 17.01.06-001-2017 “Environmen-
tal protection and nature management. Environmental safety requirements” [1],
the issue of limiting harmful emissions not only in existing boiler houses, the
emission standards of which are set slightly higher than for newly built ones,
became acute, and a reduction in existing indicators can be resolved by installing
condensing heat exchangers at the exit from the boilers and improving heat and
mass transfer processes in boiler furnaces [2], but also for newly designed boiler
plants, emission standards for which are significantly tightened.

In this regard, for manufacturers of boilers, the task is to optimally design
newly manufactured plants, and for design organizations — a quality choice of
equipment offered on the market. The complexity of the solution of this problem
is primarily due to the fact that the manufacturers of burner devices uniquely
determine the emission class of their products based on the measured values
when burning the corresponding types of fuel in once-through furnaces signifi-
cantly exceeding the size of the free flame, having an extremely low aerodyne-
mic drag and almost complete absence of reverse flows [3]. Boilers with similar
combustion chambers, usually referred to as single-pass or span, due to the need
to retrofit a particular system of utilizing the heat of the flue gases to increase the
overall efficiency of the installation [4], are rarely used and mainly as energy
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ones. In the market of heating and industrial boilers, currently mainly boilers
with two-way reversible and three-way continuous combustion chambers are
offered. An additional difficulty in unambiguously determining the level of
emissions in accordance with [1] is the discrepancy in the accepted conditions
and units for measuring the concentration of pollutants in the EU [3] — the main
producer of burner devices, as well as incomplete compliance of the chemical
composition and, as a result, the composition of flue gases with standard types
of fuel in the EU and EAC. The proposed simplified conversion methods, for
example, described in [5, 6], can lead to design inaccuracies and, as a result, to
errors in choosing the optimal designed equipment. For more accurate calcula-
tions, it is necessary to apply a combined technique, taking into account the de-
scribed factors.

Main part

Before considering the features of the effect of the emission class of burners
on the formation of harmful emissions, it is necessary to determine the actual
composition of the flue gases and which pollutants should be determined as the
object of study. According to [1], when burning gaseous fuels, the following
issues are standardized: carbon oxide (CO), nitrogen oxides — in terms of nitro-
gen dioxide (NO,), sulfur dioxide (SO,); and when burning liquid fuel, the same
substances plus solid particles.

The factors that intensify the formation of each of the normalized pollutants
are considered below.

Carbon monoxide is formed, primarily and almost exclusively, by the com-
bustion of fossil fuels due to the incomplete oxidation of hydrocarbon molecu-
les [7]. To reduce its amount in flue gases, the flow rate of air entering the com-
bustion is increased. It is with a decrease in the formation of this gas that such
a concept as the coefficient of excess air is associated. However, the desire
of many installers of gas burner devices to completely get rid of CO by increa-
sing the volume of air supplied to the combustion leads to an overestimation
of the excess air coefficient and, as a result, to a decrease in the technical effi-
ciency of the heat generating unit and to some extent an increase in the emission
of another normalized pollutant — nitrogen oxides. We also note that, according
to experimental studies [8], the process of converting hydrocarbon fuels to the
final products of combustion of H,O and CO, is divided into two stages: the first
is the oxidation of hydrocarbons to CO — the rate of processes in a high-
temperature medium (above 600 °C) is very high; the second is slow: oxidation
of CO to CO,. Proceeding from this, the qualitative oxidation of CO depends not
only on temperature, but to a large extent on the time spent in the high-
temperature zone. This conclusion is extremely important when comparing pro-
cesses occurring in reversible and continuous combustion chambers. Under con-
ditions of reverse flue gas flows, not only does the average molecular path inside
the furnace increase, but their speed also slows down due to cross-border turbu-
lent interpenetrations of multidirectional peripheral flows, viz. a flow of a bur-
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ning air-fuel mixture and a return flow of combustion products [9]. As a result,
this leads to a significantly longer (almost 2 times) period of time for the oxida-
tion of CO directly in the furnace compared to through-passage combustion
chambers. During commissioning, which consists in fixing certain fuel-air ratios
in an adjustable power range, presented both by the boiler manufacturer and the
burner manufacturer for each type of device, such a mechanism, as a result, can
significantly reduce the excess air required for CO oxidation to normalized va-
lues. In this case, the coefficient of excess air will weakly depend on changes in
the power of the heat generating unit. In the passage furnaces, where the time
allocated for CO oxidation is almost proportional to the flow rate, the excess air
coefficient will increase with increasing power for a given furnace size. Howe-
ver, on the other hand, modern boilers, unlike earlier ones, have so-called “long
furnaces” and CO oxidation to normalized values occurs already when the
amount of O, in the exhaust gases is ~(3-3.5) %, which corresponds to a quite
acceptable excess air coefficient up to 1.2. It should be also noted that in the ta-
ble. E10 [1] for boiler plants with a rated capacity of more than 0.1 MW com-
missioned on January 1, 2019, the standards for carbon monoxide emissions are
not standardized at all —up to a plant capacity till 25 MW.

Nitrogen oxides and, above all, nitrogen monoxide during the combustion
of fuels containing a small amount of bound nitrogen, are formed mainly in
the high temperature zone of ~1850 °C according to the so-called “Zeldovich
mechanism” [10]:

N, +O—>NO+N; )
N, +0, > NO+O,

which subsequently [11] was added by the reaction
N+OH — NO+H. (2)

Together these reactions are usually called the “extended Zeldovich mecha-
nism”. However, it was noted that the experimentally measured concentrations
of NO, in the exhaust gases exceed those calculated by the Zeldovich mecha-
nism. An explanation of the additional mechanism of the formation of nitrogen
oxides is associated with the presence of the CH radical in the initial combustion
zone, which reacts with molecular nitrogen [12]:

CH+N, - NCN+H. 3)

These reactions are called by the name of their discoverer “Fenimore mecha-
nism” or, in association with their occurrence almost exclusively in the initial
combustion zone, — “fast mechanism”. Currently, it is believed that NO is
formed from NCN in a number of subsequent reactions involving various radi-
cals [13]. Given the individual reactions defined in [11-13] for the general pic-
ture of the process, we present a generalized kinetic diagram of the formation
of NO by the fast mechanism (Fig. 1).
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Fig. 1. The scheme of reactions for NO formation via the prompt-NO mechanism

Since reactions according to the “fast mechanism” occur in the initial com-
bustion zone, to determine their contribution to the total NO, concentration in
the flue gases, the simplest and most realistic approach is to partially exclude the
influence of the thermal mechanism with subsequent measurements of the actual
NO, values. The organization of poor mixtures burning almost completely elimi-
nates the thermal mechanism, especially when burning of natural gas. Therefore,
using this method, it is possible to determine the concentration of nitrogen mo-
noxide formed by the “fast mechanism”, and it is widely used in gas turbine
plants [14]. For its implementation, a pre-prepared poor fuel-air mixture (with
a significant excess of the excess air coefficient) is fed into the combustion
chamber. Moreover, due to excess ballast gas, the temperature of the combustion
products does not reach the values required for the reactions of the Zeldovich
mechanism. However, to reduce the total concentration of nitrogen oxides,
it is precisely the part formed by the “fast mechanism” that is least affected by
the applied external devices that organize mixing cooling flows and/or flame
separation, due to their occurrence exclusively in the initial combustion zone.
In addition to the Zeldovich and Fenimore mechanisms described above, a low-
temperature mechanism [15] related to the decomposition of nitrogen-containing
fuel components can make a significant contribution to the total concentration
of NO, in flue gases. But the types of fuel that are commonly used with blast
burners — natural gas and light liquid fuels — usually have a very small amount
of nitrogen in their composition, and this mechanism seems to be important in
the pyrolysis and direct combustion of solid fuels and secondary fuels of chemi-
cal plants. In any case, the design of the burner devices cannot significantly re-
duce the formation of nitrogen oxides obtained as a result of the action of fast
and low-temperature mechanisms. For these mechanisms, the most effective way
to reduce NO, in exhaust gases seems to be their purification. For this, the most
widespread means are: selective catalytic [16] and selective non-catalytic [17]
recovery, the implementation of which requires additional sophisticated equip-
ment and significant capital costs. Thus, in order to ensure normalized NO, va-
lues in the flue gases of heating and industrial boilers when working with blow
burners, it is first necessary to consider the factors affecting the rate of reactions
according to the Zeldovich mechanism, since this is the only mechanism that
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can be influenced by optimizing internal flows in the combustion chamber, and
also due to the fact that the reactions proceeding along this path make the most
significant contribution to the formation of nitrogen oxides in the high-
temperature zone. In order to do this, we divide this task into two, viz. determin-
ing effective factors for the design of burner devices, on the one hand, and the
design of combustion chambers, on the other, and then combine them to deter-
mine a qualitative assessment of the mutually affecting processes and characte-
ristics. The first part of this task will be considered in the present article.

Blow gas burner devices according to the generation of pollutant emissions
are divided into three emission classes [3, 18]: 1* class — CO < 120 mg/(kW-h),
NO, < 170 mg/(kW-h); 2™ class — CO < 80 mg/(kW-h), NO, < 120 mg/(kW-h);
3" class — CO < 60 mg/(kW-h), NO, < 80 mg/(kW-h).

Currently approved methods of reducing emissions from the combustion
of hydrocarbon fuel are:

1) minimizing the coefficient of excess air to ensure complete combustion
of fuel;

2) the introduction of cooling flows into the combustion zone (recirculation
of part of the flue gases; injection of steam, water, etc.);

3) two-stage combustion of fuel (creation of a primary and secondary flame);

4) distribution of fuel to the periphery of the flame (creating a group of pe-
ripheral flames with the smallest volume of flame nuclei);

5) reducing the temperature of the heating of the air entering the combustion.

The last method is a regime-technological one and cannot be implemented
solely due to the design of the burner. Briefly considered are the remaining
methods.

1. A low coefficient of excess air can be ensured by high-quality mixing of
the fuel with the flow of air forced into the combustion. For this, various kinds
of mixing devices are used, as a rule, twisting and dividing the gas-air mixture
flow into a number of smaller flows. This approach allows one to obtain high-
quality combustion with a slight excess of air (A ~ (1.15-1.17)) and practically
solve the problem of reducing CO emissions
to minimum values. Such a burner design
may well provide emissions in the 2" emis-
sion class (Fig. 2). However, to reduce the
generation of NO molecules to guaranteed
values of the 3™ emission class, this method
is not enough.

2. The introduction of additional flows of
external media (steam, water) is associated
with an additional complication of the entire
system and, as a consequence, a significant
increase in the cost not only of the burner

Fig. 2. Mixer head

of the 2™ emission class burner. ) . .
Gas burner MG3 designed device and the external cooling medium

by Enertech GmbH Division supply system, its significant complexity and
Giersch (Germany) the growth not only of capital (equipment
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cost), but also operating costs. As a result, the main direction of application
of this method is the creation of recirculating flows of flue gases into the com-
bustion zone. Such flows can be created by additional external caps on the flame
tube of the burner (Fig. 3) or by a device for exiting the air-fuel flow from
the flame tube (for example, narrowing the flow with an external ring using
the Coande effect [19]) (Fig. 4).

3. The creation of a two-stage flame not only significantly complicates
the combustion system, but also reduces the range of regulation of the power
of the burner in conditions of stable complete combustion of fuel. And yet the
generation of interdependent flames requires additional sensors and an interde-
pendent regulation system. Given that modern requirements for heat generators
include a wide range of power modulation, this method can be primarily effective
in systems with stable heat consumption, which significantly limits its application.
However, it should be noted that the stepped flames is an effective method for
simultaneous combustion of several types of fuel in multi-fuel burners [20-22].

—

Fig. 3. Various types of caps on the flame tube of the burner to create flue gas recirculation.
Photo from the test laboratory of Enertech GmbH Division Giersch (Germany)

Fig. 4. Flame head of a burner of the 3™ emission class with a nozzle providing recirculation
of flue gases with the formation of the Coande effect. Gas burner MG3-LN designed
by Enertech GmbH Division Giersch (Germany)

4. The method of distributing the hottest combustion zones (nuclei) to the pe-
riphery of the flame is one of the most effective ones and widely used in modern
burner devices. For its implementation, it is enough to divide the fuel flow into
several independent jets directed to the periphery of the flame (Fig. 5).
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Fig. 5. Flame head and distribution nozzles of the 3™ emission class burner
with gas flow fission system. Gas burner MG10-LN designed
by Enertech GmbH Division Giersch (Germany)

Thus, the main methods for providing the 3™ emission class are reduced to
the use of burner designs according to the 2™ and 3™ of the described methods,
or a combination thereof.

It should be noted that burner manufacturers according to the EN DIN stan-
dard [3] determine the quantitative values of the concentration of pollutants
at the outlet of the combustion chamber (in mg/(kW-h)) for dry gases with air
humidity entering the combustion d = 10 g/kg [23]. These units (mg/(kW-h)) are
selected because, when used, the amount of pollutants refers to the unit of gene-
rated heat energy and, in this case, it does not matter during stoichiometric or
non-stoichiometric combustion measurements are made, 1. e. the amount of O,
in the flue gas is not required. At first glance, such an approach seems correct.
Indeed, with an increase in excess air, the volume of emissions increases, but the
average temperature of the exhaust gases decreases. The heat capacity of CO, [24]
and H,O [25] — the main components of the flue gases — varies slightly in the tem-
perature range of stable combustion, and the amount of heat, defined as the
product of the average temperature and volume, remains close to unchanged for
different values of the coefficient of excess air. In the Republic of Belarus and
the CIS countries, emission indicators are determined (in mg/m?). Such units are
directly dependent on the volume of emissions. As a result, the problem arises
of unambiguous conversion of these units. For this, it is necessary to set an addi-
tional value — either by the coefficient of excess air A, or by the volume concen-
tration of oxygen in the flue gases K Vo, Because high-quality combustion of the

air-fuel mixture by modern blast burners with the lowest heat loss with flue ga-
ses is possible at A ~ (1.15-1.20), which corresponds to an oxygen concentration
of K v~ (2.8-3.5) %, then the burner manufacturers have established a conve-

nient conversion rule for the average whole fixed value K v, =3 % [5]. But for com-

plete uniqueness, it is also required to have a coefficient of direct conversion
of mg/(kW-h) to mg/m’. For this, the inverse coefficient f is usually indicated,
the value of which varies according to different sources, for example, /= 1.001 [5]
or f = 1.164 [26] for natural gas of class E (H) and /= 1.018 for natural gas
of class L (LL) [5] at KV02 =3 9% or f=0.857 at KV02= 0 % [27]. The conditions
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for finding the conversion factor are not specified. Moreover, the empirically
convenient, but illegitimate for direct calculations, setting K, =3 % in the in-
2

formation and reference catalogs of burner manufacturers [5] leads to obtai-
ning not quite accurate calculated values of conversion factors. This is due, first
of all, to the fact that in European countries mixed combustible gases of various
origins are very often used. Therefore, according to the EU standard [3], com-
bustible gases are not standardized by the calorific value or constituent compo-
nents, but by the Wobbe number [28]:

Hin
W,=—~, “

9

Pear
Pair
Peas> Pair — density of gas and of air under normal conditions, kg/m3.

The Wobbe number is an indicator of gas quality. Using this criterion, one
can verify the interchangeability of fuel gases. So, the same Wobbe number
means the constancy of the heat flux at the same pressure of the supplied gas,
regardless of its composition. For example, for a practitioner it is absolutely ne-
cessary in case of a change in gas supply to establish with the of the Wobbe
number whether the rated load is still guaranteed [6].

The LL group (previously called L — Low) includes combustible gases
with the Wobbe number: W, = 10.5-13.0 kW-h/m’. The Wobbe number equal

to Wl.0 = 12.4 kW-h/m’ is taken as the nominal value for this group of combus-

where H,, — net calorific value, MI/m’; d = — relative density of air;

tible gases. The second group E (previously called H — High) includes combus-
tible gases with W; = 12.8-15.7 kW-h/m’. The nominal value for this group

is W) =15.0 kW-h/m’ [6]. Given that the manufacturers of burners, mainly used

in the CIS, are from different European countries and, above all, from Germany,
they apply all calculations, operating parameters, indicate the working zones
of the burners, etc., based on the types of natural gas used in these countries.
In this case, the net calorific value H;, of gas E (H) is given in the range
of 35.32-37.44 MJ/m’, and that of LL (L) gas — is 30.12-31.77 MJ/m’. Thus, natural
gas that is used in the CIS countries both by Wobbe number and by calorific value
can be identified by European standard as LL gas. According to [29], in the CIS
countries, the net calorific value of natural gas is not less than 31.80 MJ/m’.
As a result, being guided by the values of the calorific value, the designers
and adjusters of the blast burners use the data for the LL (L) group for po-
wer characteristics, bearing in mind that the real natural gas entering our boiler
houses is at least no less caloric. But how appropriate is it to apply these
data when calculating emissions? After all, emissions depend not only on
the calorific value of the gas, but also on its composition. The Tab. 1 shows
the compositions of several real natural gases and the corresponding calculated
coefficients f.
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Table 1
Compositions of typical natural gases and their characteristics
needed to convert the concentration of emissions from mg/(kW-h) to mg/m’
Russian | Russian
Gas LL (L)| Gas E (H) | natural | natural
Name Chemical formula Unit | acc. to [6] | acc. to [6] | gas acc. | gas acc.
to [30] | to [31]
1 2 3 4
Methane CH, volume % 81.8 923 97.04 98.0
Ethane C,Hg volume % 2.8 2.0 0.99 0.5
Propane C;Hg volume % 0.4 1.0 0.381 0.3
I-butane CH(CH3)3 volume % 0.1 0.3 0.0516 | 0.05
H-butane Sgﬁfgﬁ; volume %| 0.1 0.3 0.06 0.05
I-pentane (S(I?{I:l)zz:ccli "~ |volume % - - 0.0136 0.1
H-pentane CHié?_II;IZ)r volume % - - 0.0106 0.1
Neo-pentane (CH;),C volume % - - 0.00065 -
Hexanes CeH 4 volume % — — 0.0074 —
Nitrogen N, volume % 14.0 3.1 1.29 0.8
Carbon dioxide CO, volume % 0.8 1.0 0.127 0.1
Oxygen 0, volume % — - 0.0148 —
Gas density Peas kg/m’ 0.829 0.784 | 0.6891 | 0.674
Lower calorific H. MI/m’ 31.80 36.00 33.52 32.60
value o (kW-h/m®)| (8.83) (10.00) | (9.31) | (9.06)
%:b?ehl‘;;iﬁe - W, MJ/m’ | 3975 4624 | 4038 | 40.07
culated acc. to (4) (kW-h/m’)| (11.04) (12.84) | (11.22) | (11.13)
Stoichiometric air
volume calculated v m’ 8.496 9.773 9.600 | 9.620
acc. to (5)
Air volume at
0, = 3 %, calcula- g m’ 9.915 11.41 1120 | 11.23
ted acc. to (6)
The moisture volu- .
me at O, = 3 %, cal- Vs m’ 1.905 2123 | 2172 | 2.184
culated acc. to (7)
The moisture volume
at O, = 0, calculated Vs m’ 1.882 2,096 | 2.147 | 2.158
acc. to (7)
The volume of dry
gases at O, =3 %, lefyigasiatiozﬁ% m> 9.01 10.29 10.03 10.05
calculated acc. to (8)
The volume of dry 2
gases at 0, = 0, Viry _gas_at_o,=04 ~—m’ 7.61 8.68 8.45 8.46
calculated acc. to (8)
The convsrsion fac-
L?;‘gf{%;,ﬁ)ﬁtgz o Jo,=m - 1.074 1029 | 1.077 | 1.110
calculated acc. to (9)
The convgirsion fac-
tor mg/nt into Jo,-o% - 0861 | 0.868 | 0.907 | 0.935

mg/(kW-h) at O, =0,
calculated acc. to (9)
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For natural gases, the theoretically necessary volume of combustion air can
be calculated using the reduced formula

I/az ZVLO[Z(m—F%ijHn _02:|7 (5)
0,

where V(())2 = 20.946 — volume concentration of oxygen in atmospheric air [32];

C,H, — hydrocarbons that are part of the gas; m, n — hydrocarbon indices for
carbon and hydrogen, respectively; O, — volume concentration of oxygen in a
combustible gas.

For technological and artificial combustible gases where CO, H, and H,S are
present:

v :VLO[O.S(C0+H2)+1.5st+2(m+§jcmHn —02}. (5")

0,

The manufacturers of blow burners, as was already mentioned, determine the
concentration of pollutant emissions with residual oxygen K, = 3 %, which
2

corresponds to A = 1.167. But the essence of the problem is not to determine the
conversion factor for a given specific value of oxygen in the flue gas, but to de-
termine the limiting emission indicators for a particular emission class of bur-
ners. Although the readings in mg/(kW-h) really practically do not depend on the
amount of oxygen in the flue gases, yet, since with an increase in excess air,
the volume of exhaust gases will increase, the conversion factor in mg/m® will
increase, too. If we need to determine the conversion factor for the residual oxy-
gen content in flue gases KVO2 = X %, then the calculation should be attributed

to the volume of combustion air increased by the excess air coefficient

(6)

Vv
Vaﬁ'ﬁatﬁOZ:X% = Va7t;‘ V+ZI< = ;\’Va?r'
0, Vo,

After finding this value, it would seem that it is possible to calculate the con-
version factor of thermal units into volume units. However, if the standard gas
analyzers used, so that the moisture of the flue gases (and NO, is dissolved in it,
which gives it a certain degree of aggressiveness) from the sample taken does
not fall on the sensitive element, but is condensed and drained. As a result,
the readings of the gas analyzer relate to dry flue gases. Therefore, it is neces-
sary to calculate the volume of dry combustion products. For this, it is more
convenient to first find the amount of moisture in the flue gases:

0
=X% n air
vos " ~001) JCH, +o.1—;0 RHVE oy | 7)
H,0

where p). = 1293 kg/m’ — density of dry air under normal conditions;

p%20= 0.840 kg/m’ — density of water vapor under normal conditions;
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RH — relative humidity, g/kg; 0.01 — coefficient recalculation of the content
of ingredients % — share; 0.01-0.1 =0.001 — conversion factor kg — g.

Since we determined the specific theoretical volume of air for combustion,
we will add 1 m® (i. e. the volume of combustible gas) to find the specific vo-
lume of flue gases. Then the volume of dry combustion products

VR = (v

0,=X%
dry_gas_at_0,=X% — \ " air _at_0,=X% +1)_VH20 : (8)

For calculation, we accept the conditions of relative humidity in accordance
with those adopted in [5]: RH = 10 g/kg. As a result, to convert mg/(kW-h)
to mg/m’, we find the inverse coefficient

f = 3'6/(Hi,n /leiy_gas_tlt_OZ:X%)’ (9)

where 3.6 — conversion factor kW-h — MJ.

Using this method of conversion, it is possible to obtain the values of pollu-
tant emissions in mg/m’, if the limiting values are indicated in mg/(kW-h), but it
is specifically stipulated at what value of the residual oxygen or excess air coef-
ficient. Indeed, when confirming the certificate of emission class for a particular
type of burner, qualification tests are carried out with an excess of air for com-
plete combustion of fuel. For a high-quality burner, this excess will amount
to ~3 % oxygen in flue gases. And since mg/(kW-h) refers to the heat released,
then the concentration values in these units will practically not depend on the
oxygen content. Therefore, no conversion to stoichiometric parameters is re-
quired, and burner manufacturers justifiably approve those oxygen values that
were measured during qualification tests.

As a result, it is possible to determine the limit values of harmful emissions
in mg/m’ for a particular type of burner that have received the European classi-
fication in mg/(kW-h) for a specific composition of combustible gas, substitu-
ting KV02= 3 % in formulas (6)—(9). As an example, we cite Tab. 2 correspon-

dence of emission classes of burners for natural gas compositions specified
in Tab. 1.

Table 2
Limit values of pollutants for gas burners at K, Vo, 3%

Ere CO limit value NO, limit value

of burners mg/m’ mg/m’

acc. to [3] mg/(kW-h) 1 > 5 7 mg/(kW-h) ] 5 = A
1* 120 112 | 117 | 111 | 108 170 158 | 165 | 158 | 153
2nd 80 74 | 78 | 74 | 72 120 112 | 117 | 111 | 108
3
(Low-NO,) 60 56 | 58 | 56 | 54 80 74 78 74 72

It should be noted once again that according to [3] the indicated limit values
relate to dry exhaust gases reduced to normal physical conditions, with a relative
humidity of 1 % (10 g/kg) and an oxygen content of 3 % (excess coefficient
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of air 1.167). In current standards [1] relative air humidity is not mentioned at
all, and the coefficient of excess air when calculating emission standards for
boiler plants with a capacity of more than 0.1 MW is indicated as 1.4 (oxygen
content in flue gases 6 %) — p. 10.1.3 [1]. Thus, the conversion factor from 3 %
oxygen to 6 %, calculated by the formula (6), will be

K0 =(VS, —6)/(Vs, —3)=0.833, (10)

Then, taking into account, as already mentioned, the relevance of standardi-
zation for CO, gas burners of the corresponding emission class will have NO,
limit values for the composition of natural gases indicated in Tab. 1 recalculated

taking into account the coefficient Kg/f) 6%

Table 3
Compliance of the NO, limit values for gas burners with a capacity of more than 0.1 MW
with current standards according to [1] for boiler plants of the corresponding capacity

0,=6% 3
- NO:? mg/m
Emission class x , Mg

of burners Calculation The rate of heat output, MW
acc. to [3]
1 2 3 4 0.1-0.3 [0.3-2.0| 2.0-25 | 25-50 |50-100| 100<
1 132 | 137 | 132 | 127
nd

2 - 93 o7 22 %0 80 100 120 140 100 100
3]'
(Low-NO,) 72|68 | 72| 74

The 1* emission class of burners is not suitable for the limiting emission in-
dicators according to environmental standards of almost all countries, including
Belarus. As can be seen from the Tab. 3, burners of the 2™ emission class (they
are often called: class “standard”) are not suitable for use in boilers with
a capacity of 0.1-0.3 MW.

It should be noted that in some cases environmental standards are referred
to as stoichiometric parameters, i. e¢. to theoretically necessary air volume.
For example, in p. 10.1.2 [1] — these are the regulation rules for boiler plants
with a capacity of up to 0.1 MW. In world practice, for example, in the descrip-
tion of the Building Research Establishment Environmental Assessment Method
(BREEAM) developed by the British organization BRE Global [27]; for the
conversion of thermal emission units into volumetric units, it is indicated that
to determine the emission class devices for the combustion of fossil fuels,
the values of NO, concentration are determined for dry flue gas in the absence
of oxygen in the exhaust flue gas. For these cases, the calculation is carried out
according to the same above method, but with an excess of oxygen KV02 =0 %.

Table 1 shows the corresponding calculated values for the selected examples
of the composition of natural gases. The corresponding emission limit values for
gas burners by emission classes for this case are shown in Tab. 4.
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Table 4
Compliance of the NO, limit values for gas burners with forced combustion air supply
with a power of less than 0.1 MW to the current standards according to [1]
for boiler plants of the corresponding rated power

o NOSZZO%, mg/m’
Emission class
of burners Calculation Wferica
acc. to [3] acc. to [1]
1 2 3 4
I 197 196 187 182
ond 139 138 132 128 150
3rd
(Low-NO,) 93 92 88 86

As it can be seen from Tab. 4 and for boiler plants with a capacity of less
than 0.1 MW, the first emission class of burners is not suitable for limiting emis-
sion indicators according to environmental standards [1].

Now, having clarified the correspondence of the emission classes of the
burners, it is necessary to determine what, in fact, is measured by standard gas
analyzers, which are mainly used by specialists when setting up and determining
the concentration of components in the combustion products. As a rule, the in-
struments are used for these purposes, the operating principle of which is based
on physical analysis methods, including auxiliary physicochemical processes
(thermochemical, electrochemical, photoionization, photocolorimetric, chroma-
tographic, etc.). To determine the concentration of NO, in combustion products,
the most common electrochemical gas analyzers with the determination of mass
concentrations of components in a mixture of gases, which are flue gases.
An electrochemical sensor is used as a sensitive element. The analyzed gas me-
dium is passed through a selective filter and a hydrophobic membrane and dif-
fuses onto the measuring electrode. In this case, the released electrons passing
through the electrolyte and the reference electrode form a direct current signal in
the external circuit, the value of which is proportional to the concentration
of the analyzed gas. Selective filters have a limited life. As a result, with each
measurement, its time increases and the sensitivity of the sensor decreases.
In addition, heating the sensor leads to an increase in the readings of the mea-
sured concentration, because temperature, according to Boltzmann’s law, is only
a statistical expression of the kinetic energy, and, consequently, the mean square
velocity of the molecules. As a result, additional electrons can be released —
the current in the circuit will increase and, as a result, the instrumental readings
of the gas concentration will increase at its really constant value. Thus, to obtain
instrumental readings corresponding to the actual concentration of the analyzed
gas, a number of conditions must be observed: one is to use selective filters and
sensors for a limited number of measurements, to prevent the sensor from hea-
ting, carry out measurements only when the combustion mode is steady, to take
samples only at a specific point at the outlet from the combustion chamber in
the absence of excess pressure. Not exact observance of each of these rules will
lead to overestimated readings of the device, but, given the rigidity of modern
limit concentration standards, to instrumental (but not always real) excess
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of these standards as well. The concentration of the analyzed gas, gas analyzers
measure directly in quantitative units [ppm] (parts per million), i. e. in parts of
the analyzed gas per one million parts of the test gas mixture. For these units,
recalculation into volume units adopted in [1] is carried out directly in the ana-
lytical program embedded in the device and is practically unambiguous. Calcu-
lations are made for normal physical conditions at 0 °C and 101325 Pa [33].
Thus, the recount is carried out according to the well-known formula [34]

X [mg/m’] = (Y [ppm]) - (molar mass) /(22.4 [liter]), (11)

where 22.4 — volume value in liters of 1 mole of ideal gas accepted in the calcu-
lations (more accurate value: 22.413996 [34]); Y — measured value of the con-
centration of the analyzed gas, ppm; X — calculated value of the concentration
of the analyzed gas, mg/m’.

The result is the following conversion factors for normalized pollutants accu-
rate to the fourth digit (0.01 %):

— the molar mass of CO = 28.01 g/mol, then for CO

CO [mg/m’] = (CO [ppm]) - (28.01/22.414) = CO [ppm] - 1.2497; (12)
— the molar mass of NO, = 46.0055 g/mol, then for NO,
NO, [mg/m’] = (NO, [ppm]) - (46.0055/22.414) = NO, [ppm] - 2.0525; (13)
— the molar mass NO = 30.0061 g/mol, then for NO
NO [mg/m’] = (NO [ppm]) - (30.0061/22.414) = NO [ppm] - 1.3387. (14)

However, according to the Gay — Lussac law [35], at constant pressure, the
volume of the constant mass of gas is proportional to the absolute temperatu-
re: V;/T, =V,/T,. Those conversion factors will change at the operating tempe-

rature for determining the concentration of the analyzed gas. Thus, it is neces-
sary to compensate for the temperature factor during measurements. In gas
analyzers used in practice, an integral resistance with a negative temperatu-
re coefficient serves to compensate for the effect of temperature, which ensures
the stability of the sensor regardless of temperature [26]. But how much does the
law of change in the integrated integral resistance of the gas analyzer coincide
with the real law of the dependence of the density of the analyzed gas on tem-
perature? The question remains open, because with increasing temperature and
concentration of the analyzed gas, the deviation from the calculation law for an
ideal gas will increase (and not linearly). This is especially significant at tempe-
ratures close to the dew point temperature with a high concentration of the ana-
lyzed gas. For example, the use of the Van der Waals equation [36] as an esti-
mated equation allows an error of up to ~10 %, the Diterichi equation [37] up
to ~7 %, the Berthelot equation [38] up to ~5 %, the Redlich — Kwong equation
(modifications of Soave) [39] — up to ~(3—4) %. As a result, the value indicated
by the device in [mg/m’] will be a little overestimated.

It should also be taken into account that the so-called “field” gas analyzers,
as a rule, do not have an installed NO, sensor, and the measured amount of NO
is determining the total amount of NO, in flue gases. Moreover, the amount
of NO,, as a rule, is not calculated at all [40]. Recalculation, as a rule, is carried
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out only on the total amount of all nitrogen oxides, i. €. on NO,, according to the
following programmed formulas:

NO, [ppm] = NO [ppm] - 1.05 (without installed NO, sensor) [40]

or NO, [ppm] = NO [ppm] - (100/97) (without an installed NO, sensor) [26];

NO, [ppm] = NO [ppm] + NO, [ppm] (with pre-installed NO, sensor).

According to the conditions adopted in [1], NO, emissions are normalized
in terms of NO,. As a result, to determine the amount of emissions [in mg/m’],
the obtained value for NO, [in ppm] is programmatically multiplied by the con-
version factor for NO,, despite the fact that the main amount of NO, emissions
is NO. It was determined that the entire volume of NO in the exhaust gases is
oxidized to NO,. And although this reaction is generally reversible, for the re-
verse action (NO decomposition), sufficiently high temperatures are needed —
more than 700 °C [41]. The probability of a reverse process at operating tempe-
ratures of flue gases ((120-150) °C) is extremely small and can be reasonably
neglected if the process is not carried out in high-temperature thermal furnaces.
As it was shown above, under normal physical conditions, this coefficient
is 2.0525 accurate to the fourth digit. In gas analyzers with integrated resistance,
to compensate for the influence of temperature, this coefficient is programmed
with different, but rather high, accuracy from 2.05 [26] to 2.053 [40]. To recal-
culate the measured values by gas analyzers of “direct” action, i. e. with an indi-
cation of emissions in [ppm], with an excess of oxygen KV02= 3 % and for nor-

mal physical conditions, a coefficient of 2.056 is proposed [5]. Moreover,
for normal technical conditions (20 °C and 101325 Pa), the volume in liters
of 1 mole of the analyzed gas is more than 7 % different from the value for nor-
mal physical conditions, i. e. with an increase in temperature from 0 to 20 °C,
the volume of 1 mole will increase from 22.4140 to 24.0551 liters. Then, accor-
ding to (13), the conversion factor for NO, will decrease from 2.0525 to 1.9125.

The above mechanisms of the formation of pollutant emissions and methodo-
logical aspects of determining their magnitude relate exclusively to burner de-
vices. However, important factors affecting the concentration of pollutants in
flue gases, primarily nitrogen oxides, are the gas-dynamic and geometric charac-
teristics of the combustion chamber, as well as the conditions for the exit of ga-
ses into the chimneys. To determine these dependencies it is necessary to con-
sider several external aspects: the influence of the types of the combustion
chamber and their geometry; thermal volumetric load; aerodynamic resistan-
ce. Thus, the calculated values of pollutant emissions in flue gases cannot be
uniquely determined by the emission class of burner devices. For this, it is ne-
cessary to consider the combined system “fuel + burner + combustion chamber +
+ chimney”.

CONCLUSIONS

1. The mechanisms of formation of pollutants during the combustion of natu-
ral gas are considered. It was shown that the formation of NO in boiler furnaces
is most significantly affected by the Zeldovich thermal mechanism. The most
effective methods and engineering solutions for the design of low emission class
burners have been determined.
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2. A methodology has been developed for calculating nitrogen oxide emis-
sions depending on the measurement conditions, the emission class of the burn-
ers, and the composition of the gas burned. Coefficients are obtained for con-
verting the values of pollutant emissions from specific energy units (generated
thermal energy) into specific volume units (flue gas volume).

3. The emission classes of burner devices are determined that correspond to
current environmental standards, depending on the capacity of boiler plants.

4. The necessity of taking into account the design of the combustion chamber
when calculating the emission of pollutants is shown.
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