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Abstract: The objective of the present study was to experimentally investigate and compare the
characteristics of three oxygen-enhanced combustion (OEC) methods; premix enrichment (PE), air-
oxy/fuel combustion (AO), and additionally also oxygen lancing (OL) method. The overall oxygen
concentration varied from 21% to 38%. Combustion tests were carried out using the gas burner with
the thermal input of 750 kW fired by natural gas. The characteristics of OEC methods, such as the
concentration of nitrogen oxides and carbon monoxide in flue gas, in-flame temperatures distribution
in the horizontal symmetry plane of the combustion chamber, heat flux to the combustion chamber
wall, flue gas temperature, and the stability of flame were investigated. NOx emissions increased
by more than 40 times and by 20 times for the PE method. The tests using the AO and OL methods
with NOx emissions below 150 mg/Nm3 at all oxygen concentrations showed significantly better
results. For all OEC methods, radiative heat transfer increased with increasing oxygen concentration.
The available heat was 20% higher at 38% O2 than at 21% O2. The flue gas temperature decreased
with increasing oxygen concentration, which was affected by a decrease in N2 concentration in the
oxidizer and a simultaneous increase in radiant heat flux.

Keywords: oxygen-enhanced combustion; nitrogen oxides; heat flux; in-flame temperature; flame
stability; oxygen lancing method

1. Introduction

Most industrial high-temperature heating processes, such as incineration, ferrous and
nonferrous metal smelting, and glass and cement melting require a considerable supply
of heat commonly available from fossil fuels combustion [1]. Most industrial combustion
processes use the atmospheric air as the oxidant, consisting of ca. 21% O2 and 79% N2 by
volume. However, it is only oxygen that is needed in the reactions with hydrocarbons,
while nitrogen is the inert gas that must be heated up and carries a part of the energy of the
combustion away with the hot flue gases. This lowers the heat transfer efficiency of the
combustion process. In contrast, the oxygen-enhanced combustion (OEC) [2] can eliminate
this drawback because the oxygen concentration is higher than that in the ambient air. It is
evident that OEC methods provide several benefits to the operation of industrial furnaces,
such as increased processing rates, higher heat transfer efficiency, higher turndown of the
burners, enhanced flame stability, reduced equipment cost, and better product quality [2].

Additionally, the lower nitrogen concentration in the air reduces flue gas flow rates
and, thus, the energy losses to the ambient. The use of OECs leads to an increased radiation
flux in the combustion chamber and may damage the refractory lining of the furnace or
burners. Higher NOx production must also be considered.
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Combustion processes can be enhanced by four OEC methods [2]: (1) adding O2 into
the incoming airstream (referred to as the premix enrichment), (2) injecting O2 into an
air/fuel flame (referred to as the oxygen lancing), (3) separately provided combustion
air and O2 to the burner (referred to as the air-oxy/fuel combustion), (4) replacing the
combustion air with high-purity O2 (referred to as the oxy/fuel combustion) that is known
as a promising technology for capturing of CO2 because of its high partial pressure from
the flue gas [3–6].

From an economic perspective, the OEC methods (1)–(3) can save the cost for retrofits
of existing burners and combustion equipment when the process is designed to operate at
slightly higher oxygen concentrations. This is primarily used when the expected production
rate of heating processes should be significantly increased with a relatively small oxygen en-
richment. However, detailed characteristics of the OEC methods applied in the air/gaseous
fuel combustion systems have not been sufficiently reported so far. Wu et al. [7] studied
the influence of 21–30% oxygen concentration on the heating rate, emissions, temperature
distributions, and fuel consumption in the heating and furnace-temperature fixing tests.
As for the heating rate, the time required for heating to 1200 ◦C was only 46% for the air
with 30% O2 compared to the air with 21% O2. NOx emissions were increased by 4.4 times,
and CO2 increased almost linearly when the oxygen concentration increased from 21% to
30%. The furnace-temperature fixing tests showed that the fuel consumption at 30% O2
was reduced by 26% compared with the fuel consumption at 21% O2.

The effect of the oxygen enrichment on the stability of methane–air non-premixed
swirling flame and pollutant emissions, such as CO, CO2, and NOx, was studied by
Merlo et al. [8]. The authors reported that oxygen enrichment promotes higher CO conver-
sion into CO2. NOx emissions increase significantly with oxygen addition mainly due to
the increase in flame temperature. The flame stability is enhanced with oxygen enrichment,
even for low oxygen enrichment rates. Tan et al. [9] used a down-fired vertical combustor
to study the oxygen-enhanced and O2/CO2 combustion. The authors concluded that very
high NOx emissions are achieved due to higher flame temperatures related to a higher
oxygen concentration in the feed air for the oxygen-enhanced combustion. However, in the
O2/CO2 atmosphere, the NOx formation is suppressed because N2 is not present in the feed
air; only the air leakage at the fan contributed to the NOx formation in small concentrations.
In large steam boilers, the use of OEC leads to the increase in the flue gas temperature;
therefore, the heat transfer surfaces can be reduced due to the higher mean log temperature
differences within the heat exchangers of the boiler. Simultaneously, the boiler’s efficiency
can be increased by 2% up to 5% [10]. Sánchez et al. [11] investigated the effect of oxygen
enrichment from 21% to 35% by volume on the performance of a flameless combustion
furnace equipped with a regenerative burner. The results showed that it was possible to
obtain no luminous effect, wide reaction zone, and uniform temperature profile for all
oxygen enrichment rates, which are typical features of flameless combustion phenomena.
NOx emissions were below 5 ppm, and the global efficiency increased almost by 5% for an
oxygen-enriched level of 30%.

Studies [12–14] investigated the membrane separation as an air-enrichment technique.
Qiu and Hayden [12] explored the OEC of natural gas in porous ceramic radiant burners
where the oxygen-enriched air was produced passively using polymer membranes. The
oxygen concentration varied between 21% and 28%. The experimental results showed that
the potential saving in natural gas consumption was ca. 22%, with the oxygen concentration
increasing to 28%.

The present paper is an extension of the study by Bělohradský et al. [15] focused
on the investigation of two oxygen-enhanced combustion methods: the premix enrich-
ment (PE) and the air-oxy/fuel combustion (AO). The major focus of our follow-up study
was the experimental investigation of the third OEC method—oxygen lancing (OL), the
measurement of in-flame temperatures distribution in the horizontal symmetry plane of
the combustion chamber, and the overall comparison of the characteristics of all three
OEC methods. The combustion tests were conducted using the specialty experimental



Energies 2022, 15, 2292 3 of 21

two-staged gas burner at the burner testing facility with the burner power of 750 kW for
one-staged or two-staged combustion regimes. The desired oxygen concentration in the
dry flue gas was close to 3% by volume during all measurements. However, the overall
oxygen concentration in the oxidant varied from 21% to 38%, which corresponds to the
additional flow rate of high-purity oxygen in the range from 0 to 100 Nm3/h (“N” stands
for the normal conditions, i.e., t = 0 ◦C, p = 101.325 kPa). In addition, the characteristics of
OEC methods were investigated (concentration of NOx and CO emissions in flue gas, flue
gas temperature, in-flame temperatures distribution in the horizontal symmetry plane of
the combustion chamber, and the stability of flame).

2. Experimental Setup
2.1. Burner Testing Facility

Combustion tests were carried out at the large-scale burner testing facility (Figure 1).
The facility enables testing of gaseous fuel burners, liquid fuel burners, and/or dual fuel
burners up to the thermal input of 1800 kW. A detailed description of the testing facility
can be found in [15,16]. A simplified block diagram of the burner testing facility is shown
in Figure 2.

Figure 1. The burners testing facility.

The crucial apparatus of the facility is a two-shell horizontal water-cooled combustion
chamber with an inner diameter of 1 m and a length of 4 m. The chamber’s front and rear
sides are insulated using the high-temperature fibrous lining with a thickness of 100 mm.
The cooling shell of the combustion chamber is divided into seven individual sections with
an independent supply of cooling water. Six sections are 0.5 m long while the seventh
section is 1 m long. Each section is equipped with sensors to measure the flow rate, inlet,
and outlet temperature of cooling water. Thus, this unique construction enables the partial
simulation of the conditions similar to those in fired process heaters and the heat flux rate
from the hot flue gas to the combustion chamber shell lengthwise the flame to be evaluated.
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Figure 2. Simplified block diagram of the burner testing facility.

The combustion chamber is equipped with eight inspection windows along the cylin-
drical part and two inspection windows on the rear side of the chamber opposite the burner,
which allows for the observation of the burner flame. The windows along the chamber can
also be used to install thermocouples, heat flux probes, etc.

Temperatures inside the combustion chamber can be measured by high-speed water-
cooled R-type thermocouples inserted into the inspection holes at each section of the
chamber (Figure 3). The data are sent to a Graphtec midi GL220 data logger (Dataq
Instruments, Akron, OH, USA).

Figure 3. Detail of thermocouples for measuring temperatures in the combustion chamber.

Flue gas is exhausted from the combustion chamber through the flue gas stack, where
pressure, flue gas temperature, and flue gas composition are measured. The flue gas
analysis and flue gas temperature measurement are provided by the flue gas analyzer
TESTO 350-XL (Testo Instruments, Sparta, NJ, USA). The analysis box is equipped with
electrochemical sensors for the real-time measurement of O2, CO, CO2, NO, and NO2
concentrations in the dry flue gas. The flue gas temperature is also measured using the
thermocouple of type K.
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2.2. Burner

The two-staged gas power burner with a maximal thermal input of 1500 kW fired
by natural gas (CH4—98.4 vol%) was used for tests. It is also possible to perform the
experiment with different gaseous fuels, with various compositions. We assumed that a
major change in the ratio of CxHy would not have a big impact on the observed trend in the
following sections; although, the presence of H2 or some other component that intensifies
the reaction or presence of fuel bounded nitrogen would result in a change in emissions,
namely, NOx. The three-dimensional model of the used burner can be seen in Figure 4.
Burner is equipped with the burner quarl, which has a 300 mm inner diameter, while the
outer diameter is 600 mm. The gas inlet is equipped with two circular fields of primary
nozzles and a set of secondary nozzles (eight). The nozzles in two circular fields, also called
primary, are drilled in the main burner head. In the first field, nozzles with a diameter
of 3.0 mm are drilled, the second one consists of eight nozzles each with a diameter of
2.6 mm. The amount of fuel delivered to the primary stage is directly influenced by the
exchangeable gas orifice of different diameters. The orifice is located right before the inlet to
the main burner head. During the fuel staged combustion regime tests, the primary/total
fuel flow ratio was set to 0.28.

The secondary gas distribution is ensured by four nozzles, each with a pitch angle of
the head of 30◦. At the beveled surface, two nozzles are drilled, each with a diameter of
3.3 mm. The burner is designed to allow for the change in the position of secondary stage
nozzles towards the burner tile in both tangential and radial directions. The nozzles are
oriented directly towards the burner axis in the reference tangential position. Their orien-
tation can be changed both clockwise in the direction of air swirl motion (corresponding
to the positive angle) and counterclockwise (corresponding to the negative angle). In the
reference radial distance, the distance of nozzle heads from the burner axis is 180 mm and
can be extended by 50 mm. During the tests in the fuel staged combustion regime, the
secondary nozzle heads were turned by 20◦ in the direction of air motion, and their radial
distance was set to the maximum, i.e., 230 mm from the burner axis.

The burner was equipped with the flame holder in the form of the swirl generator
with eight pitched blades and fixed to the central burner pipe. The swirl generator for
our tests had a diameter of 240 mm, and the pitch angle of the swirl generator’s blades
was 35◦. Settings used during the experiment were chosen after prior experiments, chosen
parameters were proven best regarding the flame stability and emission. Flame was ignited
with the gaseous premixed natural-draught ignition burner with the thermal input of
18 kW. The gas part of the burner is protected by patent No EP 2 853 813 B1.

Figure 4. 3D model of the experimental two-staged gas burner.

2.3. Oxygen Supply

The tested OEC methods are illustrated in Figure 4. When using the PE method for
the combustion tests, oxygen of high purity was injected into the stream of combustion air.
To ensure adequate mixing, oxygen was distributed by the diffuser. The special diffuser,
which had several nozzles, was inserted into the stream of the combustion air just before
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entering the burner. The maximum oxygen flow rate that the diffuser could handle was
160 Nm3/h at the overpressure of 6 bar.

For the tests using the AO method, the high-purity oxygen was directed into the
flame through the oxygen nozzle head inserted through the center burner pipe. The
oxygen balance necessary for complete combustion was supplied to the burner via the
atmospheric air. The oxygen nozzle head was designed for the maximum oxygen flow rate
of 120 Nm3/h at the overpressure of 6 bar.

For the tests using the OL method, the high-purity oxygen was injected in the sec-
ondary stage of combustion through four oxygen nozzle heads located near the secondary
gas nozzle heads. The radial distance of oxygen nozzle heads from the burner axis was
set to the minimum of 180 mm, and the heads were turned by 30◦ clockwise. The pitch
angle of each head was 20◦. The maximum oxygen flow rate through all heads was set to
150 Nm3/h at the overpressure of 6 bar.

2.4. Planning of Combustion Tests

The experimental matrix is presented in Table 1. The symbol • indicates that the test
was carried out for the set overall oxygen concentration in the oxidant and combustion
regime. For instance, “PE one-staged” stands for the combination of premix enrichment
OEC method and one-staged fuel combustion (fuel is distributed only through primary
nozzles), the whole “PE two-staged” stands for the combination of premix enrichment OEC
method and two-staged fuel combustion (fuel is distributed through both primary and
secondary nozzles). All tests were performed at the burner thermal input of 750 kW. The
target oxygen concentration in the dry flue gas was kept at 3% by volume for all tests. The
pressure in the combustion chamber was kept around -100 Pa.

Table 1. Plan of combustion tests.

Tested—Combustion Regime
Flow Rate of O2 (Nm3/h)/Overall O2 Concentration in the Oxidant (%)

0/21 5/21.5 10/22 20/23.1 30/24.3 40/25.6 60/29 80/33 100/38

TEST A
Premix enrichment

PE one-staged • • • • • • • • -
PE two-staged • • • • • • • • •
Air-oxy/fuel

AO one-staged • • • • • • • • •
AO two-staged • • • • • • • • •

O2 lancing
OL one-staged • • • • • • • - -
OL two-staged • • • • • • • • -

TEST B
Premix enrichment

PE one-staged • - - • - • - • -
PE two-staged • - - • - • - • -
Air-oxy/fuel

AO one-staged • - - • - • - • -
AO two-staged • - - • - • - • -

O2 lancing
OL one-staged • - - • - • - - -
OL two-staged • - - • - • - • -

TEST C
Premix enrichment

PE one-staged • - - • - • • • -
PE two-staged • - - • - • • • -
Air-oxy/fuel

AO one-staged • - - • - • • • -
AO two-staged • - - • - • • • -

O2 lancing
OL one-staged • - - • - • • - -
OL two-staged • - - • - • • • -
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The experimental investigation was aimed to assess the influence of OEC methods,
varying oxygen concentration from 21% to 38% and fuel staging on the NOx and CO
emissions, flue gas temperature, heat flux distribution to the combustion chamber wall
lengthwise the flame, in-flame temperatures distribution in the horizontal symmetry plane
of the combustion chamber, and the stability of flame. As for the PE tests, the oxygen
concentration between 21% and 38% matches directly the oxygen concentration in the
incoming combustion air. On the other hand, in the tests using the AO and OL methods,
the oxygen was not mixed with the combustion air in the air supply pipe, and hence the
oxygen concentration in the incoming air was always 21%. Thus, the 21–38% oxygen
concentration expresses the overall oxygen concentration as if both air and oxygen streams
(injected directly into the combustion chamber) are mixed.

Three types of tests were the subject of our study. In the first test, denoted as TEST A,
the quality of combustion and flame characteristics were investigated. We measured the
concentrations of NOx and CO emissions in flue gas, flue gas temperature at the outlet of
the combustion chamber, and observed the burning stability of oxygen-enhanced flames.
Before the experiments, the combustion chamber was set into a steady thermodynamic
state. The condition necessary for the beginning of data collection was in accordance with
the burner testing standards, i.e., the flue gas temperature must not exceed the interval of
10 ◦C within 30 min.

The second test, denoted as TEST B, focused on evaluating and comparing local wall
heat fluxes into the walls of the chamber’s sections. The data collection started after the
combustion chamber was set into the steady thermodynamic state defined as if both the
flue gas temperature (maximum allowed change within 30 min is 10 ◦C) and the values of
local wall heat fluxes (continuously evaluated by the control system of the testing facility)
are steady.

In the third test, denoted as TEST C, the in-flame temperatures in the horizontal
symmetry plane of the combustion chamber were measured using seven water-cooled
platinum/platinum-rhodium (containing 13% of rhodium) thermocouples of type R in-
stalled through the inspection windows. The in-flame temperatures were measured at
distances of 0, 10, 20, 30, 40, and 45 cm from the axis of the combustion chamber. The data
collection started when the same steady conditions as for TEST A were reached. However,
unlike TEST A, TEST B, and TEST C were carried out only for selected overall oxygen
concentrations (see Table 1). Concentrations were chosen according to the results given by
Design of Experiment (DOE), which was used to eliminate redundant measurements to
optimize the time and consumption of the fuel and oxidizer.

3. Results and Discussion

Results gained during the TEST A are described in Sections 3.1–3.7, results obtained
during TEST B are described in Section 3.8, and, finally, results obtained during the TEST C
are discussed in Section 3.9.

3.1. NOx Emissions

Figure 5 compares the trends of NOx concentrations (mg/Nm3) as a function of overall
oxygen concentration. The concentrations of NOx were calculated from the measured
concentrations of NO (measured in units (ppm)) and NO2 (measured in units (ppm)), and
the values were corrected to 3% O2 level in the dry flue gas. The ratio between the two
nitrogen oxide components was NO 95% and NO2 5%. Generally, the significant proportion
of NOx produced during combustion was thermal NOx, which was directly associated with
higher flame temperature peaks due to higher O2 concentrations in the oxidizer [2,17].
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Figure 5. (a) Effect of oxygen concentration, OEC method, and combustion regime on the NOx

emissions. (b) The detail for the AO two-staged, OL one-staged, and OL two-staged regime.

3.2. Premix Enrichment

A significant increase in NOx emissions was observed when the oxygen enrichment
increased for both one-staged and two-staged fuel combustion regimes. This increase
appears to be approximately exponential and is substantially affected by the in-flame
temperature peaks. Due to this, even a minor variation in the flame temperature accelerated
the NOx formation. In the one-staged regime, the NOx emissions increased sharply from
170 to 7100 mg/Nm3 as the O2 concentration in the combustion air increased from 21% to
33%. Further air enrichment was unacceptable for the following two reasons. Firstly, the
measured NO values were beyond the measuring range of the NO sensor. Secondly, the
swirl generator blades and the burner quarl became red-hot due to very high temperatures
at the burner tile and a decrease in the flow rate of combustion air working as a cooler of
the burner quarl.

On the other hand, when the two-staged fuel combustion regime was used as the NOx
reducing technique, the increase in NOx emissions was not as steep as their increase in the
one-staged fuel combustion regime because the reaction of fuel with oxygen was staged.
Furthermore, the flame temperature peaks near the burner exit were reduced compared
to the one-staged fuel combustion regime (see temperature distributions in Section 3.9).
Therefore, the NOx emissions rose gradually from 80 to 3000 mg/Nm3 as the oxygen
concentration increased from 21% to 38%. It should be also noticed that the NOx emissions
reached only 1700 mg/Nm3 at 33% O2, i.e., by ca. four times less than the emissions in
the PE one-staged regime with the same oxygen concentration. For this regime, further air
enrichment would be possible with respect to the construction of the swirl generator and
the burner quarl because no overheating was observed. Additionally, the NO concentration
was still within the measuring range of the NO sensor. However, the NOx concentrations
were too high above the specific emission limit valid for stationary sources with the thermal
input in the range between 0.3 and 50 MW (for the Czech Republic, the current limit is
200 mg/Nm3); thus, there does not seem to be a potential for industrial applications.

3.3. Air-Oxy/Fuel Combustion

The tests using the AO method did not show any dramatic increase in NOx emissions
compared to the PE method. The maximum reachable operating flow rate of oxygen in AO
tests was 100 Nm3/h, corresponding to the overall oxygen concentration of 38%. However,
the influence of a higher oxygen flow rate could not be investigated because the flame
became unstable, and the flashback inside the burner was observed.
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When the AO method was combined with the one-staged fuel combustion regime, the
NOx emissions increased gradually to 1500 mg/Nm3 as the overall oxygen concentration
increased to 33%, as shown in Figure 5a. However, it was observed that further increase
in O2 flow rate slightly reduces NOx. The reason is that a significant portion of the fuel is
combusted in the flame core, whereto the high-purity oxygen is injected. Hence, the flame
core is very rich in oxygen and poor in nitrogen. This, in turn, results in low NOx, although
the flame temperature peaks are very high. This observation was observed also in results
obtained by CFD analysis by Prieler et.al. [18]. CFD analysis used data gathered during
the first series of experiments as described in precedent article [15]. The balance of fuel
is then combusted downstream of this dominant combustion zone at lower temperatures
that are not favorable for the thermal NO formation. Therefore, it can be assumed that
further increase in O2 concentration can lower NOx because less N2 is available to form
NOx. However, retrofitting of the current burner geometry would be necessary to stabilize
the flame.

Auspicious results were obtained using the AO method in combination with fuel
staging. The effect of oxygen concentration on NOx emissions can be seen in Figure 5b.
The NOx concentration fluctuated mostly around 100 mg/Nm3 and reached a maximum
of 110 mg/Nm3 at 33% O2. The reason was that a part of the fuel was directed into the
primary combustion zone while the balance of the fuel was directed into the secondary
combustion zone. This made the primary zone fuel-lean, i.e., less conducive to NOx
formation compared to the one-staged fuel combustion regime [6]. The excessive O2 from
the primary zone was used to complete the combustion of the secondary fuel. The peak
flame temperature was much lower in the fuel staged case because the combustion is staged
over a particular distance (see temperature distributions in Section 3.9). Consequently,
lower temperatures contributed to the reduction in NOx emissions. Further increase in O2
concentration seems to have the same effect as observed in the AO one-staged tests, i.e., the
NOx reduction.

3.4. Oxygen Lancing

Based on our research measurements, the method of oxygen lancing was distinguished
from previous OEC methods by lower NOx formation both for the one-staged and two-
staged fuel combustion regime. The effect of oxygen concentration on NOx emissions is
shown in detail in Figure 5b. When the OL method was used in combination with the
one-staged and two-staged fuel combustion regime, the oxygen concentration reached 29%
and 33% at the maximum, respectively. However, once this oxygen level was exceeded, the
flame became very unstable and pulsated due to the lack of oxygen in the flame core.

In the one-staged fuel combustion regime, the NOx rose linearly and reached the
maximum of 350 mg/Nm3 at 29% O2, which is significantly lower in comparison with the
PE method (3500 mg/Nm3 at 29% O2) and AO method (1180 mg/Nm3 at 29% O2). This
can be explained by the high-purity oxygen being fed not to the primary combustion zone
but downstream the flame through the OL oxygen nozzle heads (Figure 4). Due to this, the
temperature peaks in the flame core were lower than with PE and AO methods (see also
Section 3.9), which suppressed the NOx formation.

When the fuel supply was staged (OL two-staged regime), lower temperature peaks in
the flame core were observed, too. Moreover, the temperature distributions were relatively
uniform in the flame region, and the flue gas temperature decreased drastically (Figure 6)
with a parallel increase in the heat transfer rate. Therefore, the NOx emissions rose gradually
from 80 to 150 mg/Nm3 as oxygen concentration increased from 21% to 33%.
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Figure 6. Effect of oxygen concentration, OEC method, and combustion regime on the flue gas
temperature.

Summing up, when the PE and AO methods were combined with the one-staged fuel
combustion regime and the PE method in combination with fuel staging, the NOx emissions
increased significantly with increasing overall oxygen concentration. Therefore, their
utilization for industrial applications can be considered only for minor oxygen enrichment
rates up to 2%. A slightly higher increase in NOx was observed in the case of the OL
one-staged method; however, NOx was still above the specific emission limit valid for
stationary sources with the thermal input ranging from 0.3 to 50 MW. In terms of NOx
emissions, AO and OL methods combined with the two-staged fuel combustion regime
seem to be appropriate options; the concentration of NOx was deeply below the specific
emission limit for all investigated oxygen concentrations. The obtained results comply with
the results reported by Wu et al. [7], Persis et al. [19], and Abdelaal et al. [20]. On the other
hand, Merlo et al. [8] did not observe such a steep increase in NOx.

3.5. CO Emissions

During the measurements, the measured concentrations of CO were lower than
5 mg/Nm3 for all performed tests indicating the complete combustion. This is again
in good agreement with the results of Wu et al. [7]. On the other hand, Merlo et al. [8]
observed very high CO emissions (more than 2000 ppm) at low oxygen enrichment rates,
which could be caused by insufficient mixing of fuel with oxidant.

3.6. Flue Gas Temperature

Figure 6 shows the variation in the flue gas temperature as a function of overall
oxygen concentrations and OEC methods. The flue gas temperature slightly increased as
O2 concentration increased to 23–25%. However, further increase in the O2 concentration
caused a decrease in the flue gas temperature. For example, with the increase in the oxygen
enrichment rate, the flue gas temperature dropped from 730 to 650 ◦C in the AO two-staged
regime and from 700 to 570 ◦C in the OL two-staged regime.

A decreasing trend of flue gas temperature was affected by a decreasing concentration
of nitrogen, which only absorbs heat and carries energy away with flue gases. Consequently,
this effect is associated with the increasing radiant heat flux from the hot flue gas to the
combustion chamber’s wall (Figure 7) and increasing heat transfer efficiency (Figure 8).
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Figure 7. Heat flux distributions lengthwise the combustion chamber for various combustion regimes.

Figure 8. Effect of overall oxygen concentration on the heat transfer efficiency.
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3.7. Flame Stability

The air/fuel flames were characterized by the blue flame core and the yellow-red
flame tips. Furthermore, the core of oxygen-enhanced flames turned yellower as the O2
concentration increased. In general, observed OEC flames were more luminous/radiant
than the air/fuel flame. Moreover, the OEC flame’s emissivity is higher because of the
higher concentrations of carbon dioxide and water vapor, the gases that radiate in the flame
(nitrogen has no such effect in the flame, and thus it acts as a ballast).

The flame stability of OEC flames depended on: (1) the OEC method, i.e., the location
of high-purity oxygen injection; (2) fuel combustion regime, i.e., the one-staged or two-
staged fuel supply; and (3) overall oxygen concentration in the oxidant, i.e., the volume
flow rate of combustion air and high-purity oxygen. These three aspects influence the
flame stability parameters, such as the mixing intensity of fuel with combustion air and
high-purity oxygen, creating the reaction zones, and the flame speed. The flames produced
using the PE method were stable and sharp for all investigated oxygen concentrations.
Further oxygen enrichment seemed to be desirable in terms of flame stability, but it was
undesirable in terms of NOx and the burner construction.

On the other hand, the flame instabilities were observed with flames produced using
AO and OL methods. In both methods, the oxygen is injected directly into the combustion
chamber, while the balance of oxygen is ensured by the combustion air (21% O2) supplied
through the burner body. Hence, the flow rate of combustion air was reduced with the
increasing overall oxygen concentration, which subsequently caused the reduction in the
mixing intensity, and the burner velocity became more remarkable than the outlet velocity
of air. Moreover, in OL tests, the instability was also caused by the substantial shortage
of oxygen in the primary combustion zone (i.e., the zone was rich in fuel) serving as a
stabilizer for the secondary combustion zone, as the flow rate of injected high-purity oxygen
was rising.

3.8. Heat Flux Distribution

The burner testing facility measures the heat flux based on the heat absorbed by the
cooling water in each chamber’s section. The flame-facing area of the first and seventh
chamber’s sections is reduced due to the insulation of the front and rear sides of the
chamber. Thus, the first section is 0.4 m (not 0.5 m) long, the flame-facing area is 1.26 m2,
the length of the seventh section is shortened to 0.9 m, and the flame-facing area is 2.83 m2.
The sections 2–6 are 0.5 m long, and the flame-facing area is 1.57 m2. Since the sections
of the combustion chamber represent the calorimetric cells [21], the heat flux to the i-th
chamber’s section wall can be determined based on the measured volumetric flow rate of
cooling water, inlet water temperature inside the section, outlet water temperature outside
the section, and the flame-facing area using the Equation (1) [22]:

.
qi =

.
Vi · ρi · cp,i · ∆ti

1000 · 3600 · Ai
=

.
Vi · ρi · cp,i · (tOUT,i − tIN,i)

1000 · 3600 · Ai
for i = 1, 2, . . . , 7 (1)

In Equation (1), the heat flux is (kW/m2), the volumetric flow rate of cooling water is
(m3/h), the water density is (kg/m3), the specific heat capacity is (J/(kg·K)), the tempera-
ture difference is (◦C) between the outlet and inlet temperature of cooling water, and the
flame-facing area of the i-th section is (m2). The water density and specific heat capacity
were assumed to be constant in the whole volume of each chamber’s section and were
calculated using the approximation formulas Equation (2) [22] and Equation (3) [22], where

ρi = 1006 − 0.26 · t̂i
2
− 0.0022 ·

(
t̂i
2

)2

for i = 1, 2, . . . , 7 (2)

cp,i = 4210 − 1.363 · t̂i
2
+ 0.014 ·

(
t̂i
2

)2

for i = 1, 2, . . . , 7 (3)
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In Equations (2) and (3), t̂ is inlet temperature (◦C). The heat flux profiles are shown
and compared in Figure 7. The trend curves of the heat flux are characterized by a very
similar shape for all investigated O2 concentrations and all combustion regimes. The
individual curves are shifted upwards as the oxygen concentration increases, which is in
agreement with the results of Horbaniuc et al. [10]. The maximum heat flux was reached in
the third section of the combustion chamber for all tests. It can be seen that with increasing
O2 concentration, more heat is released from the hot flue gas to the walls of the chamber’s
sections because less energy is wasted for N2 heating, and the radiative heat transfer rate is
enhanced with the higher concentrations of CO2 and H2O and with the increased residence
time of the hot flue gas in the chamber.

The heat transfer efficiency, defined as the ratio of the furnace heat flux (heat flux
to the furnace wall or heated load) to the heat delivered with fuel, is shown in Figure 8.
The heat supplied with the combustion air and high-purity oxygen was not considered
here. The figure shows that even minor oxygen enrichment rapidly increases the heat
transfer efficiency. Therefore, low-level oxygen enrichment is commonly used in retrofit
applications because an incremental increase in efficiency is crucial.

The heat transfer efficiency of the combustion process was increased from 60% at 21%
O2 to 78% at 33% O2 (or even to 85% at 33% O2 for OL two-staged regime), i.e., more heat is
available for the overall process, which brings about two positive results. Firstly, increasing
the oxygen concentration can save energy, i.e., it can reduce fuel consumption when less
fuel is required for a particular unit of production because of the improvement in available
heat. Secondly, the heat transfer surfaces (e.g., process tubes in boilers) can be diminished
if the boiler’s heat output is required to be kept at the same level. Therefore, the cost of
process tubes can also be significantly cut down.

3.9. In-Flame Temperatures

Another aim of the experimental part of this paper was to investigate the temperature
distribution in the chamber for all three setups. The temperatures were measured in
the flame by R-type thermocouples described in Section 2.1. The burner geometry was
taken into account and it was presumed that the temperature distribution is symmetric
concerning a vertical plane passing through the axis of the cylindrical chamber. Mainly for
this reason, measurement of the temperatures took part only in one half of the chamber. As
introduced in Section 2.1, there are eight observation windows on one side of the chamber.
The distance between these holes is 0.5 m. In each of these holes, a thermocouple was
placed and moved in the radial direction. The temperatures were measured in distances of
5, 10, 20, 30, 40, and 50 cm from the inner shell. The chamber was designed as circular with
an inner diameter of 1 m. The last position (50 cm) was situated directly on the axis of the
experimental chamber. The data for 60 s in each position at a sampling frequency of 1 s
were collected. Afterward, the arithmetic mean was calculated from this data set. For every
single setup, 48 values were obtained (eight R-type thermocouples, six positions). For the
visualization simple script was written in Python programming language was used.

Figures 9–11 represent the in-flame temperature distributions measured in the horizon-
tal symmetry plane of the combustion chamber. As expected, high-temperature zones are
located near the burner region. The temperature near the burner exit rose most significantly
for the PE one-staged regime (Figure 9) due to less nitrogen acting as a diluent, which
resulted in the highest NOx. The temperature was 1100–1300 ◦C at 21% O2, compared with
1300–1500 ◦C at 33% O2. On the other hand, the temperature field in the lower part of the
combustion chamber was highly uniform for the AO two-staged regime (Figure 10) and the
OL two-staged regime (Figure 11). For these combustion regimes, the temperature ranged
between 1100 and 1200 ◦C at all investigated oxygen concentrations (21–38% O2). Due to
lower temperatures and fuel staging, the NOx formation is suppressed for these combustion
regimes, and simultaneously the heat transfer efficiency is increased by ca. 20%.
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Figure 9. In-flame temperature distributions for the PE method.
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Figure 10. In-flame temperature distributions for the AO method.
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Figure 11. In-flame temperature distributions for the OL method.

4. Error Analysis

Experimental measurements are affected by the uncertainties that arise from the
inaccuracies of used instrumentation. Measurements of NO and NO2 concentrations, the
measuring ranges, accuracies, and resolutions of the sensors are given in Table 2. The
technical parameters of the sensors of the water-cooling system, including the turbine
flow meter and resistance thermometers, are summarized in Table 3. The relative errors
for NOx emissions and heat fluxes were calculated using the uncertainty propagation
method [23,24].

Table 2. Technical parameters of the NO and NO2 sensors of the flue gas analyzer.

Probe Type Range Accuracy ±1 Digit Resolution

NO (0–3000) ppm
• ±5 ppm in the range (0–99) ppm
• ±5% of the measured value in the

range (100–2000) ppm
1 ppm

NO2 (0–500) ppm
• ±5 ppm in the range (0–99) ppm
• ±5% of the measured value in the

range (100–500) ppm
0.1 ppm
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Table 3. Technical parameters of the sensors of the water-cooling system.

Probe Type Sensor Range Accuracy ±1 Digit

Temperature
Rawet PTP50J Pt100/B
(Rawet, Blansko, Czech

Republic)
(0–100) ◦C ±0.3% of measuring

range

Flow rate
Sensus Type 420 S Qn 10
(Sensus, Morrisville, NC,

USA)
(0.15–40) m3/h

±0.5% of measured
value

4.1. NOx Emissions

The concentrations of NOx emissions (mg/Nm3) were calculated based on the mea-
sured concentrations of NO (ppm) and NO2 (ppm). The standard deviation of NOx is
calculated according to the following Equation (4):

σNOx =
√

σ2
NO + σ2

NO2
(4)

where σNO and σNO2 are the standard deviations of measured NO converted to NO2 equiv-
alent, and measured NO2, respectively. The relative errors are summarized in Table A1
in Appendix A. The highest relative errors from 10% to 18% were obtained at the config-
urations where the NOx concentrations were below 150 mg/Nm3. These configurations
include the PE, AO, and OL methods combined with fuel-staged combustion. The relative
errors for other configurations ranged from 5% to 10%.

4.2. Heat Fluxes

When TEST B was performed, the flow rate of cooling water through each section
was decreased to its minimum, consequently reducing the uncertainty of the heat flux
measurement. Due to a lower flow rate of cooling water, the outlet temperature increases,
and hence the difference between the outlet and inlet temperature also increases. Based
on the calculation of uncertainty propagation, the heat flux measurement uncertainty is
inversely proportional to the temperature difference. Therefore, the standard deviation of
calculated heat fluxes holds the Equation (5) [22]:

σ .
qi
=

.
qi ·

√√√√[(σVi

Vi

)2
+

σ2
tOUT,i

+ σ2
tIN

∆t2
i

]
for i = 1, 2, . . . , 7 (5)

where σ .
Vi

is the standard deviation of the flow meter, σtOUT,i and σtIN are the standard
deviations of thermocouples at the section outlet and inlet, respectively. The calculated
relative errors are summarized in Table A2 in Appendix A. The maximum relative error
was within ±5% for the first section and within ±3% for other sections. The higher relative
error in the first section arises because the heat transfer rate to the wall of the first section is
lower than to the other sections, and hence the temperature difference between the outlet
and inlet temperature of cooling water is also lower than for other sections. As explained
above, this increases the relative error of the heat flux.

5. Conclusions

The present study describes three types of combustion tests carried out to investigate
the effects of three OEC methods, the overall oxygen concentration in the range of 21–38%
and combustion regime on combustion parameters such as NOx and CO emissions, flue
gas temperature, in-flame temperatures distribution in the horizontal symmetry plane of
the combustion chamber, heat flux to the combustion chamber wall, and the stability of
flame. The general conclusions drawn from the results of this research can be summarized
as follows:
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1. The NOx emissions increased distinctly owing to a higher furnace temperature as
the oxygen concentration increased during the tests of the PE method. For example,
when the oxygen concentration increased from 21% to 33%, the NOx concentration
increased by more than 40 times, and by 20 times when the one-staged and two-
staged combustion regimes were used, respectively. However, much better results
were achieved during the tests using the AO and OL methods in combination with
fuel staging, when NOx was below 110 mg/Nm3 and 150 mg/Nm3 for all investigated
oxygen enrichment rates, respectively.

2. The flue gas temperature decreased with the increasing overall oxygen concentration.
A decrease in flue gas temperature was due to a decreasing nitrogen concentration in
the oxidizer and increasing radiant heat flux.

3. The radiative heat transfer rate was enhanced as the overall oxygen concentration
increased. The recoverable heat at 33% O2 was approximately 20% higher than at
21% O2.

4. Generally, the oxygen-enhanced flames were more luminous than the air/fuel flames.
The flames produced using the PE method were stable at all investigated oxygen
concentrations. However, the flame instabilities and flashback were observed when
the AO and OL methods were tested.

5. For the PE method, increasing oxygen concentration led to a higher temperature
gradient of non-uniform temperature distribution in the horizontal plane of symmetry
of the combustion chamber. On the other hand, AO and OL methods combined with
fuel-staging seem to be beneficial due to a highly uniform temperature field.
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Abbreviations

Symbols
.
qi

Heat flux to the wall of
(kW/m2)

the i-th chamber’s section
.

Vi
Volumetric flow rate of cooling

(m3/h)
water through the i-th chamber’s section

ρi
Density of cooling water in

(kg/m3)
the i-th chamber’s section

cp,i
Specific heat capacity of cooling water in

(J/(kg·K))
the i-th chamber’s section

∆ti
Temperature difference between outlet

(◦C)
and inlet temperature of cooling water

tOUT,i
Outlet temperature of cooling water out

(◦C)
of the i-th chamber’s section
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tIN,i
Inlet temperature of cooling water

(◦C)
in the i-th chamber’s section

Ai
Flame-facing area of

(m2)
the i-th chamber’s section

σNOx

Standard deviation of
(mg/Nm3)

calculated NOx

σNO
Standard deviation of measured

(mg/Nm3)
NO converted to NO2 equivalent

σNO2

Standard deviation of
(mg/Nm3)

measured NO2

σ .
qi

Standard deviation of calculated
(kW/m2)

heat flux to the wall of the i-th chamber’s section

σ .
Vi

Standard deviation of water flow
(m3/h)

rate through the i-th chamber’s section

σtOUT,i

Standard deviation of outlet temperature
(◦C)

of cooling water out of the i-th chamber’s section

σtIN,i

Standard deviation of inlet temperature
(◦C)

of cooling water in the i-th chamber’s section
Acronyms

OEC Oxygen-enhanced combustion
PE Premix enrichment
AO Air-oxy/fuel combustion
OL Oxygen lancing

Appendix A

Table A1. Error analysis for the NOx emissions.

Trial—Combustion
Regime

The Flow Rate
of O2

[Nm3/h]

Overall O2
Conc.
[%]

NOx
[mg/Nm3]

Relative Error
[%]

PE one-staged 0 21.0 171 8.5
PE one-staged 5 21.5 195 7.5
PE one-staged 10 22.0 242 6.4
PE one-staged 20 23.1 381 5.5
PE one-staged 30 24.3 600 5.1
PE one-staged 40 25.6 1107 5.0
PE one-staged 60 29.0 3511 4.9
PE one-staged 80 33.0 7099 4.9
PE two-staged 0 21.0 82 17.7
PE two-staged 5 21.5 92 15.7
PE two-staged 10 22.0 105 13.8
PE two-staged 20 23.1 145 10.0
PE two-staged 30 24.3 199 7.3
PE two-staged 40 25.6 316 5.7
PE two-staged 60 29.0 800 5.1
PE two-staged 80 33.0 1724 4.9
PE two-staged 100 38.0 2949 4.9
AO one-staged 0 21.0 171 8.5
AO one-staged 5 21.5 168 8.6
AO one-staged 10 22.0 181 8.0
AO one-staged 20 23.1 212 6.9
AO one-staged 30 24.3 275 6.1
AO one-staged 40 25.6 434 5.4
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Table A1. Cont.

Trial—Combustion
Regime

The Flow Rate
of O2

[Nm3/h]

Overall O2
Conc.
[%]

NOx
[mg/Nm3]

Relative Error
[%]

AO one-staged 60 29.0 1181 5.0
AO one-staged 80 33.0 1579 4.9
AO one-staged 100 38.0 1450 5.0
AO two-staged 5 21.5 98 14.8
AO two-staged 10 22.0 92 15.8
AO two-staged 20 23.1 82 17.7
AO two-staged 30 24.3 84 17.2
AO two-staged 40 25.6 81 18.0
AO two-staged 60 29.0 104 13.9
AO two-staged 80 33.0 111 13.1
AO two-staged 100 38.0 85 17.1
OL one-staged 0 21.0 171 8.5
OL one-staged 5 21.5 181 8.0
OL one-staged 10 22.0 204 7.1
OL one-staged 20 23.1 220 6.8
OL one-staged 30 24.3 232 6.6
OL one-staged 40 25.6 270 6.3
OL one-staged 60 29.0 351 5.7
OL two-staged 0 21.0 82 17.7
OL two-staged 5 21.5 87 16.7
OL two-staged 10 22.0 99 14.5
OL two-staged 20 23.1 118 12.3
OL two-staged 30 24.3 117 12.4
OL two-staged 40 25.6 114 12.8
OL two-staged 60 29.0 130 11.2
OL two-staged 80 33.0 149 9.7

Table A2. Error analysis for the heat fluxes.

Test—Combustion Regime
O2

Flow Rate
[Nm3/h]

Overall O2
Conc.
[%]

Relative error

Sec. 1
[%]

Sec. 2
[%]

Sec. 3
[%]

Sec. 4
[%]

Sec. 5
[%]

Sec. 6
[%]

Sec. 7
[%]

PE one-staged 0 21.0 4.7 2.6 1.7 2.0 2.2 2.7 2.0
PE one-staged 20 23.1 3.8 2.2 1.8 1.8 2.1 2.6 2.0
PE one-staged 40 25.6 4.1 2.2 1.5 1.8 2.0 2.4 2.0
PE one-staged 80 33.0 3.0 1.7 1.3 1.6 1.6 2.1 2.0
PE two-staged 0 21.0 3.5 1.6 1.3 1.9 1.9 2.3 2.1
PE two-staged 20 23.1 3.8 1.8 1.5 1.9 2.3 2.7 2.4
PE two-staged 40 25.6 2.9 1.4 1.3 1.7 2.1 2.7 2.6
PE two-staged 80 33.0 2.6 1.3 1.1 1.6 2.1 2.3 2.6
AO one-staged 0 21.0 4.7 2.6 1.7 2.0 2.2 2.7 2.0
AO one-staged 20 23.1 3.7 2.3 1.6 2.0 2.2 2.6 2.2
AO one-staged 40 25.6 4.1 2.1 1.5 1.7 1.9 2.0 1.9
AO one-staged 80 33.0 3.0 1.7 1.4 1.5 1.6 1.7 1.7
AO two-staged 0 21.0 3.5 1.6 1.3 1.9 1.9 2.3 2.1
AO two-staged 20 23.1 3.6 1.8 1.5 1.9 2.2 2.6 2.3
AO two-staged 40 25.6 3.1 1.5 1.4 1.7 2.0 2.1 2.0
AO two-staged 80 33.0 2.5 1.6 1.3 1.6 1.7 2.2 2.0
OL one-staged 0 21.0 4.7 2.6 1.7 2.0 2.2 2.7 2.0
OL one-staged 20 23.1 3.2 1.9 1.5 1.7 2.1 2.7 2.1
OL one-staged 40 25.6 3.6 2.3 1.6 1.7 2.1 2.4 1.8
OL two staged 0 21.0 3.5 1.6 1.3 1.9 1.9 2.3 2.1
OL two-staged 20 23.1 2.4 1.5 1.3 1.8 2.0 2.6 2.0
OL two-staged 40 25.6 2.8 1.8 1.4 1.7 2.1 2.6 2.2
OL two-staged 80 33.0 2.0 1.2 1.2 1.6 2.2 2.9 2.6
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