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Abstract: Waste-to-energy approaches, aimed at using cheap energy carriers (oil production and
refining waste, etc.), require the creation of new technologies with high energy efficiency and low
emissions. One of the environmentally friendly methods is a superheated steam injection (SIM) into
the combustion zone. At the same time, trends in CO2 reduction and recycling make carbon dioxide
more attractive to use together with, or instead of, steam. This paper experimentally investigated the
possibility of upgrading SIM to steam and the carbon dioxide injection method (SCIM) or the carbon
dioxide injection method (CIM), where superheated steam and carbon dioxide are supplied together
or completely replaced by CO2. In the example of diesel fuel, the characteristics of the combustion of
liquid hydrocarbons in the presence of a mixture of superheated steam with CO2 in a spray burner
are obtained and compared. It shows that a high completeness of fuel combustion is observed for
all the studied modes. The analysis of combustion product composition demonstrates that when
replacing the superheated steam with carbon dioxide, the levels of CO and NOx in the combustion
products increase by 25%. All the investigated regimes comply with the EN:267 standard. The results
obtained show that it is possible to realize SCIM and CIM approaches for waste-to-energy with the
use of CO2.

Keywords: low-emission combustion; waste-to-energy; carbon dioxide; superheated steam; NOx

reduction; steam injection method; carbon dioxide injection method

1. Introduction

Energy is the most important factor that determines the efficiency of the economy
and technologies. At the same time, the energy industry is one of the main sources of
anthropogenic impact and pollutant emissions [1]. Despite the active development of
alternative and renewable energy sources [2], the consumption of fossil fuels in absolute
terms has not decreased, and its share of the global energy balance exceeds 3/4 [2,3]. One of
the urgent problems is that, in addition to carbon dioxide, substances hazardous to human
health and the environment, such as nitrogen and sulfur oxides, soot, carbon monoxide,
and other compounds, can be formed during fossil fuel combustion. To date, environmental
technologies at thermal power plants can account for up to half of the total cost of the
plant [4,5]. This implies the need to search for economically justified technologies for
reducing emissions, whose application cost would be competitive, and the total cost of
suppressing emissions would not exceed the value of the economic equivalent of preventing
damage from these emissions. Another significant problem is the accumulation of a large
amount of substandard combustible waste, including hydrocarbon waste, generated during
the extraction, transportation, and processing of fossil fuels. Annually, over 20 million tons
of used lubricating oils alone accumulate all over the world (with fresh oil consumption of
over 40 million tons) [6], up to 160 million tons of oil sludge [7], and more than 2 billion
tons of municipal solid waste [8]. As a rule, these are combustible substances contaminated
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with mechanical impurities, often containing a large amount of water, available at a low
cost, and emitting a large amount of harmful substances during traditional combustion.

Currently, the waste-to-energy trend [9–11], aimed at involving combustible waste in
the fuel balance, is being developed. This, on the one hand, allows cost reduction through
the use of such a cheap type of fuel, while solving the problem of its disposal; on the
other hand, this partly predetermines special concern for environmental protection and
the prevention of excessive emissions when using low-grade fuel. Thus, for the successful
development of this area and to ensure its sustainable development, it is necessary to create
and develop highly efficient and environmentally friendly technologies and equipment [12].

1.1. Low-Temperature Combustion

One of the possible ways to reduce harmful emissions from the combustion of low-
quality fuels is the organization of low-temperature combustion (LTC). The main idea of
this approach is to use the systems of exhaust gas recirculation (EGR), flue gas recirculation
(FGR), or the addition of diluent gases to reduce oxidizer concentration and, as a result,
reduce the flame temperature [13]. Taken together, these allow reductions of emissions
of soot, NOx, CO, and other harmful substances [14,15]. Exhaust gas recirculation is
well-established and widely used to reduce NOx emissions in gas turbines and internal
combustion engines [16–18]. Flue gas recirculation can also be implemented in high-power
pulverized coal boilers [19] and circulating fluidized-bed boilers [20]. The main idea of
this method is to decrease NOx emissions by reducing the flame temperature and oxidizer
concentration due to ballasting the mixture with combustion products or other diluent
gases. In addition, owing to uniform and highly efficient mixing and the burning out of
fuel in the furnace volume, there is a decrease in the number of organic compounds formed:
carbon monoxide, benzopyrene, etc. Due to the lower combustion temperature, in the case
of using solid fuel, ash sublimation is reduced, and the pollution of the heating surfaces
is reduced.

The use of the low-temperature combustion method to reduce harmful emissions,
including its use within the waste-to-energy approach, is an attractive option because it
can be implemented without the introduction and use of expensive systems. However, in
some cases, it may be necessary to increase the size of the furnace to ensure a longer stay
of a particle and its complete burnout, for example, as in furnaces with low-temperature
swirling combustion and a circulating fluidized bed (CFB) [21].

1.2. Steam and Carbon Dioxide as Diluent Gases in the Systems of Low-Temperature Combustion

It is known that, in the case of the air burning of fossil fuels, the basis of the recirculat-
ing gas mixture, in addition to nitrogen, is carbon dioxide and water vapor. Moreover, the
water is in a state of superheated steam, and its molar fraction in the combustion products
can be a multiple of that of CO2. For example, it can be twice as much if methane is used
as fuel. Thus, the efficiency of water collision is more than four times higher than that of
carbon dioxide, and this implies significant effects on recombination reactions, in particular,
in high-pressure conditions [22]. At the same time, the thermal diffusivity of both H2O and
CO2 is lower than that of air, which can locally affect the flame structure and combustion
rate [23]. Therefore, it is essential to take into account the influence of superheated steam, as
the most important component in the gas recirculation system, on combustion processes in
schemes of low-temperature combustion. In addition, it is possible to use water and steam
as independent diluents. Thus, it is noted in the literature that the injection of water or
steam has several advantages, e.g., it can be considered an effective way to reduce the heat
load and suppress detonation in the combustion chamber [24]. Moreover, the technology
of steam injection is more efficient than gas recirculation approach for the reduction of
NOx emissions [25], which is often associated with an increase in the heat capacity of the
mixture due to the addition of water during fuel combustion (the physical effect). A similar
conclusion was reached by the authors, who studied the combustion of a hydrogen–air
mixture [26], a methane–air mixture [27,28], and a propane–butane mixture [29]. In turn,
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it is noted in [30,31] that the addition of water vapor has not only a physical effect, due
to the combustible mixture dilution, but also a chemical one, because of a change in the
course of reactions. Thus, dilution with steam reduces not only NOx emissions but also
the formation of CO. The first is believed to be achieved by lowering the flame temper-
ature, and the second is presumably due to elementary reactions in the water–gas shift:
CO + H2O = CO2 + H2.

Another direction in the development of low-emission combustion is the potential use
of pure carbon dioxide as a diluent, which can be obtained in industrial volumes during the
operation of promising highly efficient power cycles of the Allam [32], JIHT [33], Graz [34],
and other [35–37] methods. The carbon dioxide formed during the operation of these
power cycles is of high purity and parameters (up to 300 bars) and can be used in various
technological processes, including those aimed at improving the quality of fuel combustion.
Also, the effects of dilution with superheated steam and carbon dioxide on the turbulent
kinetic flame during methane combustion, typical of combustion chambers of gas turbines
and internal combustion engines with EGR systems (combustion chambers with high
pressure and temperature), were experimentally studied in [23,38]. The dilution effects of
superheated steam and carbon dioxide on CO and NOx emissions were compared. It was
found that the effect of dilution with steam on the structure of the turbulent flame region is
small compared to the effect of dilution with CO2. Dilution of the premixed mixture with
carbon dioxide has also been effective in suppressing flame oscillations. Other studies have
noted that dilution with CO2 has a stronger effect on flame propagation and extinction
than other diluents such as H2O [39], N2 [40,41], and He [42]. Dilution with carbon dioxide
can also suppress the formation of soot, due to the chemical effect of competition for the H
radical with the formation of CO and OH in the reaction CO2 + H→ CO + OH [43]. When
studying the characteristics of an explosion under closed chamber conditions, it was found
that the addition of carbon dioxide reduces the rate of pressure increase and the rate of
flame deflagration, which leads to a decrease in explosiveness [44,45].

According to the abovementioned publications, it can be concluded that the use of a
system of low-emission combustion based on the addition of diluent gases such as CO2
and H2O can potentially be used in the waste-to-energy process. However, despite the
rather large number of proposed approaches to the use of diluent gases, the degree and
mechanisms of the effect of pure substances (especially CO2 and steam) on the flame
characteristics and the course of chemical reactions still have some gaps; there are no
unambiguous conclusions about the advantage of one or other substances in the disposal
of combustible waste.

1.3. The Original Method of Low-Emission Combustion of Liquid Combustible Waste in a
High-Velocity Jet of Superheated Steam

Earlier, the method for burning liquid hydrocarbon fuels and combustible wastes in a
high-velocity jet of superheated steam (SIM) was proposed at IT SB RAS [46–48]. Thus, the
presence of water vapor accelerates the breakdown of complex organic compounds. The
steam gasification reaction occurs with the participation of products of thermal decomposi-
tion and incomplete combustion of fuel containing carbon, with a synthesis gas forming
(H2O + C = CO + H2) [31]. In particular, due to the impact of a high-velocity jet on a
drop of fuel, primary atomization and the creation of a homogeneous fuel spray occur [49].
Together, this increases the completeness of combustion and the rate of fuel burnout. In
addition, the injection of water vapor into the combustion zone enhances the formation of
active OH radicals, which leads to a soot emissions reduction [31]. When a combustible
mixture is diluted with steam, the formation of thermal nitrogen oxides is reduced, due to
an increase in the total heat capacity of the mixture and a decrease in its temperature [48].
At the same time, the investigated method of combustion allows the use of combustible
waste with mechanical impurities, since the atomization is carried out without the use of
fuel nozzles, but by atomizing the fuel with a steam jet. This allows one to eliminate the
problem of clogging the fuel supply channels and the coking of the fuel injector orifice.
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Based on the proposed combustion method, low-emission liquid fuel burners of
various designs were developed and tested for the disposal of liquid combustible waste.
While using the original atmospheric spray-type burner for burning heptane [50], diesel
fuel [48], waste oil [47], fuel oil [51], and crude oil [52], it was shown that this method
allows a reduction in soot, CO, and NOx formation. For burners with a forced air supply
to the combustion chamber [53], regimes providing significant reduction in the content of
nitrogen oxides in the flue gases of up to 70% with a high completeness of fuel combustion
were found. At that, the burners do not undergo significant changes when changing fuel
and are distinguished by a simple design.

The proposed method and the developed burners by IT SB RAS are considered highly
efficient and environmentally friendly, which potentially allows them to be used when
implementing the waste-to-energy approach in practice. However, it is difficult to carry out
reliable numerical calculations when designing burners of this type, since the kinetics of
combustion of liquid hydrocarbons, especially substandard ones, in a steam jet is still poorly
understood; the exact mechanisms have not yet been elucidated. In addition, to date, trends
in CO2 reduction and recycling make carbon dioxide more attractive to use together with or
instead of superheated steam (SCIM—steam and carbon dioxide injection method or CIM—
carbon dioxide injection method). Those possibilities of mixing or replacing superheated
steam with other types of diluents have also not been studied in the burners; there are no
estimates of changes in the combustion parameters of fuel with such a replacement.

To further develop previous studies and to determine the possibility of a complete or
partial replacement of superheated steam, the current work is devoted to an experimental
study of liquid hydrocarbon combustion characteristics in the presence of a mixture of
superheated steam and carbon dioxide in a spray-type burner. Namely, taking into account
the high-quality indicators of burning liquid fuels in a jet of superheated steam and the
prospects of this method for utilization of low-quality hydrocarbons, this work is aimed at
an experimental comparison of combustion characteristics when using both steam and a
steam–carbon dioxide mixture, and using pure CO2 to clarify the mechanisms of reaction
occurring and create an experimental basis for numerical calculations.

2. Materials and Methods
2.1. Burner

The environmental and thermal performance of diesel fuel combustion when sprayed
with steam, carbon dioxide, and their mixture was experimentally studied using an atmo-
spheric burner with a power of up to 20 kW, which scheme is shown in Figure 1.
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Figure 1. Spray burner. Figure 1. Spray burner.

The main structural elements of the laboratory sample of the burner are as follows:
base, body (total height of 140 mm, outer diameter of 60 mm), outlet nozzle (hole diameter
of 25 mm), steam nozzle mounted in the base center (hole diameter of 0.6 mm, jet opening
angle of 17◦), fuel supply tube (the free end of the tube is slanted and installed close to the
steam nozzle opening). In the lower part of the burner body, there are holes made for the
natural inflow of atmospheric air from the environment. All the elements of the burner are
made of stainless steel of grade 12X18H10T.
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The following schemes of fuel supply and spraying are implemented in the burner:
the fuel jet flows into the spray jet base, and their interaction causes the formation of a fine
spray within the nozzle opening angle. This method of spraying ensures a high-quality
dispersion of fuel, and the absence of direct contact between the hot nozzle and the fuel
prevents its clogging, coking, and further operational failures. The device is started by the
flame of an external burner (gas burner). The ignited gas–fuel spray enters the region of
the outlet nozzle, where a recirculation zone is formed, which initiates self-ignition of the
incoming fuel, which subsequently leads to stable combustion. At the burner outlet, an
afterburning zone is formed, where the fuel burns out when external atmospheric air enters.

The main feature of the burner design is that it provides fuel spraying with a jet of
superheated steam. The presence of water vapor in the combustion zone allows a slight
temperature reduction, which leads to a decrease in the concentration of nitrogen oxides in
the combustion products formed by the thermal mechanism. Also, the degree of carbon
burnout can be increased due to the effects of steam gasification of products of incomplete
combustion and fuel pyrolysis.

2.2. Experimental Setup

The experiments were carried out on an experimental setup for studying the soot–
steam regime of the combustion of liquid hydrocarbons, which is part of the unique
scientific installation, USI, “Large-scale thermohydrodynamic stand for the study of thermal
and gas-dynamic characteristics of power plants” [54]. The installation consists of a burner,
a water supply system, a carbon dioxide supply system, an electric steam generator for
superheating steam and heating carbon dioxide to a predetermined temperature, and a
liquid fuel supply system (Figure 2). A stable mass fuel flow rate is set by a pump and a fuel
injector; to control the fuel flow rate, the fuel tank is mounted on an Acom PC-100W-10H
electronic scale. The water flow is set by a plunger dosing pump and is controlled according
to data from the Acom PC-100W-10H electronic scales, where a water tank is installed.
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2.3. Measurement Methods

To measure the completeness of fuel combustion and the final products of combustion,
a flow calorimeter is used, in which flue gases and coolant move in countercurrent. The
calorimeter is a tube-in-tube heat exchanger with a total length of 12 m, consisting of five
series-connected vertical sections. Each section of the calorimeter consists of 2 coaxial tubes
with a wall thickness of 4 mm. Flue gases flow in the inner channel (channel diameter
68 mm), and, in the annular channel (10 mm wide), the coolant (water). Removal of air
pockets from the annular channel is provided by automatic valves. In the lower elbows,
there are valves for draining condensate from the internal channel, which is formed during
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the cooling of the combustion products, as well as valves for draining the coolant from the
annular channel. Outside, the calorimeter is thermally insulated. For more information,
see [55].

During the calorimetric measurements, the burner is placed coaxially with the calorime-
ter section so that the burner flame is located in the internal channel of the calorimeter.
After the establishment of a stationary thermal regime, when the constancy of the coolant
temperature at the calorimeter inlet and outlet is achieved, the heat release is measured
for 15 min. To do this, a constant water flow is preliminarily set using a control valve, and
the water temperature is measured at the inlet and outlet of the calorimeter using chromel
alumel thermocouples.

The volumetric flow rate of the coolant (water) is determined using a flow meter with
a relative error of 2%. During the experiments, the water flow rate is maintained at a level
of about 300 L/h, which ensures that the temperature difference between the coolant at the
inlet and outlet of the calorimeter is no more than 50 ◦C. The volume flow of gases at the
outlet of the calorimeter is determined using a RABO G25 rotary counter (measurement
error ± 5% of the measured value). The amount of heat obtained from the combustion
products in the calorimeter during the experiment, which characterizes the completeness
of combustion, is calculated as the difference between the thermal energy of water at the
outlet and the inlet to the calorimeter:

Q = Qout − Qin − Qs + Qr + Qg
Qout = G · τ · cout

p · ρout · tout

Qin = G · τ · cin
p · ρin · tin

Qs = (hH2O
2 − hH2O

1 ) · Fv · τ + (hCO2
2 − hCO2

1 ) · FCO2 · τ
Qr = S · ε · σ · T4 · τ
Qg = (CCO2 · GCO2 + CN2 · GN2) · (Tout − Tamb) · τ

In this system:
Q is the fuel heat release; Qout is the heat contained in the coolant at the calorimeter

outlet; Qin is the heat contained in the coolant at the calorimeter inlet; Qs is the heat
introduced with the spraying agent (water vapor and CO2), heated in an external electric
steam generator-heater; Qr is the heat loss via radiation from the burner surface; Qg is the
heat loss with gases leaving the calorimeter; G is the coolant flow rate (m3/h); τ is the
measurement time; C is the coolant heat capacity; ρ is the coolant density (kg/m3); t is the
coolant temperature; h is the substance enthalpy (steam and CO2); Fv FCO2 are the steam
and CO2 flow rates; S is the burner radiation surface area; ε is the surface emissivity; σ is
the Stefan–Boltzmann constant; T is the burner surface temperature; Tout is the temperature
of the gases leaving the calorimeter; Tamb is the ambient temperature.

• tin and tout are coolant (water) temperatures at the entrance and exit of the calorimeter.
They are defined as the average throughout the period of measurement in a steady-
state thermal regime.

• Cp = f (t) and ρ = f (t) are the coolant (water) heat capacity and density. They are
determined by the average temperature at the inlet and outlet of the calorimeter using
thermodynamic tables.

• h = f (t;p) is the steam and carbon dioxide enthalpy. It is defined as a function of the
state of the matter on its parameters using thermodynamic tables.

• T is the burner surface temperature; it is identified by measurement with a Fluke Ti32
thermal imager.

• CCO2 and CN2 are the heat capacities of flue gases. They are determined from the
thermodynamic tables of substances.

The total error in measuring the heat of fuel combustion in the described calorimeter
does not exceed 2.5%.

The gas composition of the final combustion products and at the points inside the
flame was measured by gas analyzers “Test-1” and “Testo 350”. Characteristics of the Test-1
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gas analyzer: O2 electrochemical sensor (measurement range of 0–25%); H2 polarographic
sensor (0–40%); CO2 optical sensor (0–30%); CnHm optical sensor (0–5%); CO electrochem-
ical sensor (0–2000 ppm). Error limits for O2: ±0.2% vol. (absolute); error limits for H2,
CO2, CnHm: ±5% (relative); CO: ±2 ppm (absolute, readings of up to 40 ppm) and ±5%
(relative, readings of above 40 ppm). Characteristics of the Testo 350 gas analyzer: electro-
chemical sensors for NO (measurement range of 0–300 ppm) and NO2 (0–500 ppm). Error
limits for NO: ±2 ppm (absolute, readings of up to 40 ppm) and ±5% (relative, readings
over 40 ppm); NO2: ±5 ppm (absolute, readings of up to 100 ppm) and ±5% (relative, at
readings over 100 ppm).

The gas composition of the final combustion products was measured at the outlet
of the calorimeter, where the flue gas has a temperature close to room temperature. The
gas composition in the flame was analyzed along the vertical axis of the burner from the
nozzle to the distance of 200 mm with a step of 20 mm. Samples were taken from the flame
through a water-cooled probe to “freeze” the ongoing processes. The combustion products
moved along the inner channel of the probe, and the movement of water to cool the sample
occurred in the opposite direction along the outer channel. The measurement time at each
point is 90 s, the data collection frequency is 1 Hz. For the gas analysis, the sampling probe
was fixed on a position device, for which the end of the probe was placed at various points
of the flame.

When analyzing the final products of combustion and assessing the value of harm-
ful emissions, the volume concentrations (ppm) were recalculated into specific values
(mg/kWh) using the methodological approaches of the DIN EN 267 standard [56], adjusted
for the presence of a diluent spray, to compare the data with world analogs:

NOx = NOx(ppm) · 2.056 ·

(
21

21−Omeas

)
·V0 + VCO2

Qlhv
(1)

CO = CO(ppm) · 1.25 ·

(
21

21−Omeas

)
·V0 + VCO2

Qlhv
(2)

where 2.056 and 1.25 are NOx and CO densities under normal conditions, respectively,
kg/m3; NOx(ppm) and COppm are measured contents of relevant compounds in the flue
gases, ppm; Omeas is the measured content of oxygen in the flue gases, vol. %; V0 is the
theoretical volume of dry air required for complete combustion of 1 kg of fuel, m3/kg (for
diesel ~10.46 m3/kg); VCO2 is the volume of carbon dioxide used to spray the fuel; Qlhv is
the lower specific calorific value of fuel, kWh/kg (for diesel ~11.86 kWh/kg).

In these formulas, the value of VCO2 reflects the addition of carbon dioxide to the spray
jet, which ensures that the volume of combustion products exceeds the theoretical one.
The absence of a similar additive for steam is explained by the fact that almost the entire
volume of introduced water vapor is condensed by the time it leaves the calorimeter, where
the gas composition is analyzed.

It should be noted that the volume of carbon dioxide introduced in the limiting case
(regime 5, see Table 1) does not exceed 6% of the theoretical volume of combustion products
and that the use of these formulas allows us to avoid underestimating emissions when using
a diluent gas and to carry out a correct comparison with the DIN EN 267 standard [56].

The time-averaged temperature in the flame was determined using a Pt-Rh/Pt-Rh
thermocouple of type B (diameter of 0.3 mm; relative instrument error of 0.5%). The
thermocouple measurement range was 600–1600 ◦C; in a short time, it was up to 1800 ◦C.
For its location at the desired point of the flame, the thermocouple was fixed on a moving-
coordinate device. The measurements were carried out inside the flame along the vertical
axis of the burner, with a step of 10 mm up to a distance of 200 mm from the outlet nozzle.
The measurement lasted 30 s at each point: first, a delay of 10 s was performed, and then a
measurement was made for 20 s at a sampling rate of 10 Hz.
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Table 1. Description of the regimes under study.

Regime
Number

Fuel Flow
Rate, kg/h

Steam Flow
Rate, kg/h

CO2 Flow
Rate, kg/h

CO2 Mass Content in
the Spray Mixture, %

Jet Momentum
[57], N

Temperature of
Steam/CO2/Mixture, ◦C

1

1.2

0.8 0 0 0.203

250
2 0.6 0.34 36.2 0.207
3 0.4 0.64 61.52 0.206
4 0.2 0.95 82.61 0.205
5 0 1.3 100 0.207

When measuring temperatures with thermocouples, radiation losses are significant
(up to 100 ◦C). Radiation losses from the thermocouple surface in a high-temperature flow
were taken into account by the formula for round thermocouples [57]:

∆T =
1.25εσd

3
4 Tc

4η
1
4

λ(ρV)
1
4

(3)

where ε is the thermocouple emissivity; σ is the Stefan–Boltzmann constant; d is the
thermocouple diameter; Tc is thermal junction temperature; λ, and η are the coefficients of
the gas thermal conductivity and viscosity; ρ is the gas density; V is the gas velocity.

2.4. Selection of Operating Parameters

During the experiments, diesel fuel was sprayed with steam, carbon dioxide, or their
mixture. To match the regimes to each other, the fuel flow rate was taken to be the same,
and the CO2 flow rate (single or in a mixture with water vapor) was selected based on the
equality of forces of the spray jet reaction to a drop of fuel. The problem of calculating the
spray jet momentum was considered in detail in [58,59]. With the same intensity of the
dynamic action of steam, carbon dioxide, or their mixture in selected regimes, the same
amount of oxidizer (air) is sucked from the atmosphere through the holes in the lower part
of the burner body. An equal inflow of external air provides similar values of the integral
excess air ratio, which makes it legitimate to compare the regimes, whose parameters are
presented in Table 1. The properties of diesel fuel are shown in Table 2.

Table 2. Diesel fuel characteristics.

Properties: Density,
kg/m3 Viscosity, cSt C, % H, % S, % N, % HHV/LHV,

MJ/kg

Value: 840 4.1 84.6 13.6 0.4 0.6 42.3/44.9

3. Results and Discussion

The time-averaged temperature profiles along the flame symmetry axis were obtained
for the selected parameters of steam, CO2, and their mixture (see Table 1) (Figure 3).

The measurement of temperatures along the symmetry axis of the flame shows the
closeness of the values along the entire length of the flame for all the considered regimes.
In this case, the temperature maximum is reached at a certain distance from the burner
nozzle, which indicates fuel burnout in the external flame and corresponds to the nature of
the combustion of the diffusion flame.

On the right side of Figure 3, we can see that the difference in the temperature maxi-
mum (indicated in the figure as ∆) for all the regimes does not exceed 50 degrees and is in
the region of 1750 ◦C. This can be explained by the similar effect of increasing the mixture
heat capacity when a jet of steam or carbon dioxide is added. Although CO2 has a lower
heat capacity (~1.9 times) than steam, it is supplied in a larger amount (~1.63 times when
comparing regimes 1 and 5); as a result, a similar effect of diluting the combustible mixture
is achieved.
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The similarity of the temperature profiles of the flame indicates the same flame length.
Despite this, the color of the flame when burning diesel in a jet of water vapor or carbon
dioxide is noticeably different. Combustion in the presence of water vapor is characterized
by a bluish glow at the base of the flame, which gradually changes to orange tails at its
end. As the steam in the atomizer jet is replaced with carbon dioxide, the bluish area at
the base reduces, and the color of the flame changes along its entire length towards orange
hues. The different glow may be due to the difference in the composition of the gaseous
components of the flame. Photographs of the flame for the various modes are shown in
Figure 4.
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It is easy to see from Figure 4 that the same flame length is observed for all the modes,
which corresponds to the thermocouple measurements. Next, the gas components are ana-
lyzed along the vertical axis of the flame, and the final combustion products are measured.

Table 3 presents the results of the gas analysis of the final products of the diesel fuel
combustion, cooled to room temperature, at the calorimeter outlet.

Table 3. Characteristics of diesel combustion products at the calorimeter outlet, depending on the
studied regime.

Regime Number O2, % CO2, % CO, ppm NOx, ppm Q, MJ/kg

1 4.06 13.29 27 35 45.14
2 3.85 14.32 29 38 46
3 3.65 15.3 30 40 45.87
4 3.4 16.36 35 43 45.39
5 3.19 17.48 37 45 45.61

It can be noted that with the gradual replacement of steam with carbon dioxide (mov-
ing from regime 1 to regime 5), the concentration of oxygen in the combustion products
decreases, and the proportion of carbon dioxide increases. Since the fuel flow rate is con-
stant, and the suction of atmospheric air into the burner, caused by the ejection of the spray
jet, is the same in all the regimes due to the momentum equality, this is explained by the
introduction of the additional volume of CO2 as it replaces the steam. The concentrations
of CO and NOx in the flue gases increase slowly as the steam is replaced with carbon
dioxide. However, the volume of exhaust gases changes also. Therefore, it is advisable to
recalculate the volumetric concentrations of NOx and CO, determined by the gas analyzer
[ppm], into specific emissions [mg/kWh] to be able to compare the obtained parameters
with regulatory documents and world analogs. To do this, Formulas (1) and (2), presented
in the section on measurement methods, are used. The calculation results are presented
graphically (Figure 5).
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Figure 5. Emissions of CO and NOx vs. burner operating regime (regime labels correspond to
Table 1).

The pollutant emission rates converted to specific values show an increase as the
transition from steam-spraying to carbon dioxide-spraying occurs. The growth is approx-
imately 25% for each of the studied components. This can be assumed to relate to the
chemical effect of the presence of steam affecting the course of chemical reactions since the
physical effect of diluting the combustible mixture is similar for all the mixture options,
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which was noted when analyzing the temperature profile. Nevertheless, all the investigated
regimes of the burner operation correspond with a margin to the most stringent DIN EN
267 standard [56].

When analyzing the completeness of fuel combustion, it was found that, in all cases,
its value exceeds 98% and is in a narrow range of 45.14–46 MJ/kg, which is close to the
HHV of diesel (46 MJ/kg). At the same time, no obvious dependence of fuel combustion
completeness on the composition of the sprayer was noted.

The results of the analysis of the gaseous components of the flame along its vertical
axis are shown in Figure 6.

For the regimes under study, the profiles of corresponding intermediate components
have a similar shape. The content of O2 in the flame is at its minimum (~3 vol. %) in
the region of the maximum temperatures. Further upstream, the oxygen concentration
increases, while concentrations of the remaining components decrease due to the dilution
of the flame with air coming from the environment.

The maximum value of the CO2 content in the flame increases when the steam is replaced
with carbon dioxide. The difference in values for the extreme regimes (11.8 vol. %—regime 1;
15.6 vol. %—regime 5) corresponds to the additional amount of carbon dioxide introduced
with the sprayer. The CO concentration is at its maximum at a distance of ~60 mm from
the burner nozzle and decreases with an increase in the proportion of steam in the sprayer
(5.6 vol. %—5 regime; 4.6 vol. %—1 regime), which may be due to the presence of OH
radicals in the combustion zone and more intense oxidation of CO to CO2. Such a decrease
in CO concentration is also observed for the final products of combustion, which was
noted earlier. In addition, for the regimes with high steam injection, a slight increase in
H2 concentration in the flame (up to 0.4 vol. %) is observed, which is explained by steam
gasification with the formation of synthesis gas (H2O + C→ CO + H2). The content of
nitrogen oxides in the flame decreases with the distance from the burner nozzle, due to the
dilution of the flame with air from the environment and a decrease in the flame temperature
(longer than 60 mm). At the same time, at a distance of 200 mm from the burner nozzle, the
NOx concentration is lower for those regimes where the proportion of steam in the atomizer
jet is higher. A similar dependence is also observed for the final products of combustion.
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4. Conclusions

In this work, the combustion characteristics of liquid hydrocarbons are studied using
the example of diesel fuel in the presence of a mixture of superheated steam with carbon
dioxide (SCIM), pure CO2 (CIM), or superheated steam (SIM) in a spray burner. The
paper compares the characteristics obtained and shows the possibility of complete or
partial replacement of superheated steam and the advantages of steam in terms of reducing
harmful emissions. The parameters of the supplied gas mixture were chosen based on the
equality of the intensities of the dynamic effects of the flame on the fuel drop.

It has been found that the flame temperature along the vertical axis of the burner
nozzle does not change when switching from steam-spraying to carbon dioxide. For all the
studied regimes, high completeness of fuel combustion is observed.

The analysis of the composition of final combustion products shows that when steam
is replaced with carbon dioxide, concentrations of the toxic combustion products CO and
NOx increase by 25%. This can be assumed to relate to the chemical effect of the presence
of steam affecting the course of chemical reactions since the physical effect of diluting the
combustible mixture is similar for all the mixture options. However, all the investigated
regimes of burner operation comply with the most stringent DIN EN 267 standard [56].

It was found that the minimums of O2 and the maximums of CO, CO2, CnHm, and H2
for the studied regimes were observed at the same distance from the burner nozzle; the
profiles of the corresponding components have a similar shape. In this case, the values
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of H2 and CnHm in the flame are higher, and the values of CO and CO2 are lower when
the proportion of steam in the spray jet is greater, which indicates the differences in the
reactions occurring in the flame.

The results obtained show that it is possible to replace partially or completely super-
heated steam with carbon dioxide to burn liquid combustible waste, but with a certain
increase in the content of harmful emissions.

The experimental data obtained will be used to verify numerical models aimed at
designing pilot industrial samples of burners for waste-to-energy.
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Nomenclature

CIM carbon dioxide injection method
HHV higher heating value
LHV lower heating value
SCIM superheated steam and carbon dioxide injection method
SIM superheated steam injection method
FCO2 mass flow rate of CO2, kg/s
Fv mass flow rate of water vapor, kg/s
G coolant flow rate, m3/h
h specific enthalpy, J/kg
NOx(ppm) measured content of nitrogen oxides in flue gases, ppm
Omeas measured content of oxygen in flue gases, vol. %
Q heat release, J
Qg heat loss with gases leaving the calorimeter, J
Qin heat in the coolant at the calorimeter inlet, J
Qlhv lower specific calorific value of fuel, kWh/kg
Qout heat in the coolant at the calorimeter outlet, J
Qr heat loss via radiation from the burner surface, J
Qs heat introduced with spraying agent, J
S radiant surface area of the burner, m2

T burner surface temperature, K
t coolant temperature, K
Tamb ambient temperature, K
Tc thermal junction temperature, K
tin coolant temperature at the calorimeter inlet, K
tout coolant temperature at the calorimeter outlet, K
Tout temperature of gases leaving the calorimeter, K
V gas velocity, m/s
V0 theoretical volume of dry air required for complete combustion of 1 kg of fuel, m3/kg
VCO2 the volume of carbon dioxide used to spray the fuel, m3/kg
ε emissivity
η gas viscosity coefficient, Pa·s
λ gas heat conductivity coefficient, W/m·K
ρ density, kg/m3

σ Stefan-Boltzmann constant, kg/s3K4

τ measurement time, s
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