ISSN 1813-5420 (Print). Enepeemuxa: ekonomixa, mexmnonozii, exonozia. 2024. No 4

EKOJIOI'TA

ECOLOGY
DOI 10.20535/1813-5420.4.2024.315598

M. Hajivand?, PhD student, ORCID 0000-0002-9990-9761
D. Dolmatov?, Dr. Sc. (Eng.), Assoc. Prof, ORCID 0000-0002-7268-1509
INational Aerospace University «Kharkiv Aviation Institute»

EFFECT OF LIQUID KEROSENE DROPLET INJECTION
AT VARIOUS RADIAL AND TANGENTIAL VELOCITIES
ON NOX, CO FORMATION, AND TEMPERATURE DISTRIBUTION

This research presents a numerical analysis and CFD simulation of liquid kerosene combustion by means
of a variation of liquid kerosene radial and tangential velocity components of injected droplets through an atomizer
into a real combustor. The droplets are considered through the Rosin-Rammler droplet particle size distribution
with the Eulerian-Lagrangian Spray Atomization model. The main purpose of this investigation is to evaluate the
behavior of emission formations such as NO and CO, including temperature distribution fluctuations in the
primary combustion zone during the combustion process and droplet evaporation. For the simulation of
evaporated kerosene combustion, the flamelet model was performed for the detailed kinetic scheme of chemical
reactions between (JetA-C10H22) and air, which is integrated in ANSYS CFX, including the thermal and prompt
prediction of NO. The standard k-€ turbulence model was used with enhanced wall treatment including Pl
radiation model. Verification and validation of analysis results were considered in this study, where the results,
such as temperature and NO formation in various radial distances of combustor, were compared with the real
experimental results. The results showed that droplet behavior, influenced by injection velocities, significantly
impacts the combustion process, including temperature distribution, NOx formation, and CO emissions especially
in the primary combustion zone.
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Introduction

In gas turbine engines the way that liquid fuel droplets are sprayed into the combustion chamber plays a
role, in how the combustion process unfolds. The swirling movement of these droplets has an impact on factors
like flame stability dynamics and overall structure. Understanding how liquid fuel droplets behave in swirling
conditions specifically those made up of C10H22 (decane) is key to optimizing combustion efficiency and cutting
down on harmful emissions such, as nitrogen oxides (NOx) and carbon monoxide (CO).

In gas turbine engines fuel atomization and droplet movement are engineered to generate a swirling
turbulent flow that enhances the mixing of fuel and air, in combustion chambers. The centrifugal forces resulting
from this swirl pattern produced by swirlers affect the distribution of fuel droplets in radial directions well, as
tangentially in the injection process. The speed factors play a role, in influencing how heat is spread out and how
flames move in the burning area while also affecting how long droplets stay there. One of the concerns in this
scenario is the creation of NOx emissions which occur mainly at combustion temperatures due to the nitrogen and
oxygen reaction, in the atmosphere. The duration of hot gas exposure and the temperature of the flame are factors,
in NOX production process. Influenced by how swirling fuel droplets interact with the surrounding air
environment. When fuel droplets swirl around it creates recirculation areas that alter the flames shape and can lead
to varying levels of NOX and CO formation based on flow circumstances.

Researchers are working to create combustion systems that not only meet increasingly strict environmental
laws but also ensure steady and efficient burning. Besides that, they are exploring the effects of swirling fuel
droplets on flame dynamics and the formation of harmful substances produced in combustion products.

Even though studies on liquid fuel combustors have yielded a wealth of knowledge, more research should
be done on the distribution of fuel injection output from fuel injection systems and the mixing process, which have
a significant impact on the quantity and quality of pollutants released during combustion process [1].

Analysis of Recent Research and Publications

K. K. Rink and A. H. Lefebvre in 1989 [2], in their investigation reported that, atomization quality affects
NO emission levels through the evaporation and mixing characteristics of the spray. Generally, the influence of
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atomization quality is most apparent at slightly fuel-lean conditions, with reduced drop sizes leading to diminished
NO, CO and UHC emissions.

Hajivand M et al. [1] showed in their study that atomization quality, such as the initial diameter of droplets
and spray cone angle, affects emission levels through the evaporation and mixing characteristics of the spray; in
other words, they improved that the influence of atomization quality is most definite at slightly fuel-lean
conditions, with reduced initial drop sizes and cone angle of spray leading to decreased emissions.

The results of the investigation of Kankashvar et al. [3] showed that increasing the air flow rate decreased
the stability range of the combustor, and increasing the fuel injection angle improved the lean blowout limit of the
combustor and allowed it to work in extreme lean conditions. They also found that the temperature of the center
of the chamber was lower with a higher fuel injection angle, and the temperature of the center of the chamber exit
decreased with increasing air flow rate. Besides that, the authors concluded that increasing the spray cone angle
improved the lean blowout limit of the chamber and allowed for flame stabilization even in extreme lean
conditions.

The studies of Dafsari et al. [4] were aimed at the experimental analysis of atomization quality and the
spray structure of aviation fuels with different viscosities, which were sprayed using a pressure swirl type nozzle
with laser diagnostics. And they discovered that the injection pressure controlled both the overall spray structure
and the quality of atomization of the fuel, which depended on the physical characteristics of the fuel. Lower
viscosity fuels were found to be able to produce the ideal spray characteristics required in the combustion field,
namely, well-developed hollow-conical sprays with finer drops, a wide distribution of size, and higher velocity
components. It has been depicted that sufficient swirl intensity is necessary for the transitional development of
hollow-conical sprays based on physical properties and injection pressure.

The decrease in pollutant emission concentrations for small droplet sizes is attributable to inadequate
atomization with large droplet sizes, which causes localized fuel-rich burning, ultimately leading to the generation
of soot and nitrogen oxides [4,5,6].

Bishop, K et al. [7] have investigated the impact of fuel nozzle condition on temperature distributions in
nozzle guide vanes using an optical patternator. Their study quantified average spray cone angle, symmetry, and
fuel streaks. Besides that, an ambient pressure and temperature combustion chamber test rig was used to capture
exit temperature distributions and determine the pattern factor. Their obtained results showed that small deviations
from the nominal distribution in the fuel nozzle spray pattern led to an increased pattern factor, possibly due to
degradation of mixing processes. Spray cone angle had the most significant influence, while spray roundness and
streak intensity had less influence. Comparisons were made with published studies on combustion chamber
geometry, and recommendations for fuel nozzle inspections were made.

Many researchers conducted experimental studies on fuel spray atomization and employed CFD
methodologies, concluding that the atomizing gas significantly influences spray atomization [3,8,9,10].

The spray angle, derived from high-quality pictures, significantly affects both the spray pattern and droplet
size [11]. Gong and Fu [12] examined the impact of structural factors and viscosity on the spray angle of a swirling
atomizer employed in combustion. They utilized oil in their studies and established empirical correlations to
ascertain the discharge coefficient and spray angle.

The purpose of this study

During the CFD study conducted here were six scenarios analyzed to delve into how changing velocity
components in different kerosene injection directions, such as radial and tangential, impacts combustion dynamics
and flame characteristics while affecting the levels of NOx, CO emissions, and temperature distribution,
implemented in ANSYS CFX [15,16].

The initial three cases concentrated on examining the changes in tangential velocity of droplets injected
into the combustion chamber. Besides that, the other cases were the variation of the droplet radial injection velocity.
The main goal in these scenarios was to assess the performance of the combustion procedure in the area where
maximum NOx development happens. This region is distinguished by temperatures and strong chemical responses,
making it essential to comprehend how the spinning droplets impact the flame front and general combustion
dynamics. The appearance of the flame and how steady and strong it combusts are factors in gauging how well
combustion is working and what emissions are being produced. Our goal was to study how adjusting the swirling
radial and tangential velocity affects these characteristics, specifically focusing the creation of CO, NOx, and
temperature distributions in the primary combustion zone.

The main material of the study

The governing equations, turbulence, mathematical modeling of combustion process and radiation

The principles, behind fuel combustion are built upon rules related to preservation and the transfer of
momentum and energy in addition to incorporating extra equations to address turbulence and combustion
mechanisms. The research employs the known k—¢ turbulence model which tackles two equations — one for the
turbulent kinetic energy (referred to as k) and the other, for how this energy dissipates (indicated as €). Through
the years turbulence models have been crafted by scientists offering levels of intricacy and applicability across
different scenarios. In this study approach, to modeling turbulence properties for high Reynolds numbers in flows
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involves solving two differential equations — one for kinetic energy (referred to as k) and another for dissipation
rate (referred to as €). Although this method is moderately intricate in nature it has garnered acceptance in research
works due to its effectiveness, under diverse flow scenarios. The initial equations that form the basis of this model
were initially presented by Launder and Spalding in 1974.

The constant model of PDF (Probability Density Function) flames created by Peters [13] relies on ideas; It
suggests that turbulent combustion happens through multiple separate and stable laminar flames and that the flames
thickness is less, than the smallest turbulent length scale (referred to as the Kolmogorov length scale) enabling the
flame structure to stay laminar [14]. The turnover time, for eddies is longer than that for chemical reactions in this
context; hence any short-lived effects are considered insignificant within the model’s framework. Furthermore,
this model has been incorporated into CFD software such as Fluent, Star. CD, Star. CCM and CFX. Its widespread
usage, across applications can be attributed to its effectiveness strong convergence capabilities and satisfactory
level of accuracy [14]. In this study Jet-A aviation fuel (kerosene) with air, modeled as a two-component surrogate
fuel (by mass 60 % C10H22 and 40 % C9H12).

In the laminar flamelet model available in ANSYS CFX, the species mean mass fractions are stored in the
flamelet library as a function of the mean mixture fractions Z , its variance Z”’2 [16,]. The Favre mean species mass
fraction can then be calculated with a probability density function P [16,17].

1

7 = f V.2, 2,0P(2)dz (1)
0

typically, a B-function is used as the pdf of the mixture fraction is used, which in other words, it can be
written like P(Z, x, t) . The pre-integration of flamelet tables is done with CFX-RIF [16] automatically.

In the flamelet model context of solving transport equations, for each chemical element we focus solely on
the transport equations for the Favre average mixture fraction and its variance. By assuming rates for all species
(uniform diffusivities) we can represent the transport equation, for the Favre mean mixture fraction as;
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Where p is the molecular dynamic viscosity, i, the turbulent viscosity and o is a model coefficient. As the
mixture fraction is a conserved scalar, its transport equation contains no source term. The transport equation for
the mixture fraction variance Z'2 can be modeled as follows [16].
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where o7z and Cy in equation (4) are model coefficients. The first term on the right-hand side represents

the production of variance, whereas the last term models its dissipation. The instantaneous scalar dissipation rate
is modeled as [16].

& —
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With & and k being the dissipation rate and the turbulent kinetic energy, respectively. As the species mass
fractions are previously stored in a flamelet table, they can be obtained within the CFD simulation by coupling the
CFD code with the flamelet libraries [13].

In the flamelet concept framework of combustion modeling the characteristics of the Favre mixture fraction.
Its variation, alongside the scalar dissipation rate are calculated utilizing computational fluid dynamics (CFD).
These quantities are subsequently employed to extract already computed species mass fractions, from a library
dedicated to flamelet models [18].

Heat transfer plays a role, in fine-tuning and testing combustion system layouts with radiation being an
element involved. In the context of a combustion system heat transfer takes place through conduction, radiation
and inter diffusion [19]. Combustion essentially involves oxidation that produces heat and radiation underscoring
the importance of radiation, in the chemical reaction process. At temperatures thermal radiation emerges as a means
of energy transfer and needs to be taken into account when implementing a practical combustion system [19].

While radiation itself doesn't have an impact, on reactions, it does play a role in influencing the distribution
of flame temperatures, which then affects various aspects of combustion processes. In research conducted by Chan
and Viskanta back, in 2005 it was demonstrated that radiation can significantly alter flame temperatures, the
concentrations of minor species present NOx emissions levels, soot generation tendencies, flame extinguishment
behavior and other phenomena related to combustion. The Differential Approximation (known as the P1 model)
offers a method, for tackling the radiation transport equation by assuming that radiation intensity is uniform in all
directions at a point, in space. A comprehensive explanation of the energy equation and the development of the P
Model 2 are detailed by Modest [16,20].

Discrete particles numerical modeling
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In the ANSYS CFX Theory Guide [16] when it comes to particle numerical modeling and simulating fluid
movement using the Euler method specifically, the communication between various phases is depicted using
distinct physical models [21]. The movement of mass between these phases is mimicked using a model for
evaporation in this scenario. ANSYS CFX employs the Antoine equation (Equation 5) to replicate this process by
determining the boiling point of kerosene [21]. The equation helps us establish the boiling point, which is then
utilized to specify the source term for mass transfer in the simulation.

B
Pvar = Pscale * €XP (A - Tp T C) Q)

In this case, T, denotes the temperature of the droplet, while pg, stands for a scaling factor; A, B, and C
represent factors derived from reputable sources as, per this investigation, data about kerosene (C10H22). Studies
indicate that slight alterations in the values of A, B, and C—falling within the range for hydrocarbons to kerosene—
lead to negligible impacts in combustion efficiency, with an error margin of under 1.5%.

Using the size droplets uniformly spread out in the coolant liquid application process recommended a Rosin
Rammler distribution, for better simulation accuracy without major changes to key parameters [22]. The Rosin
Rammler model defined in (Equation 6) is frequently utilized in contemporary spray combustion simulations due
to its effectiveness and efficiency. Has been implemented in both core flow and coolant injection scenarios, for
this investigation [22]. In this chapter, we have talked about the Rosin Rammler distribution before. Now it’s being

shown in a light.
q/d q-1 d\?
@)= D(D) xp [ <D) ] ©

where D is the size parameter, q for spread parameter and d stand for droplet diameter [16].

During the phase of dispersion analysis is conducted to establish the source terms between phases as
outlined in the gas phase conservation equations. The spray is depicted as consisting of droplet categories spread
out over an initial dispersion range. The speed, distance, mass and temperature of each category are monitored
over time along their trajectories by applying the conservation equations within a Lagrangian framework [23].

This method enables monitoring of how everything behaves when it interacts with the fluid around it.

In the kth category we figure out how a moves, by looking at its speed and location along the way using a
droplet as a reference point. The droplet speed is calculated based on the balance of forces. Considering both the
droplets inertia and the drag force that affects it. This equation, for momentum can be expressed as follows:

dug. (k) =
my (k) ;lt( ) = §ﬁ[d(k)]2 |ui — Ug, (k)”uz - udi(k)]cdrag (7

The drag coefficient, Cyyqg »is evaluated following the spherical drag low [23].

The process of evaporation, from the droplets surface is simulated by assuming that the vapor pressure on
the droplets surface matches the saturation pressure at the droplet’s temperature [23]. To figure this out accurately
for the liquid fuel used in this scenario a linear relationship between saturation pressure and temperature is applied
in sections. The mass transfer coefficient is determined by referencing the Sherwood number correlation from
Ranz and Marshall [24]. Consequently, we can represent the change in mass caused by evaporation, with:

My — 2o (G, — ) ®)

Where s and Cy are the mass fractions of the fuel vapor on droplet surface and in the surrounding gas.

When determining how the temperature of a changes as it travels along its path, we apply an energy balance
across the surface of the droplet. This balance considers both the heat transferred to the droplet through convection
and the latent heat needed for evaporation. It can be written out in this way:

dTp dmp
MpCpp o = hAp(T —Tp) — T AHy, 9)
The heat transfer coefficient (h) is calculated using the Nusselt number correlation from Ranz and Marshall

[24], with radiation exchange with the gas phase being neglected.

NOx formation modeling

In gas flames that reach temperatures exceeding 1800 Kelvin (1527 degrees Celsius), the primary source
of nitrogen oxide (NOx) is the presence of nitrogen and oxygen radicals in the environment within the flames
grasp. The creation of NO or Zeldovich NO in conditions follows a sequence of simple chemical reactions as
explained by Zeldovich in 1946 and elaborated upon by Baulch and others in 1994 [25]. Nitric oxide (NO) is a
component formed when oxygen and nitrogen radicals interact with each other under elevated temperature
circumstances. The Zeldovich mechanism involves two steps. Is accountable for reactions (denoted as R1 and R2).
[16]. When the air fuel ratio leans towards either stoichiometric level, in certain scenarios a third reaction (referred
to as R3) could start playing a significant role in the process alongside the initial two reactions. This phenomenon
is known as the Zeldovich mechanism. The term "thermal" is employed because the first reaction requires a high
activation energy owing to the bond found in N2 molecules. This characteristic causes the reaction to occur swiftly
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at temperatures [25]. The initial response serves as the step that controls the speed at which thermal NO is generated
in production processes. The speeds associated with each reaction (R1, R2, R3) are listed following their reactions.

) 38370 R1

0+N, > NO+N so - ky = (1.8-10™)exp (- T) ®D
k2 3162

N+0, > NO+0 so - k, = (6.4-10%)exp (— T) (R2)
k

N+0, > NO+0 so - ks =3.0-10° (R 3)

When multiply the rates of reaction, by the concentrations of the substances involved in the reaction process
and express it in [kmol/m?/s] it can then convert this outcome into a mass source term. This term indicates how
much mass is being produced or used up, per unit volume within the system.

d[(IinO] = k,[O][N,] + k,[N][0,] + k3[N][OH] (10)
So:
d[gtO] = k,[0][N,] — k,[N][0,] — k3[N][OH] an

In ANSYS CFX Solver Theory Guide [16], the thermal formation in, kg/m3/s, Syo. hermar -as described is
therefore related to the rate of Reaction (R1):

SNo,thermal = 2WN0 kthermal [0] [NZ]kthermal = kl (12)

This denotes the molecular mass of NO. Therefore, if the molar concentrations [O] and [N2] of O radicals
and N2 are established, the thermal NO mechanism can be assessed [16].

Prompt NO formation happens when temperatures drop below 1800 K and since our simulation is
conducted at temperatures exceeding 2000 K, we won't delve into the details of how NO forms but will incorporate
the thermal formation of NO into the simulation.

In the process of conducting a CFD simulation we address the mass transport equation concerning the NO
species by considering factors, like convection, diffusion, NO generation and consumption alongside species. This
approach is essentially rooted in the concept of preserving mass. To accurately represent prompt reactions, we rely
on the transport equation specific, to the NO species mentioned earlier [26].
dYyo Yy 0 Yyo

ot TPY o T ax (p ax,

The source term Sy is to be determined for different NOx formation mechanism.

Validation of the employed combustion CFD model

With all the studies done about combustion systems so far, researchers have noticed a big gap when it comes
to experiments specifically looking at how liquid fuels burn in combustion chambers. Many of the studies don't
dive deep into measuring emissions, like NOx levels and the amounts of important compounds, at the outlet of the
combustor. Engineers and researchers usually hold back from sharing results in these areas, especially when it
comes to how the related processes work in real-life situations and the complex behavior of jet stabilized
configurations using liquid fuel. The limited availability of published findings underscores the obstacles and the
necessity, for empirical research to comprehensively grasp the intricate interplays that influence NOX emissions
and other crucial performance factors, in these systems.

Recent research has thoroughly investigated the combustion and nitrogen oxide emission properties of jet-
stabilized combustors. In a jet-stabilized combustor type, secondary air is injected by four radial wall jets, essential
for flame stabilization [27]. This arrangement is non-swirling and does not depend on swirl-induced stabilization,
in contrast to standard setups. Consequently, jet stabilization provides an extensive operational range, rendering it
especially appealing for both experimental and numerical investigations (Bauer et al., 2020) [28].

In their study [28], Bauer and his team conducted experiments to understand how combustion and NOx
emissions occur in a jet-stabilized combustor. Kurreck and colleagues [29] used the k-epsilon turbulence model to
forecast how flow patterns and temperature are distributed inside the combustor. In a study conducted by Bazdidi
Tehrani and Zeinivand [30, 31], they used a method that combined the realizable k-epsilon turbulence model with
presumed probability density functions (PDF) to replicate spray combustion in a jet-stabilized configuration. Their
investigation also looked into how changing the quantity and locations of stabilizing jets affects both the efficiency
of combustion and the emissions of NOx. The findings suggested that extending the distance of the stabilizer jets
lowers NO emissions while increasing the number of jet orifices results in NO emissions.

In addition, to that point mentioned above by Bazdidi Tehrani and Teymoori [32], they worked on
improving the jet stabilized combustor to reduce the emission of substances like NOx and soot particles. Their
goal was to enhance this optimization process by adjusting the properties of the combustion chamber such as
diameter, angle, and positioning of the stabilizing air jets. Their study also discusses the application of modeling

p ) + Swo (13)
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approaches like simulations, artificial neural networks, genetic algorithms, and multi-criteria decision-making
techniques to reach optimal results. Furthermore, the article outlines the optimization process steps, the specifics
of the simulations used, and validates these simulations by comparing them to data.

A study conducted by Alemi and colleagues [33] explored the impact of adjusting the angle and diameter
of jet injection on NO emissions optimization results. The results were noteworthy; higher jet Reynolds numbers
indicate an influence of injection angle on minimizing NO emissions at a 20° downstream angle. These findings
underscore the importance of jet configuration for emissions control and improving the efficiency of jet-stabilized
combustors.

The schematic of jet-stabilized combustor, mesh and boundary condition for investigation validation

The geometry of the present model combustor is inspired by the experimental setup documented by Bauer
et al. [28]. As shown in (Fig. 1 a.).

The combustor is 400 millimeters long and 80 millimeters, in diameter with four stabilizing air jet holes
measuring 8 millimeters each in diameter. These holes are placed around the circumference at intervals of 90
degrees. Are situated 60 millimeters away from the inlet plate. Moreover, a central liquid fuel atomizer of the air
blast type (as seen in Fig. 1.) is installed in the combustor to ensure blending of fuel and air. The atomizer sprays
fuel through a nozzle that's 0.7 mm of diameter, while air is discharged around the nozzle in a disk pattern with an
inner diameter of 1 mm and an outer diameter of 3 mm [28]. To ensure accurate simulation of the turbulent flow
within the model combustor, the computational domain is discretized using a structured mesh with 1,545,397
elements that includes a boundary layer, as shown in Fig. 1 a and b, employing the ICEM-CFD software generates
multi-block structured meshes of the combustors.

Wan

.

B bt o s
P | )

LT R
& Mt
sanenierr

a) b) ¢)
Figure 1 — The schematic and mesh of combustor a) Geometrical parameters; b) General view of combustor
structured mesh c) The view of structured mesh with O-grid at center of injector

The boundary conditions are in atmospheric pressure with 1 atm [28] and 295K of temperature, the air mass
flow of atomizer is 0.00033 kg/s, air mass flow through the jets is 0.0093 (kg/s) and liquid fuel (CioH22) mass flow
rate is 0.00028 kg/s. For the modeling of droplet distribution Rosin-Rammler droplet size is 20 (micron) with the
power of 2.5 and the initial droplet velocity is 10.5 m/s.

The simulation of combustion of kerosene in gas form was implemented in flamelet model of combustion
and the combination of finite rate chemistry and eddy dissipation model FRC/EDM [16].

The NOx formation and temperature distribution

As shown in Figures 2a and 2b, the temperature distributions at Z=1.75D and Z=2.275 demonstrate that the
deviation between the CFD results, using the flamelet and FRC/EDM models, is not significant, which means less
than 10%. Additionally, the comparison between the CFD results and the experimental temperature distribution
obtained by Bauer et al. [28] at the same distances (mentioned above) shows good agreement, further validating
the accuracy of the simulation.
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Figure 2 — Temperature distribution; a) in Z = 1.75D b) In Z = 2.275D
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Figure 3 — The NO distribution; a) In Z = 1.75D b) In Z = 2.275D

Figures 3a and 3b illustrate that at a distance of Z=1.75D, the discrepancy between the NO distribution
forecasted by the flamelet model and the experimental results from Bauer et al. [28] surpasses 20%. At Z=2.275,
the discrepancy between the flamelet model and the experimental results diminishes, indicating enhanced
concordance. The NO concentrations predicted by the flamelet model significantly diverge from the experimental
data, unlike the temperature outcomes, suggesting a substantial inconsistency that necessitates additional
examination. This discrepancy indicates that further parameters, such as model assumptions or NO generation
mechanisms, should be evaluated to enhance the simulation's accuracy.

The findings derived from the FRC/EDM model demonstrate a robust correlation with the experimental
data at both distances, signifying enhanced predicted accuracy for NO distribution.

The main investigated combustor, combustion mathematical model, mesh and boundary conditions

The CFD study was conducted using a CAN combustion chamber that was previously introduced in studies
by Prakash Ghose et al [23, 34, 35]. The combustion chamber is depicted more in Fig. 4a. The simulation was
carried out in the same conditions that were explained in the abstract.

However, for a clearer examination of the development of the flame front and the formation of nitrogen
oxides (NOx), including temperature and CO distribution, we adjusted the conditions for this study in a way that
differs from what was presented in Ghose Prakash et al. research. Specifically, we made changes to the mass flow
rates for both the fuel and air streams to gain an insight into NOx formation within a rich combustion setting.

The rate at which secondary air entered the combustion chamber was lowered to 0.005 kg/s to minimize its
impact on the combustion process. This enabled us to examine the dynamics of the burn flame without being
diluted by the air. Besides that, the flow rate of swirling air was changed to 0.05 kg/s. The C10H22 fuel flow rate
was adjusted to 0.001 kg/s. By adjusting these factors, our goal is to offer an understanding of how the mixing of
fuel and air caused by swirl affects the creation of flames and the release of NOx emissions, addressing the gaps
that exist due to the constraints of experiments.

In Fig. 4b, the velocity distribution within the combustion chamber is shown under cold flow conditions
(without combustion). The study utilized flow streamlines to anticipate the recirculation zone and internal velocity
distribution crucial for setting and determining the axial injection velocity in our experiments. The cold flow
simulation enabled us to concentrate on flow behaviors and notably the development of the recirculation zone.

Swirder 500 i
— |
Secondeey Al la Fuel lajector
Primary Air s ' :
=N | + i
gy ] . - S—— Y
Tkt Plare to holes S swider ¢ T
Domain __/ L Lx ety et )

a) ' b)
Figure 4 — The geometry and area of simulation; a) Physical geometry of the real combustor under study
(Ghose P. et al.) [23,34,35]. b) The cold flow simulation contour plot of velocity and the area of investigation
1) X=0.04m 2) X=0.07m 3) X=0.0.12m 4) X=0.15m

Also, in Fig. 4b, the illustration indicated that the velocity near the fuel atomizer falls within the range of
30 to 35 meters per second (m/s). In order to maintain a flame formation and prevent any instabilities from arising,
we settled upon an axial injection speed of 30 m/s for all scenarios under examination. This choice was influenced
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by the necessity to restrict the injection velocity so it does not surpass the velocity around the atomizer and, within
the CRZ zone, since surpasses could disturb flame structure and result in combustion instabilities. Matching the
velocity of the injection with how the flow behaves in a cold flow situation ensures that the burning process stays
steady and controlled when faced with real combustion conditions.

The cases of study

In this investigation, six different cases were examined, as outlined in Table 1. These cases were designed
to explore the effects of varying droplet radial and tangential velocities on combustion dynamics, temperature
distribution, flame behavior, NOx and CO formation in the primary zone of combustion.

Table 1 — The various of atomization injection velocity component in various cases.

Cases Axial velocity Radial velocity Tangential velocity
(m/s) (m/s) (m/s)
1" Case 30 0 10
2t Case 30 0 17
3% Case 30 0 30
4" Case 30 5 17
5™ Case 30 12 17
6™ Case 30 27 17

The research, in the first three cases, delved into evaluating the changes in tangential velocity of C10H22
droplets inside the combustor. The main objective in these scenarios was to investigate how the combustion process
behaves in the region where NOx generation and temperature distribution are at their peak. The primary zone of
combustion is noted for its high temperatures and powerful chemical reactions that underline the necessity of
knowing how spinning droplets effect the flame properties, emission generation, and overall combustion dynamics.

In contrast to that, the fourth, fifth, and sixth cases investigated how the radial injection velocity of C10H22
droplets impacts the combustion process and emission formation in the primary zone of combustion. In other
words, we investigated in these 3 cases how liquid fuel droplets are distributed within the combustor and affect
mixing efficiency and flame characteristics, including the formation of NOx and CO.

Results and discussion for the Temperature distribution, NOx and CO formation

Fig. 5 a. (Temperature distribution at X = 0.04 m): The temperature distribution in the combustor's
primary zone varies noticeably between the six scenarios. Due to less effective combustion and weaker fuel-air
mixing, the first example has the lowest temperature (1377K). The temperature increases dramatically in the later
cases, especially in the third and sixth examples, as the tangential and radial velocities grow. In the sixth case, the
temperature reaches 1808K. Higher velocities boost mixing, which encourages more thorough burning and
produces a hotter flame in the primary zone's core, which is the reason for this rise. The second, fourth, and fifth
intermediate examples exhibit temperatures ranging from 1576K to 1656K, demonstrating the rising effect of
higher droplet velocities.

Fig. 5 b. (Temperature distribution at X = 0.07 m): At this axial location, there are still noticeable
changes in the flame core temperature, but the distribution of temperatures along the combustor wall becomes
more consistent. The maximum core temperature in the first case is 1815K, and the highest temperature in the
sixth case is 1960K. The core temperature indicates the strength of the combustion process, while the homogeneity
around the walls is a sign of stable heat transport. Better fuel-air mixing and greater flame temperatures in the core
are the results of the later cases' higher tangential and radial velocities, particularly in the third and sixth examples.

Fig. 5 ¢. (Temperature distribution at X = 0.12 m): As the flow progresses, the temperature differences
between the six cases diminish. The fluctuation is minimal, with temperatures ranging from 1985K in the first case
to 2010K in the third and sixth cases. This indicates that the combustion process has largely stabilized, with the
flame maintaining a high and consistent temperature. The reduced variation suggests that the fuel has been mostly
consumed, and the combustion process is nearing completion.

Fig. 5 d. (Temperature distribution at X = 0.15 m): By this axial position, the temperature fluctuations
among the cases remain minimal, as in Fig. 5 c. The temperatures range from 1978K in the third case to 2005K in
the first and sixth cases. This consistency reflects the complete combustion occurring by this point, where the fuel
is almost fully oxidized, and the temperature stabilizes throughout the chamber.

Fig. 6 a. (NO distribution at X = 0.04 m): The NO distribution at the primary zone of combustion
corresponds to the temperature fluctuations illustrated in Fig. 5a. The first case has the lowest NO concentration
(8.43 ppm), which correlates with its reduced flame temperature. With the increase in tangential and radial
velocities in the successive cases, NO production escalates markedly, culminating in the sixth scenario at 26.24
ppm. This is because NO generation, particularly thermal NOx, is extremely temperature-dependent, and the
higher temperatures in the later situations promote more NO formation in the flame core.
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Figure 5 — Temperature distribution in various location of the combustor for various cases

Fig. 6 b. (NO distribution at X = 0.07 m): At this point, NO formation increases substantially compared
to X =0.04 m. The first case has a maximum NO concentration of 13.67 ppm, while the sixth case peaks at 39.71
ppm. The increase in NO is driven by the higher temperatures at this axial position, as shown in Fig. 5 b, and the
prolonged exposure of the flame to high temperatures. The third and sixth cases, which have the highest flame
temperatures, naturally produce the most NO.

Fig. 6 c. (NO distribution at X = 0.12 m): By X = 0.12 m, the NO levels continue to rise, with the sixth
case reaching a peak of 67.7 ppm, while the first case remains at 37.8 ppm. The increased NO formation is a result
of sustained high temperatures in this region, as indicated by the temperature distribution in Fig. 5 c. The next
cases, with their higher initial droplet velocities and better fuel-air mixing, produce more NO due to the extended
time the flame spends at elevated temperatures.

Fig. 6 d. (NO distribution at X = 0.15 m): At the last location, the NO level remains high, with the first
case at 56.84 ppm and the sixth case at 67 ppm. The slight drop in NO from X =0.12 m to X = 0.15 m in some
cases suggests that NO formation has slowed as the combustion process nears completion. However, the high NO
concentrations across all cases reflect the sustained high temperatures in the flame core, as seen in Fig. 5 d.

Fig. 7 a. (CO distribution at X = 0.04 m): According to the CO distribution, the greatest mass fraction in
the first, second, and third examples is 0.086, 0.089, and 0.087, respectively, resulting in quite high CO
concentrations in the flame core. The greater CO in these circumstances is a symptom of incomplete combustion,
where insufficient oxygen hinders the entire oxidation of carbon to CO2. The fourth, fifth, and sixth examples
show a minor decrease in CO mass fractions as the radial velocity increases; the sixth case, in particular, reaches
a minimum of 0.085, indicating more efficient burning and less CO generation.

Fig. 7 b. (CO distribution at X = 0.07 m): CO concentrations start to decrease as burning continues. The
CO mass fraction in the first case is still somewhat high at 0.098, but it is lower in the third and sixth cases at 0.077
and 0.069, respectively. The higher temperatures in Fig. 5 b, are indicative of enhanced combustion efficiency at
this axial point, which is responsible for the decrease in CO. The greater droplet velocities appear to facilitate more
thorough combustion, generating more CO2 from CO, as evidenced by the lower CO levels in the latter examples.
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Figure 6 — NO distribution in various location of the combustor for various cases

Fig. 7 c. (CO distribution at X = 0.12 m): In every case, CO levels have decreased noticeably by this
point. The CO mass percent in the first case is 0.062, and the lowest value is 0.03 in the sixth case. The nearly full
combustion that is taking place in the chamber at this moment is reflected in the rapid decrease in CO since the
flame has reached steady, high temperatures, thoroughly oxidizing the fuel. The higher temperature and improved
fuel-air mixing in the latter situations correlate with the decreased CO production.

Fig. 7 d. (CO distribution at X = 0.15 m): At this final location, CO concentrations continue to decrease,
with the sixth case exhibiting the lowest mass fraction of 0.016, and the first case showing a higher value of 0.037.
By this moment, the combustion process is essentially complete, and CO levels are at their lowest. The little CO
formation across all scenarios implies efficient combustion and the complete oxidation of carbon to CO2. The
lower CO levels in the third and sixth cases imply that the greater droplet velocities lead to better mixing and
combustion efficiency, minimizing incomplete combustion and consequently CO generation.

Droplet penetration and its impact on combustion dynamics and emissions

In this study, droplet penetration behavior, as illustrated in Fig. 8 a to f for the first through sixth cases, is
crucial in defining combustion parameters such as evaporation rates and flame stability. In the first example,
droplet penetration is limited, which means that the droplets evaporate quickly after entering the combustion
chamber. This quick evaporation causes a more limited and focused combustion process, resulting in lower
temperatures, a smaller flame front, and less NOx generation, as seen in the temperature and NO distribution
figures. In comparison, the second and fourth cases show modest droplet evaporation and penetration. In these
circumstances, the droplets go deeper into the combustion chamber before evaporating, allowing for a more evenly
dispersed combustion process. This results in a more balanced temperature distribution and moderate NOx
generation. The droplets travel a greater distance than in the first scenario, but they remain inside the core of the
flame zone, allowing for successful burning without considerable contact with the combustor walls.

The third, fifth, and sixth cases exhibit maximal droplet penetration and evaporation, with droplets going
the greatest distance before entirely evaporating. In certain circumstances, the droplets approach or even strike the
combustor internal wall surfaces, resulting in concerns such as wall film development or lower combustion
efficiency near the walls. This increased travel distance results in a longer flame front, which leads to higher
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temperatures and greater NOx generation, as seen by the higher NO and temperature distribution. Furthermore, in
certain cases, contact with the combustor walls might cause localized hotspots and greater emission levels, notably
of CO, owing to incomplete combustion along the walls.
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Figure 7 — CO distribution in various location of the combustor for various cases

¢)

Figure 8 — Droplet penetration in to combustor for various cases,
a) First case b) Second case c) Third case d) Fourth case e) Fifth case f) Sixth case

The change in droplet penetration across all cases demonstrates how droplet behavior directly effects
combustion dynamics, flame structure, and emission production in the combustion chamber. The combustion
process may be optimized and undesirable emissions like NOx and CO reduced by regulating droplet injection
parameters such as velocity and evaporation characteristics.
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Investigation of the Temperature, NO and CO formation contour for the first and sixth studied cases

Figures 9a and 9b present contour plots illustrating the temperature spread in the center plane of the
combustors for the first and sixth scenarios, respectively In Figure 9a, the situation shows a lower temperature
distribution around the fuel injection center and the central recirculation zone (CRZ). This indicates that in first
case there is fuel evaporation and combustion due to reduced penetration and evaporation resulting in diminished
heat release in these specific regions.

In comparison to Fig. 9b, the sixth situation depicted an uptick in temperature in these areas. The temperature
rise could be linked to penetration that allows for a greater amount of fuel to reach the core and CRZ. This results
in a combustion process and higher heat output. The differences in temperature spread between the two scenarios
suggest that greater radial and tangential speeds in the scenario enhance evaporation and combustion strength,
leading to a more effective energy release.
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Figure 9 — The contour plots of the first and sixth cases; a) Temperature distribution in the first case b)
Temperature distribution in the sixth case ¢) NO distribution in the first case d) NO distribution in the sixth
case e) CO distribution in the first case f) CO distribution in the sixth case

The NO distribution for the first scenario in Fig. 9c shows comparatively lower NO concentrations in the
vicinity of the combustor's center plane. This reduced production of NO is consistent with the temperature
distribution seen in Fig. 9a, where there is a noticeable decrease in temperature near the fuel injection center and
the central recirculation zone (CRZ). Lower temperatures, which restrict the thermal NOx generation process, are
thought to be the cause of the first case's decreased NO formations. On the other hand, the NO distribution for the
sixth example, where the NO concentrations are noticeably larger than those of the first case, is depicted in Fig.
9d. The higher temperatures shown in Fig. 9b are correlated with this increase in NO production. The sixth case's
greater temperatures promote the thermal NOx generation, which raises NO concentrations in the same regions as
the temperature. The close correlation between temperature and NO production is highlighted by this comparison.
As demonstrated in the sixth example, higher temperatures cause more NO to develop, but lower temperatures
cause less NO to be released, as demonstrated in the first example.

The CO distribution contour plots for the first and sixth cases are displayed in Figs. 9e and 9f. The contour
plot in Fig. 9e, which shows the CO distribution for the first scenario, shows lower CO concentrations in the area
surrounding the combustor's center plane. This outcome is consistent with the reduced NO levels in Fig. 9¢ and
the lower temperatures seen in Fig. 9a. In the first case, where the lower temperature and shorter primary
combustion zone lead to less CO formation, the lower CO levels point more thorough combustion and effective
oxidation processes. besides that, Fig. 9f displays the CO distribution for the sixth scenario, wherein elevated NO
levels, as illustrated in Fig. 9d, and higher CO concentrations are visible in the same regions where the temperature
is higher, as indicated in Fig. 9b. In areas with higher temperatures and longer droplet penetration, incomplete
combustion and reduced oxidation efficiency can be blamed for the increased CO formation in the sixth example.
This shows that although greater temperatures cause more NO to develop, they also raise CO levels because of
less complete combustion in those areas. This CO distribution analysis demonstrates how temperature and
combustion efficiency interact. If the combustion process is not optimized for complete oxidation, greater
temperatures can increase CO emissions in addition to NO generation. On the other hand, as the first example
illustrates, lower temperatures and shorter droplet penetration lead to less CO production, which denotes more
thorough burning.
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Conclusion

This paper investigates how temperature distribution within a gas turbine combustor and NOx and CO
emissions are affected by changing the radial and tangential injection velocities of kerosene droplets. The study
analyzes six different scenarios with varying injection velocity components using CFD simulations with ANSY'S
CFX with the goal of comprehending how these factors affect flame stability, heat distribution, and the formation
of harmful emissions.

The main conclusions show that injected kerosene droplets with higher radial and tangential velocities
greatly improve fuel-air mixing and, consequently, increase combustion efficiency. Higher core temperatures
within the combustion zone are indicative of a more stable and intense flame produced by this improved mixing.
Temperatures up to 1960K were reached in situations with higher droplet velocities, which encouraged more
complete combustion and a more even temperature distribution throughout the combustor.

It was discovered that NOx emissions, especially thermal NOx, were highly temperature-dependent. NOx
formation increased along with the droplet velocities, which raised the combustion temperature. The study
highlighted the direct relationship between temperature and NOx production by showing that the scenarios with
the highest flame temperatures also had the highest NOx concentrations. For example, NOx concentrations at the
furthest axial position reached 67 ppm in the highest velocity case.

The relationship between CO emissions and combustion efficiency was inverse. Due to inadequate fuel-air
mixing, incomplete combustion produced higher CO emissions in situations with lower droplet velocities. More
complete combustion happened as the injection velocities increased, which resulted in a notable drop in CO levels.
In the highest velocity case, CO emissions were reduced to a mass fraction of 0.016 at the end of combustion,
indicating very effective fuel oxidation.

The accuracy of the simulations is established by validating the CFD model with experimental data, which
is a critical component of the study. The results are given more credibility by the comparison with earlier studies,
which shows that the CFD model can accurately predict the temperature distribution and formation of NOx in the
combustor. The consistency between the experimental and simulated data highlights how reliable the numerical
techniques used were.

The study's conclusion demonstrates that kerosene droplet injection velocities can be optimized to have a
substantial impact on emission levels and the combustion process. Better mixing and more thorough combustion
are facilitated by higher radial and tangential velocities, which lower CO emissions. There is a trade-off between
increasing combustion stability and reducing NOx emissions, though, as higher combustion temperatures lead to
an increase in NOx formation. Thus, it is essential to strike the ideal droplet velocity balance in order to reduce
harmful emissions while preserving stable and effective combustion. This study emphasizes how crucial it is to
precisely regulate fuel injection settings in gas turbine engines in order to comply with environmental standards
and achieve operational performance objectives.
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'HauionansHuii aepokocmiunmii ynisepeurery im. H.€. dKykoBcbkoro «XAD»

BILJIMB IH'E€EKIIIT KPAIEJIb PITKOI'O KEPOCHHY IIPA PIBHUX
PATAJIBHUX TA TAHTEHHIMHUX HIBUJIKOCTAX HA YTBOPEHHSA NOX,
CO TA PO3IIOALI TEMIIEPATYPHU

Y yvomy oocniosicenni npedcmasneno yucnosuti ananiz i CFD-mo0enosants 320panhs pioKo2o KepoCuHy
ULTIAXOM BaPil08AHHS PAOIANLHUX | MAHSEHYIATLHUX CKAAOO0BUX WEUOKOCMI KpAneib KepoCUHY, HIHCEKIMOBAHUX
yepes opcyHKy 6 peanvHull xamepy s2opauus. Kpanni posensdaromocs uepe3 po3nodin posmipie 4acmuHoK 3a
Posinom-Pammnepom 3 eukopucmanuam moodeni posnunenns FEiunepa-Jlacpansca. OcnosHnoio memoio yb0o2o
docnioxcennsi € oyinka npoyecie ymeopenus euxuoig, makux sk NO i CO, a makooc KOIU8AHb PO3NOOLLY
memnepamypu 6 30HI NEPEUHHO2O0 320pSHHA NI0 YAC Npoyecy 2OpIHHA Mma SUNAposyéanHs Kpaneiv. Jlis
MOOENI0BAHHS 20PIHHS BUNAPEHO20 KepOCUuHy 6yno euxopucmaro moodenv Flamelet, saxa 0oszsonie demanvHO
onucamu KinemuyHny cxemy Ximiunux peaxyiti mivic (JetA-CI10H22) i nosimpsam, inmeeposany ¢ ANSYS CFX,
sKaOuaouu mepmiune ma weuoxe ymeopenns NO. Byno 3acmocosano cmanoapmmy mooens mypoyieHmuocmi k-
€ 3 NOKPAWEeHUM ONUCOM CIIHOK § MOOeL0 sunpominiosanns Pl. Bepugixayis ma éanioayis pe3yibmamie anauizy
Oyu po32IsIHYmMI 8 ybomy 00CHIONCEHHI, Oe pe3yibmamu, maki K po3nodin memnepamypu ma ymeopeuns NO na
DI3HUX paodianbHUX 8I0CMAHAX KAMepu 320pSHHS, NOPIGHIOBANUCS 3 PeabHUMU eKCHePUMEHMATbHUMU OAHUMU.
Pesynemamu noxasanu, wo nogedinka Kpaneib, 3yMOGNEHA WBUOKOCMAMU THIICEKYIT, 3HAUHO GNIUBAE HA Npoyec
320pANHS, GKIOUAIOYU PO3N00Ln memnepamypu, ymeopenus NOx ma suxuou CO, 0cobaueo 6 30Hi NepeUHHO2O
320PAHHAL.

Kurouosi cinoBa: CFD, 320psinus, po3nuienis, 6UKUOU, cnpeil, GUnaposy8anHs Kpaneinb, Qetimien.
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