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Abstract: Micro-gas turbines are used for power generation and propulsion in unmanned aerial
vehicles. Despite the growing demand for electric engines in a world striving for a net zero carbon
footprint, combustion gas turbines will continue to play a critical role. Hence, there is a need for
improved micro-gas turbines that can meet stringent environmental regulations. This paper is the first
part of a comprehensive study focused on understanding the fundamental performance and emission
characteristics of a micro-gas turbine model, with the aim of finding ways to enhance its operation.
The study used a multidisciplinary CFD model to simulate the reacting flow in the combustion
chamber and validated the results against experimental data and throughflow simulations. The
present work is one of the few work that attempts to address both the aerothermal performance
and emissions of the gas turbine. The findings highlight that parameters such as non-uniform
outlet pressure, fuel-to-air ratio, and fuel injection velocity can greatly influence the performance
and emissions of the micro-gas turbine. These parameters can affect the combustion efficiency, the
formation of hot spots at the combustor—turbine interface, and the soot emissions. The results provide
valuable insights for optimizing the performance and reducing the emissions of micro-gas turbines
and serve as a foundation for further research into the interaction between the combustor and
the turbine.
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1. Introduction

Excessive consumption of fossil fuels over the past few decades has accelerated global
warming. To combat this, governments and international organizations have set a goal to
reach net zero emissions by 2050. Despite the growth in demand for transportation and
energy, which are significant contributors to carbon emissions, technological advancements
in electric-powered engines have not yet been widely adopted due to various reasons. As a
result, combustion gas turbines will remain a critical component in the near future.

In the renewable energy sector, micro-gas turbines are used for electricity production.
These turbines offer the advantage of being able to run on alternative fuels such as biogas,
hydrogen, liquid biofuels, and so on, along with a low capital cost. The literature review
by De Robbio [1] highlighted the growing role of micro-gas turbines in distributed electric
and thermal energy generation from renewable sources. The review also described the
integration of micro-gas turbines with other energy conversion systems such as solar fields,
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ORCs, and fuel cells. Banihabib and Assadi [2] recognized the potential of micro-gas
turbines in the rapidly growing decentralized energy market due to their low emissions,
fuel flexibility, and low maintenance. The authors discussed the challenges in improving the
operational flexibility, reliability, and availability of micro-gas turbines while maintaining
low environmental impact. Ji et al. [3] demonstrated the potential use of micro-gas turbines
as range extenders for electric vehicles to replace diesel-based engines. Micro-gas turbines
are also used as propulsors in unmanned aircraft. Capata and Saracchini [4] conducted
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experiments on a miniaturized turbine for radio-controlled vehicles that run on different
fuels and showed that a propane-butane mixture is more economically advantageous
than kerosene. Habib et al. [5] investigated the effects of adding biofuel to Jet A and
found that the addition reduced static thrust and specific fuel consumption but increased
thermal efficiency. An optimum mixture reduced CO and NO pollutant emissions without
a significant reduction in static thrust. Large and Pesyridis [6] explored the potential of
improving the performance of existing micro turbojet gas turbine engines by converting
them into turbofans.

To meet stringent environmental regulations, alternative fuels have been extensively
investigated, as demonstrated by the above literature. Another aspect that has been
relatively overlooked is the impact of micro-gas turbine design variables on emissions.
Okafor et al. [7] experimentally examined the effects of fuel injection angle, combustor
inlet temperature, equivalence ratio, and ambient pressure on flame stabilization and NOx
emissions. They showed that inclined fuel injection resulted in improved flame stability
and lower NH3 and NOx emissions compared with vertical injection along the combustor
central axis. Zong et al. [8] proposed an external combustion air adjustment method to
control the reaction zone fuel-air ratio under off-design loads. The results showed that the
combustion air adjustment system reduced CO emissions but increased NOx emissions
due to a longer residence time in the reaction zone. Lefebvre [9] found that the hydro-
gen and/or aromatics content in the fuel composition had a significant impact on flame
radiation and liner wall temperature but only a slight effect on CO and NOx emissions.
Chmielewski et al. [10] showed that the addition of water to the default engine fuel moder-
ately decreased fuel consumption and significantly reduced NOx emissions. Chmielewski
and Gieras [11] conducted an experimental and numerical study that showed that a vari-
able dilution holes area design concept can increase outlet total temperature by 25% while
reducing NOx and CO emissions by 40%.

Soot is a crucial pollutant emission for micro-gas turbines. These are small particles
produced during hydrocarbon fuel combustion and are carcinogenic. Soot also affects the
performance of gas turbines by reducing the lifespan of components due to the burning
of deposited soot on the turbine surfaces. According to Naegeli et al. [12], the flame
temperature significantly increases soot concentration, with a decrease in the H/C ratio
leading to an even stronger increase in soot concentration. Rault et al. [13] observed an
increase in soot formation in 10% ethanol blend flames compared with original Jet A-1
flames in their experiments, which was attributed to changes in the flame structure.

Micro-gas turbines have several major components besides the combustor, including a
compressor and a turbine. Interactions between these components can impact the perfor-
mance and emission characteristics of the turbine. In previous work by the authors [14],
the effects of diffuser design and compressor outlet flow on the aerodynamic performance
of the combustor were studied. Results showed that the diffuser-combustor integrated
design, developed with the compressor outlet flow taken into account, had potential for
improved performance. In real-life operation, micro-gas turbines face numerous sources of
uncertainty, such as variations in boundary layer thickness, manufacturing variations in
blade rows [15-20], and more. These uncertainties, combined with interactions between
components, can significantly impact performance. For instance, the combustor outlet flow
results in a non-uniform inlet flow to the turbine stages [21,22], and the combustor hot
streak can degrade the aerothermal performance of the turbine [23-25]. The current work
is the first part of a more comprehensive project aimed at understanding the fundamental
aerothermal performance and emission characteristics of a micro-gas turbine model and
finding ways to improve its operation. The study includes simulating a reacting combustor
flow in conjunction with aerodynamic simulation of other gas path components. This
present work focuses on the combustor with a reacting flow, investigating the effects of
aerodynamic boundary conditions and fuel injection parameters in detail.
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2. Numerical Methods

The solver ANSYS CFX is adopted in the current work. It is an implicit finite-volume-
based Navier-Stokes solver. The governing equations that represent the conservation of
mass, momentum, and energy at each instantaneous time step are described as follows:

)
L+ V- (pU) =0,

1
MWW L V. (pUeU)=-Vp+V-1, M

B(Sfl) _ 3—7;+V-(pUH) = -V-(AVT)+ V- (U-7)

The advection terms are discretized by the bounded high-resolution scheme similar
to Barth and Jespersen [26]. Pressure-velocity coupling is performed by the 4th order
smoothing algorithm similar to Rhie and Chow [27]. The algebraic multigrid method is
used to accelerate the solver convergence rate. The solution is marched with the pseudo
time step until the convergence criteria are reached and the residuals drop several orders
of magnitude. To close the governing equations, the k — w SST turbulence model [28]
is adopted.

2.1. Combustion Modeling

In this section, the combustion model for the reacting mixture in the combustor is
presented. In the present study, the fuel type for the micro-gas turbine is Jet-A fuel (C12Hy3).
This is the most common fuel for micro-gas turbine applications, although bio-fuels and
hydrogen have been increasingly used to achieve greener emissions and fuel flexibility. The
transport equations for the combustion mode use the same algorithms for multiphase flow
with additional source terms due to chemical reactions:

@ +V - (pUYy) = V(Tleff(VYI)) + 51 @)
where Y] is the component mass fraction; and Sy is the component chemical reaction rate.

The eddy dissipation model is adopted in this study due to its computational efficiency
and robustness. It is suitable for large-scale industrial simulations as in this project, where
the whole micro-gas turbine needs to be simulated at various operating conditions. The
eddy dissipation model is built upon the concept that chemical reaction is fast relative to
the flow transport process. The model assumes that the reaction rate is proportional to the
reactants mixing time, which is also proportional to the ratio of turbulent dissipation and
turbulent kinetic energy:

€
reaction rate % 3)

where k is the turbulent kinetic energy; ¢ is the rate of dissipation of turbulent kinetic energy.

The two-step chemical kinetic mechanism of the Jet-A fuel adopted in the present
work is shown below. A reduced kinetic mechanism is used to balance the cost/time of
simulation against the prediction accuracy. Despite being relatively simple compared with
the full kinetic mechanisms (which are also subject to several modeling uncertainties),
reduced kinetic mechanisms have been shown to reproduce reasonably the key quantities
of interest including heat release rates, flame temperature, and species concentration. For
example, one can refer to References [29-32] for previous works that adopted reduced
kinetic mechanisms for Jet-A and other fuels.

C1oHas + 11.750, — 12CO + 11.5H,0 @)

CO+0.50, — CO, (5)

The reaction rate is calculated based on the modified Arrhenius equation:

k= AT" exp(—E/RT) (6)
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where A is the pre-exponential collision frequency factor; T is the temperature; # is the
temperature exponent; E is the activation energy; and R is the universal gas constant.

2.2. Droplet Breakup Modeling

Liquid Jet-A fuel is pumped via the fuel feed into the combustor. In the micro-gas
turbine model adopted in this study, liquid Jet-A fuel is vaporized to gaseous Jet-A fuel.
The vaporization process is simulated by the droplet breakup modeling approach. There
are a few droplet breakup models to choose from in the solver ANSYS CFX. In this section,
they are briefly described and one of the models are chosen in a further study.

Firstly, the Taylor Analogy Breakup (TAB) model [33] is discussed. It is built upon
the Taylor analogy, in which the droplet distortion can be described as a one-dimensional
spring-mass system. The TAB model assumes that the droplet velocity acts as a damping
force and the surface tension acts as a restoring force. If the deviation of the particle equator
from its equilibrium position has become larger than half the droplet radius, breakup
deems to occur. The Sauter mean radius of the child droplets after breakup is determined
based on the energy balance between the parent and child droplets:

3
T'p,parent PpTpparent . o (6K — 5>
——— =14+04K+ 7
" p,child o 2o\ "120 )

where K = 10/3 is the energy ratio factor; and y,, is the initial value of the distortion rate of
change and assumed to be zero.

An improved version of the TAB model is the Enhanced Taylor Analogy Breakup
(ETAB) model introduced by Tanner [34]. This model uses the same droplet distortion
mechanism as the standard TAB model, but with a different relation for the description of
the breakup process. In the ETAB model, the rate of child droplet generation is assumed to
be proportional to the number of child droplets:

T p,child _
p,chi —¢ Kbrt (8)

T'p,parent

where Ky, is dependent on the breakup regime and Weber number.

Besides the TAB and ETAB models, there are several other droplet breakup mod-
els such as the Cascade Atomization and Breakup (CAB) [35], the Reitz and Diwakar
model [36], etc. Wahba and Nawar [37] compared predictions of several droplet breakup
models for validation against experiments by Sedarsky et al. [38] and Liu et al. [39] as well
as their own studies in a gas turbine system. In their study, the ETAB model consistently
showed the least deviation from experimental measurements. Therefore, the ETAB model
is chosen in this study.

2.3. Soot Modeling

Besides the aerothermal performance of the micro-gas turbine, its emission characteris-
tics are of interest. In this section, modeling of soot formation is described. The Magnussen
soot model [40] is adopted. In this model, soot is assumed to form from a gaseous fuel in
two stages: the formation of radical nuclei and the formation of soot particles from these
nuclei. Extra transport equations need to be solved for soot modeling:

a(pXy S o ([ = =
% +V- (pUXN) = VXN (V + 1’?%) + Snuclei,f + Snuclei,c (9)
a(pYs N o (— & =
(%ts) +V- (puys) = VYs (;4 + P%) + Ssoot,f + Ssoot,e
where X is the specific concentration of radical nuclei; and Y is the soot mass fraction.
The modeling procedures comprise of three independent parts:

e  Formation of nuclei and soot particles according to Tesner et al. model [41];
e  Combustion of nuclei and soot particles;
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e  Magnussen’s Eddy Dissipation Concept for modeling the effect of turbulence on mean
reaction rates.

2.4. Data Post-Processing

There are various aerothermal quantities of interest in the current work that are not
readily available from the raw simulation. Additional calculations need to be performed to
post-process these data. The first variable of interest is the combustion efficiency #.:

HeefHV

Tos = Toz +
Cpg

(10)

where 77, is the combustion efficiency; f is the fuel-to-air ratio; HV = 43.1 MJ/kg is the
Jet-A fuel heating value; and ¢, is the gas specific heat.

For the validation purposes, the engine thrust F is of interest. It can be calculated as
the momentum change across the engine, assuming the pressure at the nozzle exit is equal
to the freestream pressure:

F =mV, — oV (11)

where 111, is the exit mass flow rate; 1 is the inlet mass flow rate; V, is the exit gas velocity;
and Vj is the inlet gas velocity.

3. Test Case Descriptions
3.1. Geometry

The micro-gas turbine adopted in the current work is of turbojet type. It is built upon
the KJ66 micro-gas turbine model [42]. Its typical use is for small radio-controlled un-
manned aerial vehicles. This model and its modified variant [43—45] have been investigated
extensively by other researchers due to the availability of its geometrical and operational
information. Figure 1a shows the cross-section and Figure 1b shows the whole view of the
three-dimensional CAD model of the micro-gas turbine. As can be seen, this micro-gas
turbine model comprises of a single-stage centrifugal compressor, an annular combustion
chamber, a single-stage axial turbine, and an exhaust. The combustion chamber, which is
the focus in the current work, is a reverse-flow type. It has several vaporizing tubes inside
the chamber. The fuel feed supply pipes are not modeled for simplicity, and the liquid fuel
is injected inside the vaporizing tubes. The droplet breakup models then convert the liquid
fuel into the gaseous fuel by the vaporization process.

Figure 1. Cont.
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Figure 1. Three-dimensional CAD model of the micro-gas turbine: (a) cross-section view; (b) whole view.

3.2. Computational Domain and Mesh

Only the combustion chamber is investigated in the current work. Figure 2 shows
the computational domain and mesh of the combustion chamber. The computational
domain lies between the compressor outlet/combustor inlet interface and the turbine
inlet/combustor outlet interface. Only a single sector is modeled in the current work to
reduce the computational cost. With a closer look at Figure 2, the outer and inner walls of
the combustion chamber can be visualized clearly. On the inner walls of the combustion
chamber, there are several dilution holes of varying sizes and locations. These holes provide
air supply to complement the fuel combustion as well as cooling the combustion chamber
walls. The combustion chamber geometry is meshed using the software ICEM. The surface
meshes are quad-dominant and the volume meshes are hexa-dominant to ensure the
high quality.
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Figure 2. Cont.
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Figure 2. Computational domain and mesh of the combustion chamber sector: (a) side view; (b) top view.

3.3. Simulation Setup and Boundary Conditions

A single-sector computational model of the combustion is used, with the two outer-
most interfaces set with rotational periodicity. At the combustor inlet, total pressure, total
temperature, and flow angles are specified. At the combustor outlet, the static pressure is
specified. These boundary conditions are uniform in the baseline case, aligned with the
average values obtained from a whole engine simulation at the maximum thrust operating
conditions. Liquid Jet-A fuel is injected inside the vaporizing tube at a specified mass flow
rate, with specified injection angle and velocity. All wall surfaces are modeled as adiabatic
no-slip surfaces.

3.4. Mesh Sensitivity Study

A mesh sensitivity study is crucial to ensure that the numerical results are not depen-
dent on the mesh size. In this study, the mesh size is gradually refined until the quantities
of interest change slightly. Figure 3 presents the results of the mesh sensitivity study. The
two quantities of interest are combustion efficiency (Figure 3a) and soot concentration at the
combustor outlet (Figure 3b). The results indicate that the numerical predictions converge
for configurations with more than 3 million mesh elements. Configurations with a mesh
count lower than 3 million exhibit a significant deviation from the results obtained using a
fine mesh.

0.95

0.85

T

0.8

0.751

0.7r

2

Number of elements, millions

0.65 ‘ ‘ ‘ : ‘ ‘
o1 2 3 4 5 6 7

Number of elements, millions

Normalized average soot mass fraction

3 4 5 6 7

(a) (b)

Figure 3. Results of mesh sensitivity study: (a) combustion efficiency; (b) normalized soot
mass fraction.
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Both combustion efficiency and soot formation are sensitive to the temperature distri-
bution at the outlet. In the next steps, the total temperature distribution at the combustor
outlet is further examined. Figure 4 shows the total temperature contours at the combustor
outlet for different mesh size configurations. Firstly, a hot spot is evident, characterized by
a high temperature zone at mid-span. As seen, the spatial extent and temperature level of
the hot spot reduce with mesh refinement. The configurations shown in Figure 4c—e are
qualitatively similar, reinforcing the previous observation regarding combustion efficiency.
As a result, the mesh with 4.5 million elements for a single sector is chosen as the final mesh
for the current study considering the balance of accuracy and computational cost.
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Figure 4. Combustor outlet total temperature contour of different mesh size configuration: (a) 0.8 M;
(b) 2.1 M; (c) 3.3 M; (d) 4.5 M; (e) 6.2 M.

3.5. Validations

In this section, the simulation method is validated using data from the public domain,
including experiments by Schreckling [42] and numerical throughflow simulations by
Yang et al. [44]. Two parameters, engine thrust and exhaust temperature, are compared.
Figure 5 displays the validation results for engine thrust and exhaust temperature. The
chosen operating point in the current work, at maximum thrust around 120,000 rpm, is
slightly under-predicted for thrust and slightly over-predicted for exhaust temperature,
but both are close to the expected results. A detailed analysis of the whole engine model
is not the focus of this study and is presented in a separate report. The validation results
confirm the validity of the CFD simulation approach used in this study. Further validations
for the turbomachinery gas path for popular test geometries have been carried out using
the same code and simulation method. However, they are not shown in the present work
and will be released in future works that involved turbomachinery components.
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Figure 5. Full engine validation results against the experiment of Schreckling [42] and throughflow
simulations of Yang et al. [44] for: (a) engine thrust; (b) exhaust temperature.

4. Results and Discussion

In this section, the main results of the current work is discussed. Firstly, the baseline
configuration is analyzed to understand the fundamental flow mechanism within the micro-
gas turbine combustor. Then, sensitivity studies of the outlet boundary conditions and fuel
injection parameters are conducted. This study investigates the aerothermal performance
and soot emission characteristics of the micro-gas turbine combustor under different design
and operating conditions.

4.1. Baseline Configuration

Figure 6 shows the streamwise velocity contour at the cross-sectional surface of the
combustion chamber with streamlines overlaid to aid visualization of the flow field. The
streamwise velocity is high at both the inlet (compressor-combustor interface) and outlet
(combustor—turbine interface). The flow field after passing the inlet is divided into two
main paths. The first path follows the streamwise direction to the rear of the combustion
chamber along the upper part of the chamber and then goes through the vaporization
tube to mix with the fuel, demonstrating the reverse-flow combustor concept. The second
flow path goes downward and then follows the streamwise direction along the lower
part of the chamber. Part of the flow goes through the dilution holes as it travels in the
streamwise direction. The combustion chamber has unique dump corners, characterized by
low velocity and swirling flow zones, which retard the incoming flow from the compressor
to a velocity suitable for combustion and maintaining the flame. As a result, it can be seen
that the flow inside the chamber core has low velocity and high swirling flow, promoting
efficient fuel mixing and combustion.

Streamwise velocity [m s?-1]

C oo 0 0% % 0% D %

Figure 6. Streamwise velocity contour at the combustion chamber cross-section surface.
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Figure 7 shows the streamwise temperature contour at the cross-section surface of the
combustion chamber. The flame can reach up to 2400-2600 Kelvin degrees at the chamber
core. It is interesting to note that the flame has the tendency to move downward, which
would interact with the lower inner combustor casing. Thus, this part of the combustion
chamber is prone to overheating if the cooling system is not designed properly.

Temperature [K]

e R

D G B T Ty Ty e Te <p s
D G % 0. T 0. B Y0
2 Y P %% % % BB B
Figure 7. Streamwise temperature contour at the combustion chamber cross-section surface.

Figure 8a,b show the total temperature and the soot concentration at the combustor
outlet, respectively. A hot-spot can be seen at mid-span (Figure 8a), which is responsible for
the hot streak that travels downstream to the turbine stage and reduces the nozzle guide
vane’s lifetime. In this micro-gas turbine model, there is also an end-wall hot-spot. Like
the mid-span hot spot, it can overheat the turbine hub casing, reducing the performance
and lifetime of the micro-gas turbine system. The soot concentration contour (Figure 8b)
has a similar spatial distribution compared with the total temperature contour (Figure 8a),
confirming that soot formation is highly correlated with the local temperature field.

W

Soot Concentration, ppm

e R —

Gy B Oy On 75 70y 75 75 Ty Ty Ty Ty O % & Ty 7 <h % Sp Uy Us %
D% 0 )%, % 305 0 5 © 0 D% 0% 0 % %

() (b)

Figure 8. Combustor outlet contours: (a) total temperature; (b) soot concentration.

‘

Total Temperature

4.2. Effects of Outlet Flow Non-Uniformity

In this section, the impact of outlet boundary conditions on the micro-gas turbine
combustor is analyzed. The baseline configuration uses a uniform outlet static pressure
boundary condition, which corresponds to the average value obtained from the whole
engine model analysis. However, the presence of downstream nozzle guide vanes (NGVs)
creates a pressure field upstream that affects the combustor simulation domain. Figure 9
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(a)
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displays the pressure contour at the combustor—turbine interface in the fully coupled
simulation model, showing an increase in pressure in certain circumferential and radial
locations corresponding to the potential field of the turbine vanes. The results from the
baseline configuration with uniform outlet pressure are compared with those obtained
from the simulation with the non-uniform outlet pressure boundary condition.

Pressure [bar]
2,70

2.68
2.66
2.64
2.62
2.60
2.58
2.56
2.54
2.52
2.50

e
NGV potential field -
Figure 9. Non-uniform pressure distribution at the combustor—turbine interface.

Figure 10 shows the contour of the total temperature at the combustor outlet under
uniform (Figure 10a) and non-uniform (Figure 10b) outlet pressure boundary conditions.
Both simulations exhibit similar spatial distributions, featuring mid-span and end-wall
hot-spots. However, the non-uniform outlet simulation predicts a higher temperature at
the combustor outlet, reflecting the zones with increased static pressure as seen in Figure 9.
This aligns with the ideal gas law, which states that pressure levels are proportional
to temperature.

Total Temperature

1400
1350
1300
1250
1200
1150
1100
1050
1000
950
900
850
800
(b) [K]

Figure 10. Combustor outlet total temperature contour with: (a) uniform outlet; (b) non-uniform

outlet pressure boundary condition.

Figure 11 compares the circumferential distribution of the total temperature at the
mid-span of the combustor outlet. The overall shape of the total temperature remains
similar in the circumferential direction, which supports the previous observation shown
in Figure 10. The total temperature levels in the non-uniform outlet case are generally
higher than in the uniform case. Notably, the circumferential location of the trough shifts
from around 0.6 in the uniform case to around 0.5 in the non-uniform case. Although not
discussed in detail in this paper, the circumferential location of the hot spot has a significant
impact on the heat transfer in the downstream turbine stage.
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Figure 11. Total temperature circumferential distribution at the combustor outlet mid-span.

Figure 12 shows the contour of the soot concentration at the combustor outlet under
uniform (Figure 12a) and non-uniform (Figure 12b) outlet pressure boundary conditions.
The general spatial distribution is similar among the two simulations. The soot concentra-
tion (Figure 12) is highly correlated to the total temperature shown in Figure 11.
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Figure 12. Combustor outlet soot concentration contour with: (a) uniform outlet; (b) non-uniform
outlet pressure boundary condition.

Figure 13 compares the circumferential distribution of the soot concentration at the
mid-span of the combustor outlet. The soot concentration levels in the non-uniform outlet
case are slightly higher than in the uniform case. Notably, the circumferential location of
the trough shifts from around 0.6 in the uniform case to around 0.5 in the non-uniform
case. Figure 13 shows a better qualitative comparison that is difficult to clearly observe in

Figure 12.
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Figure 13. Soot concentration circumferential distribution at the combustor outlet mid-span.
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Table 1 compares the combustor efficiency and the average soot concentration of
the two simulations with uniform and non-uniform outlet pressure boundary condition.
It can be seen that the uniform case has a slightly higher combustor efficiency while
having about 9% lower soot concentration at outlet. Therefore, it can be concluded that
the uniform outlet pressure boundary condition overestimates the combustion efficiency,
while underestimating the soot concentration. This finding suggests that a fully coupled
combustor—turbine is highly desired for a better prediction of performance and emission
characteristics. If the individual component is to be simulated in a separate manner due to
the simulation time and cost prohibitive requirements, exchange of the boundary conditions
need to be performed for at least a few iterations.

Table 1. Comparison between uniform outlet BC and non-uniform outlet BC.

Uniform Outlet BC Non-Uniform Outlet BC
Combustor efficiency 0.9002 0.8928
Average soot concentration 134.283 ppm 146.426 ppm

4.3. Effects of Fuel-to-Air Ratio

In this section, the effects of fuel-to-air ratio is analyzed in more details. It is defined
as the ratio of the Jet-A fuel mass flow rate to the engine air mass flow rate:

FAR = thfyer/ Majr (12)

where FAR is the fuel-to-air ratio; m fuel is the fuel mass flow rate; and My, is the engine air
mass flow rate.

In fact, the fuel-to-air ratio is not an explicit control parameter. Depending on the
operating point of the engine, a specific fuel mass flow rate is consumed corresponding to
a given shaft rotational speed. Thus, the fuel mass flow rate is typically an unknown, and
is calculated iteratively to match the compressor power and the turbine power for a given
shaft rotational speed. As is common practice, for example, in Briones at el. [46], the fuel
mass flow rate was calculated using the secant root-finding method:

M fyeln — M fueln—1

mfuel,n+1 = mfuel,n + (Wc,n - Wt,n) X ( ; (13)

Wc,n - Wt,n) - (Wc,nfl - Wt,nfl)

where W. is the Compressor power; W; is the compressor power; and 7 is the time step n'".
A similar iterative approach was also adopted in Yang et al. [40]:

. ~1—RP, 4 . . .
Mfyeln+1 = RPn_iRIZn—l X (mfuel,n - mfuel,n71> + M fyel,n—1 (14)

where RP is the ratio of turbine power to the compressor power; and  is the time step n'".

Therefore, the investigation of the fuel-to-air ratio in this section can also be regarded
as the investigation of the micro-gas turbine’s performance at different working conditions
along the operating line. Figure 14 shows the effect of fuel-to-air ratio on the combustion
efficiency. The trend is clearly linear with an increase in the combustion efficiency when
the fuel-to-air ratio decreases.

Because the combustion efficiency is strongly related to the total temperature values,
we next analyze the total temperature distribution pattern. Figure 15 shows the circum-
ferential distribution of the total temperature at the mid-span of the combustor outlet
for different fuel-to-air ratios, which characterize the mid-span hot-spot. Changes in the
fuel-to-air ratio significantly affect not only the level of the outlet temperature but also its
pattern. As the fuel-to-air ratio decreases, both the peak and trough temperature decrease,
indicating a reduction in the severity of the hot-spot at the combustor—turbine interface.
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Notably, the relative circumferential location of the peak and trough total temperature
also change. It should be noted that the combustor and nozzle guide vane circumferential
locations remain fixed for all investigations.
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Figure 14. Effect of the fuel-to-air ratio on the combustion efficiency.
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Figure 15. Total temperature circumferential distribution at the combustor outlet mid-span for
different values of fuel-to-air ratio.

Figure 16 shows the average soot concentration at the combustor outlet for different
values of fuel-to-air ratio. This time a non-monotonic relationship is observed. The opti-
mum value of fuel-to-air ratio in terms of soot emissions is around 1.05, slightly larger than
the baseline value in the current study. For fuel-to-air ratio values smaller or larger than
this optimum value, the amount of soot emissions increase. Decreasing the fuel-to-air ratio
tends to have a higher rate of soot formation.

4.4. Effects of Fuel Injection Velocity

Fuel injection velocity is another control parameter to be considered. In reality, fuel
injection velocity can be realized by modifications of the fuel injector geometry (for example
those in Ref [47]). However, due to the simplification of spray modeling adopted in the
present work, parametric changes in fuel injection velocity can be calculated directly.
Figure 17 shows the effect of fuel injection velocity on combustion efficiency. The trend line
remains almost constant with no significant change when fuel injection velocity is modified,
indicating that fuel injection velocity has no impact on combustion efficiency.
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Figure 17. Effect of the fuel injection velocity on the combustion efficiency.

Similarly to the previous study, the total temperature distribution at the outlet is ana-
lyzed. Figure 18 shows the total temperature distribution in the circumferential direction at
the combustor outlet mid-span for different values of fuel injection velocity. No significant
change in temperature can be observed with different fuel injection velocities. The curves
almost lay on top of each other. This confirms the observation form the combustion effi-
ciency calculation (Figure 17), that is, the fuel injection velocity has no significant impact
on the combustion efficiency.
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Figure 18. Total temperature circumferential distribution at the combustor outlet mid-span for
different values of fuel injection velocity.
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Figure 19 shows the average soot concentration for different values of fuel injection
velocity. Although a non-linear pattern is observed, the trend is monotonic. As the fuel
injection velocity decreases, the average soot concentration consistently increases. However,
the rate of increasing is highest near the baseline value. Further away from the baseline
injection velocity, the average soot concentration changes moderately. This trend can be
partly explained by the fuel residence time. As the fuel injection velocity decreases, the fuel
particles stay longer in the combustion zone, leading to a higher soot concentration.
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Figure 19. Effect of the fuel injection velocity on the soot concentration.

Therefore, it can be observed that the fuel injection velocity is a promising control
parameter. For a slightly higher fuel injection velocity, the combustor efficiency remains
almost the same, while soot emissions reduced significantly. The finding suggests that
a relatively high injection velocity fuel injector design concept can potentially reduce
soot emissions.

5. Conclusions and Future Works

The current study explored the aerothermal performance and emission characteristics
of a micro-gas turbine combustor, with a focus on its potential use in radio-controlled
unmanned aerial vehicles. There are few works available in the public domain that attempt
to model simultaneously the aerothermal performance and emissions of a micro-gas turbine.
A comprehensive CFD model was developed in the work to model the reacting flow in the
combustion chamber. The numerical model of the whole engine was validated against the
experimental data and the throughflow model at the maximum thrust condition, which is
also the operating point investigated in the current work.

Based on the numerical results and analyses presented in the current work, it can be
concluded that the aerothermal performance and emission characteristics of the micro-gas
turbine combustor are strongly influenced by various parameters. The main points are
summarized below:

1. Non-uniform outlet pressure can occur at the combustor—turbine interface due to the
potential field of downstream nozzle guide vanes. It increases the maximum tem-
perature at the hot spot. Combustor efficiency slightly decreases, and soot emissions
significantly increase for the simulation with non-uniform outlet pressure boundary
condition. The findings suggest that a two-dimensional boundary condition is re-
quired for the combustor simulation instead of an average value obtained from the
cycle analysis for an improved prediction. The uniform outlet boundary condition sim-
ulation overestimates the calculation of the combustion efficiency and underestimates
the soot emissions prediction.

2. A lower fuel-to-air ratio results in a higher combustion efficiency. The fuel-to-air
ratio has a significant impact on the hot-spot temperature level and location, with an
increase in maximum temperature as the fuel-to-air ratio increases. The fuel-to-air
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ratio has a non-monotonic effect on the soot emissions. The optimum value is around
1.05 times the baseline value. Any fuel-to-air ratio smaller or larger than the optimum
value results in higher soot emissions.

3. The fuel injection velocity has insignificant impact on both the combustion efficiency
and the hot-spot level and location. The fuel injection velocity has a monotonic but
non-linear relationship with soot emissions. As the fuel injection velocity decreases,
soot emissions consistently increase.

The findings of the current paper provide valuable information for improving the
performance and emission characteristics of micro-gas turbine combustors. In the next
steps, the interaction between the combustor and the turbine is further analyzed in more
detail, based on the promising results preliminarily obtained in the current work. To meet
the objectives of the project, potential modifications of the existing micro-gas turbine design
shall be explored to mitigate the adverse effects.
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