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Abstract

Micro-turbines have been lately recognized as promising alter-
natives for powering unmanned aerial vehicles (UAVs), hybrid
transport and small scale electricity generation. Due to their
traditional use in military and recreational applications, a good
deal of empirical and general data is available but little technical
and scientific information about their behaviour, and in particu-
lar about their combustion characteristics can be obtained.

Injection is widely recognized as a major controller of the com-
bustion process in thermal machines such as diesel engines and
gas turbines. In this paper a computational study is undertaken
to identify the influence of the injection characteristics on the
thermodynamic variables inside a commercial micro-turbine.
Large eddy simulation is used for describing the turbulence.
Statistical design of experiments is used to evaluate the influ-
ence of each factor and their interactions as well as for reduc-
ing the amount of simulations. Results indicate that changes in
droplet size and injection velocity can improve the conditions at
the outlet of the combustor.

Introduction

The micro-turbine industry has grown dramatically in the last
decade. This is because new applications for these engines,such
as small scale electricity generation, unmanned aerial vehicle
propulsion and hybrid transport, have been developed.

Micro-turbines, when compared with the state of the art recip-
rocating engines, promise better power to weight ratio, more
flexibility, lower emissions and the possibility of flying faster
and at higher altitudes. However, their fuel efficiency is still
low. This is the main reason why they have not found yet a
more widespread use in those areas. A further understanding
of the behaviour of the engine can yield improvements in their
performance. This is the aim of this work, focusing on the com-
bustion chamber.

The combustion process is a key factor in the operation of the
turbine. A better understanding of this process can not only
benefit the efficiency of the engine at given conditions but also
make it possible to expand the area of operation of the engine.
Several studies have been undertaken analysing pressure loss
[1], implementing lean combustion for low NOx emissions [2],
comparing different configurations [3] and analysing the com-
bustion process through computational fluid dynamic simula-
tions [4, 5].

The injection process plays an important role in the combustion,
yet the extent of the influence of the main injection variables,
such as droplet diameter, spray diameter and injection veloc-
ity on the combustion process of micro turbine engines, using
vaporisers at this scale, is still unclear.

This paper focuses on the influence of three variables of the
injection process on the combustion inside micro turbines using
CFD. The initial droplet diameter, the outlet velocity and the
spray angle are studied. All these variables can be modified in a

straight forward manner, for example by changing the injection
pressure or changing the injector type using air blast, simplex
or plain orifice atomizers. This paper can serve as a guide to
determine if the implementation of more advanced atomizersis
useful for micro-turbine combustion.

In micro-turbine engines, the optimal condition for a combustor
is to have the highest and most homogenious temperature at the
outlet with the minimum pressure drop. Given a constant mass
flow rate and outlet area, the pressure can be easily related with
the velocity at the outlet. In this study, only the velocity and
average temperature at the outlet are considered in a high load
condition.

In the following section, the methodology of the study is thus
described. The details of the turbine and combustor, together
with the model and mesh details are presented first. The turbu-
lence and combustion models are then described, followed by
the boundary and operating conditions and a description of the
design of experiments and test plan. Results are presented in
terms of the temperature and velocity fields. Finally the conclu-
sions are detailed.

Methodology

Turbine and combustor

The case considered here is the KJ66 micro-turbine [7]. This
turbine has been created for small aircraft propulsion and is
specially designed for easy manufacture. It is readily obtained
and there is plenty of empirical information available, making
it ideal for this research i.e. [6, 7].

The KJ66 combustor features direct injection of the fuel with
six vaporising sticks for achieving complete combustion before
the turbine stage. Typical Reynolds numbers for the air inflow at
the inlet are around 54,000. A diagram of this component can be
seen in Figure 1. This is a 60 degrees section cut, as employed
for the model explained in the following paragraphs. The fuel
injector has a 0.7 mm diameter nozzle and uses a standard 12V
pump.

Figure 1: 60 degrees section cut of the combustor
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Mesh details

The combustor is represented using a 3D, 60 deg section non-
conformal mesh with a combination of tetrahedral and hexa-
hedral elements. Only a sixth part of the engine is meshed
to reduce computational cost. Several different meshes were
evaluated from 130,000 elements to approximately 500,000 el-
ements. Acceptable grid convergence was obtained at 260,000
elements and therefore this mesh was used for this study. Fig-
ure 2 illustrates a section cut of this mesh through the middle of
the vaporiser. This view will be used in the results sectionsfor
exhibiting the behaviour of specific variables.

Figure 2: Section cut through the vaporiser illustrating the com-
putational mesh.

Turbulence and combustion models

As explained by Gonzalez et al [5] Large Eddy Simulation
(LES) outperforms Reynolds Average Navier Stokes (RANS)
turbulence models for this problem. In particular their results
show that LES with wall adapted local eddy viscosity (WALE)
sub grid model yields the best results. This is the model thatis
employed in the present study.

A finite rate model for the simulation of combustion is used.
Due to the high chemical complexity of the kerosene, a sur-
rogate fuel consisting of 80% n-decane and 20% toluene is em-
ployed for simulating this fuel. The steady flamelet model [8, 9]
is utilised together with a reduced mechanism of 63 species and
167 reactions [10].

Fuel injection model

A Lagrangian model for the spray injection with an unsteady
stochastic discrete particle tracking approach [11, 12] isused.
Dynamic drag is used to model the aerodynamic interaction
[13]. Droplet break up is modelled using the hybrid Kelvin-
Helmholtz Raleygh-Taylor (KHRT) break-up model [14]. The
model constants were adjusted to match the experimental re-
sults of Yang and Chin [15], Chin [16] and those illustrated by
Lefevbre [17]. For this model, the initial droplet diameterthat
best matches the experimental results is 100µm.

Operating parameters and boundary conditions

Second order discretisations are used for all equations. The sec-
ond order implicit in time approach is employed for the un-
steady formulation. Pressure and velocity coupling is carried
out via the PISO algorithm. The time step for unsteady cases
was 2×10−5 s. Residual convergence for continuity, velocities,
mixture fraction was considered acceptable below 10−3, while
that of the energy equation was 10−5.

A high load condition is evaluated in this study. The total air
flow is 0.22 kg/s, the inlet pressure is 2.2 bar and global air fuel
ratio is 65 [7]. The inlet temperature of the air is 400K while
that of the fuel is 300K. A validation study for this case withall
the models previously described was performed by Gonzalez et
al [5].

Design of experiments

Three parameters were used in this study: the initial average
drop size, the injection velocity and the spray angle. Thesewere
analysed at three different levels as illustrated in table 1.

Drop size (µm) Inj. vel.(m/s) 1/2 Spray angle (deg)

10 3 5
155 51.5 15
300 100 25

Table 1: Levels for the experimental design

The drop diameter levels were selected to comprise the range
obtained by Levy et al [4] and take into consideration betterand
worse atomization systems. The injection velocity levels were
selected to take into account very low and very high injection
pressures: from almost no injection to pressures that are higher
than those usually obtained with commercial systems for these
purposes. The injection angle is usually increased by the use of
air blast or simplex atomizers. The minimum value was selected
to take into account spray conditions for plain orifice atomiz-
ers while the high value was selected to take into consideration
more complex systems.

For minimising the number of tests and maximising the output,
a statistical design of experiments was selected. Some assump-
tions are made when using these designs. The most relevant one
for this study (which involves a surface response methodology)
is that the behaviour of the system is assumed to be quadratic.
To validate this assumption validation points are required. In
the present case, a validation point at 100µm, 32 m/s and 5 deg
was tested.

A response surface methodology was selected because it makes
it possible to minimize the test cases and to get valuable infor-
mation throughout the testing range [18]. In this methodology,
the response surface is created using the experimental (or com-
puted) values of a specific variable and fitting a second degree
polynomial through these points. Statistical studies haveshown
that in most cases it is not necessary to make a full parametric
study to obtain the most valuable information. Therefore, the
amount of tests can be reduced.

Constructing a surface response also makes it possible to get
specific data in points that were not tested. Given the fact that
validation points are carried out, good agreement with the real
value should be expected. This means that more easy-to-use
information can be obtained.

Another advantage of using these designs is that given a re-
sponse surface, the statistical significance of a determined factor
or interaction (change in one factor when another factor varies)
can be determined. This means that in some cases, the error
of estimation can be bigger than the effect that a specific fac-
tor (or interaction) yields. Given that the error of estimation is
reasonable low, this methodology can be used to obtain conclu-
sions like the non significant influence of a factor in a response
variable.

The process of deciding the non influential factors is done first
by determining which factors or interactions are non statistically
significant. This is done by looking at the p-value of each fac-
tor (normally a p-value bigger than 0.1 implies that the factor is
not-statistically significant at the 90 or 95% confidence level).
Higher order interactions have to be considered before deter-
mining if a primary factor is not influent. In this way, higher
order non-significant interactions are gradually taken outof the
equation until all the factors are significant or the error ofesti-
mation is increased beyond the user’s criteria.
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There are several types of response surfaces, they vary mainly
on the position and amount of points to be used. In this study
the Box-Behnken design, which considers only the points at the
edjes of the enclosed cube, was selected as a good compro-
mise between accuracy and test reduction [19]. The best pre-
dictions with this model are in the sphere/ellipse enclosedby
these points. This has made it possible to reduce the number
of computations from 27 possible combinations (considering a
parametric study of 3 factors at 3 levels) to a total number of14,
including the validation point.

Results

To analyse the combustion process, the mean values of the tem-
perature and velocity at the outlet obtained with the steadystate
solution are used. Surface responses were thus created for these
two variables in terms of the drop size, injection velocity and
spray angle and their interactions. As explained earlier, the re-
sponse surface methodology makes it possible to obtain a poly-
nomial equation. In this case the obtained equation represented
the data with a R2 of 88% and 84% for the temperature and ve-
locity, respectively. The standard error of estimation foreach
case was 25 K and 4 m/s. This values in the order of varia-
tion of the steady state solution due to turbulence so it can be
considered adequate.

In Figure 3 the pareto plot of the main effects and the second or-
der interaction of the droplet size are displayed. The pareto plot
for the temperature yields very similar output and is therefore
omitted. This plot indicates which factors are not statistically
significant. This is done by looking at those factors whose bar is
below the statistically significance line. Only these four factors
are displayed since all the rest of them (second order interac-
tions) have been taken out of the model (through the procedure
explained in section ) due to their lack of significance.

0 1 2 3 4

Standarized effect

Angle

Drop size x Drop size

Inj. Velocity

Drop size

+

_

Significance line

Figure 3: Standarized effect of the different parameters over the
temperature.

The first point to notice in this plot is that the spray angle isnot
significant for the model while the effect of the injection veloc-
ity and drop size is bigger than the predicted error. Also, the
interactions between the factors are not significant. Thirdly, the
effect of both the injection velocity and drop size are negative,
showing that an increase of both factors decreases the velocity
(or temperature) at the combustor outlet.

In figures 4 and 5, contour plots of the effect of the drop size
and the injection velocity on the outlet temperature and theout-
let velocity are displayed. As noted, smaller drop sizes make
it possible to get higher temperatures and velocities. Thisfac-
tor shows a quadratic effect on both variables illustratingthat a
further reduction of the drop size can lead to higher tempera-
tures/velocities and that a further increase in the drop size is not
going to create a very dramatic effect on the performance of the
engine.

Figure 4: Effect of the drop size and injection velocity on the
mean temperature at the outlet of the combustor.

Figure 5: Effect of the drop size and injection velocity on the
mean velocity at the outlet of the combustor.

In Figure 6, the mean temperature at the mid section of the com-
bustor is displayed for the two different levels of the drop size
at 3 m/s and 5 deg.

As noted, the high temperature region is more properly defined
in the 10µm case. In this case, as seen in Figure 7, higher
evaporation rates inside or very close to the vaporiser makeit
possible to achieve a rich and homogenious mixture in the pri-
mary and secondary zones. As seen in Figure 8, this makes it
possible for this mixture to have a well established flame front
when it mixes with the secondary and part of the diffusion air.

Bigger droplets evaporate in more distributed locations. There-
fore, local stoichiometric mixture fractions (and high temper-
ature zones) can be found in a broader area. However, some
of the bigger droplets are not able to evaporate and mix com-
pletely before or inside the combustor which explains most of
the decrease of temperatures.

Higher injection velocities lead to lower outlet temperatures and
velocities as seen in figures 4 and 5. In Figure 9, comparative
images of the mean temperature at the mid section of the com-
bustor for the two extreme levels of the velocity at 151µm and
5 deg. are displayed.

It can be noted that substantially lower temperatures are ob-
tained inside the combustor when the injection velocity is in-
creased. As observed in Figure 10, this is because leaner mix-
ture fractions are obtained. The fuel mass source contours of
Figure 11 indicate that this is due to a more distributed evapo-
ration. As noted in this same figure, there is still evaporation at
the outlet of the combustor. This means that incomplete com-
bustion is taking place, which can explain the overall decrease
in temperatures.
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Figure 6: Temperature at the mid-section cut of the combustor
for the 10µm (a) and 100µm (b) cases. The injection velocity
and spray angle are 3 m/s and 5 deg, respectively.

Figure 7: Evaporated fuel mass at the mid-section cut of the
combustor for the 10µm (a) and 100µm (b) cases. The injection
velocity and spray angle are 3 m/s and 5 deg, respectively.

Figure 8: Mixture fraction at the mid-section cut of the com-
bustor for the 10µm (a) and 100µm (b) cases. The injection
velocity and spray angle are 3 m/s and 5 deg, respectively.

Discussion

It is noted from this study that most of the evaporation takes
place at the outlet of the vaporiser when the droplet diameter is
increased to more than 100µm. As explained in the fuel injec-
tion model section, the validation studies for the fuel injection
model have shown that this is a typical initial droplet diameter
for plain orifice atomisers such as the one usually installedin
this engine. The design of the vaporiser is thus, not optimal. A
longer design can make it possible for the evaporation to take
place inside the primary zone. Also, the use of air blast atomis-
ers can be helpful in this sense.

Also, slower velocities make it possible to obtain complete
combustion. Most of the injectors rely on an increase in in-
jection pressure for decreasing the drop size. As observed in
this study, the benefits of decreasing drop size are much higher
than the drawback of increasing injection velocities. However, a
very rich combustion is obtained when the drop size diameteris
decreased. This may lead to very high NOx production. Based
on this data, the combustor could be improved by an increase of
the primary air and a reduction of the drop size. This could lead
to lower mixture fractions, leaner combustions and lower NOx.

Conclusions

A CFD analysis of a micro turbine combustor under reactive
conditions has been performed. The influence of injection con-
ditions was assessed. The results indicate that decreasingthe
drop size and increasing the injection velocity leads to an over-
all increase of outlet temperatures. This is because a more com-
plete combustion is achieved.

Most of the evaporation takes place at the outlet of the vaporiser
when the diameter is over the 100µm. Since this is a typical and
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Figure 9: Temperature at the mid-section cut of the combustor
for the 3 m/s (a) and 100 m/s (b) cases. The drop size and spray
angle are 151µm and 5 deg, respectively.

even small sauter mean diameter for plain orifice atomisers,the
design of the vaporiser of this combustor has been found to be
somewhat short if complete evaporation is desired.

A higly premixed rich combustion can be obtained when the
drop size diameter is decreased. This may lead to very high
NOx production. An increase of the primary air, increasing the
vaporiser diameter, together with an increase of length anda
reduction of the drop size by means of a more efficient atom-
iser can lead to lower mixture fractions, leaner combustions and
lower NOx.
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