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Abstract

This paper addresses the design process
of a combustor for an ultra micro gas turbine
in general and the role of CFD in this process
in particular. First, however the physical chal-
lenges arising from the scale reduction of the
devices are reviewed in order to understand
the restrictions upon the design space. Based
on these challenges, some strategies for ultra
micro combustion are developed. Then the
highly iterative design process is elucidated
with the focus on the role of CFD in it. Fi-
nally some results of the first CFD simula-
tions held at the RMA on a simple geometry,
intended for model validation are given.

Nomenclature

A [—] Arrhenius constant
a [—] Arrhenius exponent
b -] Arrhenius exponent
Dy [m] Hydraulic diameter
E, [J] Activation energy
[f] -1 Fuel concentration
m [kg/s] Mass flow rate
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[02]  [-]

Oxygen concentration

p [Pa] Operating static pressure

Qgen [J] Heat generated

Qios [J] Heat lost

R [J/kg/K] Gas constant

RMA  [-] Royal Mili‘tary Acad-
emy of Belgium

T K] Static temperature

CC [--] Combustion chamber

A% [m’] Volume

Introduction

Manufacturing technologies developed by
the semiconductor industry have opened a new
and very different design space for gas turbine
engines; one that enables gas turbines with di-
ameters of millimetres or centimetres rather
than metres. Such assemblies are known as
PowerMEMS or ultra micro gas turbines and
have been receiving growing interest the last
few years.

These ultra micro gas turbines are mainly
intended for small scale portable power genera-
tion or for the propulsion of mini and micro
unmanned aerial vehicles. In both cases the po-
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tentially very high power density of the gas
turbine allows a strong reduction in battery
weight (ref. [1], [2] and [3]). This high power
density will thus form one of the most impor-
tant criterions.

This paper focuses on the design process
of an ultra micro combustion chamber only.
Even though a lot of new difficulties arise
from the scale reduction for the other compo-
nents too, these will not be addressed here.
Some information on this can be found in ref.
[4], [5], [6] and [7]. Here, only the combustor
issues will be addressed.

First, the main physical challenges ema-
nating from the scale reduction will be re-
viewed. The influence of the time-scale con-
straint and the increased heat loss on the de-
sign space will be elucidated. Some additional
cycle constraints will be given too.

Then, a combustion strategy for ultra mi-
cro combustors is reported. After this, the de-
sign process used at the RMA is highlighted
with a particular attention to the role of CFD
in it. Finally, some CFD results, obtained with
Fluent are given [8].

The physical challenges

The functional requirements of a micro
combustor are at first sight similar to those of
a conventional combustor. Chemical energy
must be converted efficiently into thermal and
kinetic energy with low total pressure loss,
high flame stability and low pollutant emis-
sions. Likewise, the principal constraints mir-
ror those of the large-sized counterpart, in-
cluding low-stressed structures, minimal
weight, and an overall shape and size that are
compatible with the rest of the engine layout.

However, the scale reduction poses many
new obstacles to be overcome. As such, the
design space of a micro combustion chamber
is highly restrained by the requirement for a
sufficient residence time to allow complete
combustion and by high heat loss rates. Mi-
cro-combustor development also faces unique

challenges due to material and thermodynamic
cycle constraints. Below, these different chal-
lenges are shortly reviewed.

Residence time constraints

To obtain the high power density needed, a
high mass flow rate per volume is needed for
the combustor. Since chemical reaction times
do not scale with mass flow rate, the realization
of the needed high power density depends on
whether combustion can be completed effi-
ciently within a shorter combustor through-
flow time or not.

This limit will form the most significant
and technically challenging aspect of the design
of a micro-combustor. Obviously, a complete
combustion can only occur if the (available)
residence time is greater than the needed reac-
tion time or a Damkdhler number greater than
unity. In order to ensure this, one can either in-
crease the time available or decrease the time
needed. Naturally, limitations restrict the mag-
nitude by which both can be changed.

Limitations on the time available

The characteristic combustor residence
time clearly depends upon the flow rate through
the combustion chamber:

Vv

Tres - mRy
p

From this definition, it follows directly that
the residence time can only be increased by
adopting a longer chamber or a lower volumet-
ric flow rate. This flow rate reduction is possi-
ble trough a decrease in mass flow or an in-
crease in operational static pressure.

The operational pressure is however set by
the turbomachinery and cannot be increased
while the high mass flow rate per volume is
needed for the required high power density.
The residence time can thus not be increased
without compromising this power density. Indi-
rectly, however, the residence time can also be
increased by incorporating flow recirculation in
the design. As this artificially lengthens the
path of the gasses in the combustion chamber,
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it will result in a longer residence time with-
out moderating the power density. Recircula-
tion zones will be needed anyway for ignition
of the incoming mixture and for high flame
stability.

Limitations on the time needed

As the residence time cannot be increased
without compromising the power density, re-
ducing the chemical reaction time is the only
means of ensuring a complete combustion.
This chemical reaction time can be approxi-
mated by an Arrhenius type expression (ref.

[91):
o If]
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As can be seen from this equation, this
reaction time is strongly influenced by the
fuel choice. It is mainly this activation energy
that determines the order of magnitude of the
reaction time. The lower the energy needed,
the lower the reaction time. The temperature
of the gasses inside the combustor and the
fuel to air ratio obviously will also be impor-
tant. Fuel preheating can significantly change
the residence time through an effect on both
E.,and T.

However, due to the low Reynolds num-
ber in the CC, the time-needed to mix the fuel
and the air is also critical as well as the injec-
tion conditions of the fuel. If a liquid fuel is
used, time will be needed to evaporate the
fuel droplets too. As the time limit will al-
ready be a very severe constraint for our ap-
plication, only the option of a gaseous fuel
seems therefore viable, except if a size in-
crease to more than 10-15 g/s of air would be
allowed.

Heat loss effect

Heat loss effects are typically neglected
for a conventional gas turbine. For a micro
combustor this however is a fundamental fac-
tor due to the increased surface to volume ra-
tio which results from scaling down the cham-
ber.

TURBINE COMBUSTION CHAMBER

As the heat generated by the combustion is
almost proportional to the volume of the com-
bustor and the heat lost approximately propor-
tional to its surface area, the increase in surface
to volume ratio leads to a substantial increase
in relative heat loss. Reference [10] gives the
following scaling relationship for the ratio of
the heat lost to that generated:

Qlos o 1
Qgen Dhl.Z

The hydraulic diameter of a micro-
combustor is on the order of millimeters, thus
the ratio of heat lost to that generated may be as
much as two orders of magnitude greater than
that of a large-scale combustor (ref. [10]). This
situation is even further aggravated by the in-
crease in heat transfer coefficients (convection
and conduction) due to scaling (see ref. [11]
and [12]).

The effects of this large surface heat loss
on the combustion chamber performance are
twofold. First, large thermal losses have a di-
rect impact on the overall combustion effi-
ciency. Second, the large heat losses can in-
crease kinetic reaction times and narrow flam-
mability limits through lowering reaction tem-
peratures. This can, on its turn, further exacer-
bate the already stringent constraints of short
residence time.

Additional constraints

Besides the previously mentioned con-
straints, several cycle limitations are imposed
by the available material, bearing and fabrica-
tion technologies. The most critical of these re-
quirements is most definitely the limit on the
maximum achievable turbine inlet temperature
which sets the fuel to air ratio of the combus-
tion chamber and the reaction time. As the tur-
bine will be highly stressed, the wall tempera-
ture needs to be relatively low in order to pre-
vent creep problems. Due to the small size,
cooling of the turbine will not be possible
which severely limits the cycle performance.

Furthermore, as already mentioned, the
pressure in the combustor is limited by the
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achievable compressor pressure ratio. Besides
from its effect on the residence time, the re-
duced pressure ratio also entails a low local
Reynolds number (due to the lower gas den-
sity), which will tend to thicken the boundary
layers, increase skin friction losses and in-
crease the heat transfers beyond the scale fac-
tors previously indicated.

Combustion Strategies for micro engines

Based on the observed physical con-
straints and scaling effects, the strategy for a
micro combustion chamber should be based
upon the following three general concepts:

1. slightly increasing the size of the com-
bustor relative to the engine size to in-
crease residence time

2. premixing to decrease the time needed
inside the CC

3. lean burning to achieve the allowable
turbine inlet temperature.

As a large part of the residence time in
current combustors is devoted to fuel-air mix-
ing, removal of this mixing from the combus-
tor seems the only way to meet the residence
time requirement. However, if the reactants
are mixed upstream, the stability benefits of a
near stoichiometric primary zone are lost. On
top of that, there is a danger of flame
flashback or auto-ignition at high combustion
chamber inlet temperatures.

Achieving stable burning at low equiva-
lence ratios is a must seen the limit on the tur-
bine inlet temperature. This can be achieved
in two ways: the use of hydrogen fuel or
catalytic combustion of hydrocarbons. The
latter solution will not be covered here as it
seems to entail significant problems for micro
scale applications (see ref. [10]).

Gaseous hydrogen is an ideal fuel in
many aspects. Compared to hydrocarbons,
hydrogen namely has a greater heating value,
a more rapid rate of vaporization, a faster dif-
fusion velocity, a shorter reaction time, and a

significantly higher flame speed. Most impor-
tantly, however, the broad flammability limits
remove the requirements for a relatively rich
primary burning zone which is necessary for
hydrocarbon fuels. This allows an upstream
mixing with the fuel-air ratio required by the
allowable turbine inlet temperature. This im-
plies that hydrogen is certainly the first fuel to
be investigated. If successful, another gaseous
fuel like propane could be studied later on [13].

The design process and the CFD role in it

As the design of micro combustors is a
relatively new field, not much data on this sub-
ject is available in the open literature. On top of
that, the regime for the combustion chamber
will be laminar or very poorly turbulent, so the
models used in the CFD need to be verified or
adapted. Due to this lack of data (experience)
and/or models, a somewhat new, highly itera-
tive design process is required: a continuous
feedback loop between CFD simulations and
experiments as shown on Fig. 1. As shown on
Fig. 1, during feedback, it is necessary to vali-
date and adapt (if necessary and possible) the
chemical reaction models used.

CFD Simulations
(Fluent)

Reaction Mechanism
reduction & adaptation
(Chemkin)

Experiments
Fig. 1. The CFD feedback loop

Below some general comments on each of
the steps in the loop of Fig. 1 are given.

Set-up of the first CFD simulations

To reduce the complexity of the CFD
model set-up and the number of assumptions,
the first CFD calculations of the loop need to
be set up for the laminar regime, which will be
the most likely operating regime for most of the
projects anyway. Not only does this reduce the
required processor time, the results will also be
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more reliable due to the reduced number of
assumptions. The same arguments are also
valid for the assumption of a completely pre-
mixed combustion.

The main goal of this step is to identify a
range of inlet conditions (temperatures, pres-
sures and equivalence ratios) under which
combustion can be sustained in the geometry
under consideration and to provide data to set
up experiments. Furthermore, this also allows
a relatively quick and easy check of different
chemical reaction models and the effect of
heat conduction and wall materials on the
flame behavior and stability.

If the project is to be started from scratch,
the choice of a first, simple geometry on
which data is available in the open literature
will further reduce the length of the design
process and the number of ‘iterative loops’
needed to obtain a satisfactory result. After
all, as several prototypes will need to be
build, easy manufacturing and the reduction
of the number of prototypes are big assets. On
top of that, the definition of the geometry for
the CFD program will be easier too.

Validation and feedback

Obviously, to be able to validate the CFD
results, a test bench will need to be built. The
set-up of such a test bench will however not
be addressed here. Only some general com-
ments on important aspects of the tests and
the necessary feedback into the simulations
will be given. First, the need to validate and
reduce the reaction mechanism will be ad-
dressed, and then a remark is given on the
necessary measurements.

An accurate simulation of a flame is not
possible without a detailed chemical reaction
model with radicals. For hydrogen, typically 9
species and 18 equations are used. For hydro-
carbons, these numbers easily amount to sev-
eral hundreds (ref [13] and [14]). As the reac-
tion rate needs to be calculated for each
chemical reaction and a mass balance for each
species, this significantly increases the calcu-
lation time for each case. It is therefore im-
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portant to reduce the number of reactions and
species early in the project.

For a micro combustor application, this
phase can be particularly important as it allows
the inclusion of wall effects in the chemical
model (directly or indirectly). It is namely very
difficult to find a reaction model in the open
literature that includes these wall effects.

The model reduction can be done, based on
the measurements, with the help of a software
like Chemkin (ref. [15]). Basically, the number
of species is reduced and the chemical reaction
rate parameters are varied to obtain the best
match with the measurements.

Obviously, the amount of measurements
taken on the test bench will depend on the
budget of the project. However, at least an inlet
and outlet temperature and pressure will be
needed, together with some control over the
inlet mixture composition and velocity/mass
flow. Besides this, wall temperature measure-
ments at strategic positions will be crucial to
check the influence of conduction. If feasible,
finally, a measurement of the composition of
the exhaust gasses helps in the feedback phase.

CFD results

Below the first laminar results obtained at
the RMA will be presented. First the selected
geometry and the validation of the results will
be discussed. Then some further investigations
held to gain additional insight into the govern-
ing physical phenomena are reported.

Geometry selection and validation

As a test bench was not available at the
start of the project, a literature search for lami-
nar premixed hydrogen combustion in a simple
geometry was held. Despite the scarcity of data,
some CFD results for the proper conditions
were found in ref. [16]. According to this ref-
erence, these CFD results had on their turn
been validated against experiments.

In ref. [16], stoichiometric premixed hy-
drogen-air combustion was simulated in a mil-
limeter size cylindrical tube with a step at the
inlet. This step creates a recirculation zone
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needed to anchor the flame and to increase the
residence time.

Based on these results, several available
detailed chemical reaction mechanisms and
gas models were compared and analyzed and
the best match was selected. The temperature
profile obtained can be found in Fig. 2.

s
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Fig. 2. The combustion tube with a step

As expected, the match is not perfect.
However, seen the uncertainty on the inlet ve-
locity of the simulations in ref. [16], it is
judged to be satisfactory for a first validation
as the maximum temperature (2450 K) and
the velocity profile are very similar. After all,
a further detailed validation from experi-
ments will follow. The conditions used for
the simulations shown are an equivalence
ratio of 1, an inlet velocity of 3 m/s and at-
mospheric pressure. A flame inside the
combustion chamber was obtained for an
inlet velocity between 2 and 19 m/s.

Further numerical simulations

After this first crude validation, extra
geometries and conditions were simulated.
First the influence of the equivalence ratio,
inlet temperature and operating pressure on
the final exhaust temperature and the stabil-
ity range are checked. Then the step size
and angle are changed to see the effects of
the modified recirculation zone on the sta-
bility. After this, meshed walls are added to
the geometry and heat loss effects are
checked. Finally, the scale factor has been
changed to check the influence of scaling up
the combustion chamber.

Influence of inlet conditions

The influence of inlet conditions was
checked by changing the inlet pressure and
temperature. Temperatures from 300 to 600

K were tested. After all, as the air is com-
pressed before it enters the CC, the inlet tem-
perature will be higher than ambient. The re-
sults showed that an increase of the inlet
temperature leads to a wider stability range
and a higher final exhaust temperature. On
the contrary, an increase of the inlet pressure
(from 1 to 3.5 bar) narrows down the stability
velocity range.

Influence of the step size and angle

In order to check the influence of the re-
circulation zone on the stability range, the
size of the step, the ratio of the diameters be-
fore and after the step, and the angle of the
step are changed. The step size is doubled
(from 2 to 4) and the angle of the step is
changed from 90 to 60° as shown on Fig. 3.

The figure also shows that the combustor
cross section was reduced at the outlet. This
was done to increase the outlet velocities to
values in the right ballpark for the turbine
inlet (around 400 to 600 m/s).

As expected, increasing the step size by
changing the diameter at the outlet of the
combustor results in a larger stability range
due to the increased recirculation effect of the
step. Combustion inside the tube was now ob-
tained for a velocity ranging from 8 to 40
m/s.
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Fig. 3. The different combustion tubes

The effect of the angle of the step on the
other hand was found to be much smaller. It
only changed the residence time due to the
reduction of volume. Because of this, the av-
erage exhaust temperature decreases. There
was however no noticeable change on the ve-
locity domain.
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Addition of walls and heat transfer

In order to take the influence of the con-
duction in and through the combustor wall, as
well as radiation into account, the wall was
added, meshed and the new geometry was
simulated under the same conditions. For all
the reported cases, a radiant emissivity of 0.9
and a convection coefficient of 5 W/m’K for
the outer walls were assumed.

As expected, the heat loss through the
walls has a significant effect on the maximum
temperature. For an equivalence ratio of 0.6,
the maximum temperature is reduced by al-
most a factor of two by the heat losses
through the wall. The average outlet tempera-
ture on the other hand is reduced by around
800 K. Besides this logical temperature reduc-
tion, the heat transfer also removes the zones
at high temperature away from the walls as
shown on Fig. 4.

I 5.00s02

Fig. 4. Temperature profile with and without walls,
inlet diameter 1 mm.

However, the heat conduction parallel to
the walls also has a significant effect on the
range of velocities from which a flame inside
the combustor was obtained. As the incoming
mixture is preheated by the walls, the reaction
time is decreased. One could thus speak of
some sort of heat recirculation instead of flow
recirculation to stabilize the flame.

TURBINE COMBUSTION CHAMBER

Influence of the global size

For all three types of micro-combustor, dif-
ferent scale factors have been applied. Starting
from an inlet diameter of 0.4 mm a scale factor
of 2.5, 5 and 12 was applied to the different
cases. A higher factor was not adopted to re-
main within the laminar flow regime.

The simulations showed that the range of
adequate inlet velocities is reduced as the size
is increased. This can be attributed to the
smaller influence of the flow recirculation from
the step on the overall flow field. Logically,
however, the maximum temperature with heat
losses increases with the size of the devices as
the relative loss is reduced by scaling up the
combustor.

In order to elucidate this, the case of an
inlet diameter of 2 mm is described. The new
velocity range is from 9 to 18 m/s. And maxi-
mum temperatures are ranging from 2300 K to
2800 K while the outlet temperatures vary from
1950 K to 1690 K.

Conclusions

Reducing the size of a CC to a centimeter
or even millimeter scale entails several new re-
strictions to the design space of such a device.
The most important new limitations arise from
the residence time constraint and the increased
importance of heat losses. Due to these scale
effects a new highly iterative loop between
CFD simulations and experiments is needed in
the design of an ultra micro combustion cham-
ber.

From the results of the first CFD simula-
tions for a millimeter size tube with a step,
meant as a first validation of the models used, it
can be concluded that the heat transferred in
and through the walls has a very big influence
on the stability domain of the flame. Due to the
heat conduction parallel to the wall, the incom-
ing mixture is preheated which increases the
flame stability. Due to this heat recirculation,
the simple step was sufficient to stabilize the
flame inside the combustion chamber. How-



SESSION 5.8: AERO ENGINES: TURBOJETS

ever, as the scale is increased, the effective-
ness of this step is reduced. For a centimeter
size combustion chamber, additional stabiliza-
tion will therefore be needed.
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