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Abstract Combustion experiments are often performed on freely propagating flames. However, these flames
suffer from the influence of entrainment of cold ambient gas. This influences not only the equivalence ratio
but also the adiabatic flame temperature or leads to quenching effects downstream of the nozzle exit. Thus, a
transfer of the results from such studies to the case of technically more relevant confined flames is difficult.
To avoid entrainment effects without losing easy optical access and free field acoustics, a new burner setup
was evaluated and tested. A hot exhaust gas stream is generated by a porous burner, which encloses the
investigated swirl flame and avoids influences from the walls of a combustion chamber. A further advantage
in combustion noise studies is that the flame can be considered as a monopole source emitting sound into the
environment with no acoustical influence of constraining walls. Durability tests of the burner showed that an
operation of the burner over several hours is possible, but a continuous monitoring is recommended. For the
purpose of the proper porous burner design the flow field of the swirl burner was measured with a highspeed PIV system. The shielding of the hot co-flow from the porous burner on the velocity fields and the
chemiluminescence distributions were investigated. It was found that the velocity field is almost identical for
the flame with and without hot enclosure. However, the CH* chemiluminescence (CL) measurements and
the planar OH-LIF distributions are substantially influenced by the entrainment of cold ambient gas. The
equivalence ratio drops downstream since fresh air is mixed with the fuel-air mixture from the TD1 burner.
Thus, the flame temperature decreases and so does the intensity of the chemiluminescence signals. With the
presented setup a simple option for experimental investigations of the effects of the entrained cold medium
on the burning behavior of unconfined flame is provided.

1. Introduction
Over the last years turbulent combustion noise has become a focus of interest in industrial gas
turbines, jet engines and domestic water heaters. To evaluate combustion noise without negative
influences of the confinement, unconfined, freely burning flames are often considered (Wäsle et al.
2005a, 2005b, Winkler et al. 2004, 2005). They provide good optical access, which is crucial for
laser optical studies but suffer from entrainment of cold ambient gases, which generate equivalence
and temperature changes not present in the confined case. For this reason, it is often highly
desirable to protect the flame from the surrounding atmosphere without confining the flame
mechanically. This can be achieved, if an inert gas shielding is provided protecting the flow field of
the investigated burner from the ambient air. The use of e.g. nitrogen as shielding in form of a coflow is one option (e.g. McKenna burner, Prucker et al. 1994). This layer may protect the flame
from additional oxygen added from the environment but still suffers from temperature effects.
Furthermore, as turbulent swirl stabilised flames interact much more with the entrainment than
laminar flames, a much more effective shielding is required. Ideally, the shielding gas should have
the same temperature as the combustion products of the investigated flame in order to avoid the
formation temperature gradients in the far field. This is achieved if hot exhaust gas is used for
shielding of the flame under investigation. In the past small laminar flames were used for this
purpose (Cabra et al. 2000). However, the disadvantage of setups with laminar flames stabilised on
a perforated plate is the narrow operating range, which does not allow flexible changes of the
equivalence ratio. These drawbacks lead to the development of a better suited concept. The LSTM
(Universität Erlangen, Germany) developed a burner with combustion in a porous ceramic matrix
(Trimis et al. 1997). The advantages of these burners are a high turndown ratio and very stable
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operation. The flame stabilises in the ceramic filling downstream of the preheating zone. The strong
thermal transport against the main flow direction in the porous material leads to high volumetric
power density and the formation of a fully combusted exhaust gas, which is free of superequilibrium-radicals and in particular chemically excited OH* and CH*. A burner of this type was
adopted for the shielding of a perfectly premixed swirl burner (TD1 burner). After a short
introduction of the governing equations, the design and the operation of the porous burner are
explained first. Then, a comparison of the flow fields with and without co-flow from the porous
burner is presented to show that the TD1 burner flow field is free of disturbances from the co-flow.
Finally, the heat release distributions for both cases are compared to each on the basis of CL and
OH-LIF data. This comparison shows substantial influences of the temperature on the CL data as it
is discussed by Büchner (1992) and Büchner et al. (1993). A comparison of data from hot and cold
co-flow allows a calibration of the CL data and thus a better estimation of the location of the
reaction zone for free burning flames with cold entrainment.

2. Governing equations
An important parameter of the investigated burner configuration is the swirl number defined as
the ratio of tangential to axial momentum. To obtain a dimensionless number, it must be normalised
by a characteristic dimension, here the nozzle radius of the burner.
rmax

S=

2π ∫ ρu ax u tan r 2 dr
0

(1)

rmax

2
R nozzle 2π ∫ ρu ax
r dr
0

Unswirled jet flows already strongly interact with the ambient air. For swirl flows, the interaction is
substantially stronger. Maier (1968) provided experimental data. He measured the mass ratio of an
isothermal swirl flow along the swirler axis for different swirl numbers (figure 1). If rotational
symmetry is assumed, the mass flow rate can be calculated by integrating the flow rates over the
radius for each z-coordinate:
∞

 (z ) = 2π ∫ ρ(r, z ) ⋅ u ax (r, z ) ⋅ rdr
m

(2)

r =0

The knowledge of the local fluid density ρ(r,z) is required for the quantitative evaluation of the
mass flow rate. Far downstream the mass ratio increases almost linearly as it is found for jets. Close
to the burner nozzle, where usually the heat is released, the mass ratio increase is strongly
influenced by the swirl number.

Fig. 1: Axial mass flow ratio over z for different swirl numbers (from Maier 1968)

In the highly turbulent case, which is of particular technical relevance, the velocity fluctuations
u´rms and the turbulent length scale lt are important for the characterization of the flow. The velocity
fluctuation u´rms is the second moment of the velocity distribution with the mean velocity u . The
vorticity is calculated using:
-2-

13th Int Symp on Applications of Laser Techniques to Fluid Mechanics
Lisbon, Portugal, 26-29 June, 2006

∂u ax ∂u rad
.
(3)
−
∂r
∂z
The turbulent length scale represents the large eddies in a turbulent flow. It is a statistical measure
that is obtained by the integration of correlation coefficients (Hinze 1975):
ω=

∞

l t = ∫ R ij (r ) dr

(4)

0

with
R ij (x , x + r ) =

Cov(u i , u j )

(5)

u ′i ,rms u ′j,rms

Combining correlations between different velocity components (i.e. i ≠ j) and integrating in
positive and negative directions delivers a tensor containing 36 length scales for each coordinate in
the flow field. For simplification and due to limitations of the measurement techniques, the number
of length scales is usually reduced to only one longitudinal length scale as described below
(Section 3.2).
Turbulent combustion can be expressed by non-dimensional numbers, mainly the Reynolds and
Damköhler numbers Re and Da:
u′ l
(6)
Re = rms t
ν
τ
l u′
(7)
Da = flow = t rms
τ chem
δL sL
While the values for u´rms and lt can be estimated with conditioned PIV (see below), the kinematic
viscosity ν must be chosen according to the density information. Combustion related numbers as the
laminar burning velocity sL and the laminar flame thickness δL are usually estimated with reaction
kinetics packages like CHEMKIN (Kee et al. 1992) for given equivalences ratio and fuel
compositions. In figure 2, the Borghi-diagram is shown, which separates several flame regimes. In
the figure on the right hand side, the distribution of the Da number for the swirl flame discussed in
this paper is also presented. Since planar methods are applied, spatial resolved information and thus
a distribution of Da numbers is obtained. The mean value is marked with the white cross.

Fig 2: Borghi diagram (Warnatz 1996) and a typical Da distribution for Pth = 60 kW, φ = 1 and S ≈ 0.28

To quantify the dimension of the main heat release zone, it is common practice to estimate the
position of the maximum of OH* or CH* chemiluminescence (Büchner et al. 1993). This requires
that the spatial intensities Is of the time-averaged images are summarised over the radius (see
figure 13).
rmax

I species (z ) = ∑ I s ,species (r, z )

(8)

0
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If the first derivative of Ispecies equals to zero, the maximum of this intensity curve is found and this
indicates the position of the main heat release zone.
I′species (z species ,max ) = 0
(9)

3. Measurement techniques
3.1 Velocity measurement
For the measurements a high speed PIV system consisting of a Photron APX CMOS camera, a
New Wave Pegasus laser and an ILA synchronisation unit was used. The camera has a high
sensitivity due to its large pixel size of 17.5 µm. The Nd:YLF double cavity laser emits light at
λ = 527 nm with a pulse energy of 10 mJ per cavity. The system was operated at a repetition rate of
1000 Hz. To reduce noise from light emitted by the flame, a narrow band pass interference filter is
used. TiO2 was selected as seeding due to its thermal stability. The seeding is injected into the
plenum upstream of the swirl register. A new seeding generator has been designed for this purpose,
consisting of a heated magnetic stirrer. The supply air is added at the bottom of the container
through a sinter metal plate. Seeded air is taken from the center at the top. For calculating velocity
fields by correlation methods, the software package VidPIV4.6XP from ILA was used. The
interrogation area was 32x32 pixel with an overlap of 50% resulting in 63x63 vectors with a spatial
resolution of ∆x = 1.75 mm. Especially in experiments with porous burner, reflections and light
emitted from hot ceramics (see below, figure 10) cause problems in the data analysis. For that
purpose VidPIV provides background and image subtraction methods to improve the quality of the
results. The application of these procedures is crucial for experiments with porous burner due to its
hot ceramics.
3.2 Turbulent length scales
As mentioned in section 2, the integral length scale is an important parameter of turbulent flows.
With the high-speed PIV system only 2 velocity components can be measured. For further
simplifications only correlations with i = j (i.e. same velocity component at different locations) have
been considered. Thus, eight length scales are obtained. Since the observation area of PIV is
limited, an integration up to ∞ is impossible. A typical length scale distribution is shown in figure 3
for one half of the flow field. For observation points close to the border of the image, a correct
estimation of the length scale is no longer possible (figure 3a top and 3b bottom). Thus, we assumed
that an integration in positive and negative direction should provide the same number even this is
not measured. On the basis of this procedure, a mean length scale is calculated by weighting lt with
the coordinate, normalized to its maximum.
l t (x i ) = l t , pos (x i )⋅ (1 − x n , i )+ l t , neg (x i )⋅ x n ,i
(10)

This method leads to the length scale distribution as shown in figure 3c. For isotropic turbulence the
relationship between llong and llat is known from literature (Hinze 1975, p. 133):
llat (x i ) ≈ 0.5 ⋅ llong (x i )
(11)
As long as this relationship holds llong alone contains the information concerning the integral length
scale of the turbulent flow.
3.3 Determination of local density
Since density changes tremendously in the flame front, it is mandatory to acquire not only the
velocity distribution but also the density field. The PIV algorithm is applied to Mie scattering
images (figure 4a). The density information can be estimated now by binarising these images using
a threshold value method (Pfadler et al. 2004). Three areas have to be distinguished: Fresh gas
(unburnt) shows a high particle density and thus high intensity values. Burnt exhaust gas shows a
low particle density with moderate intensity values. The co-flow was not seeded and has no
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particles at all. For the analysis, the background has to be subtracted e.g. if the porous burner is
operated. Then, the greyscale image is smoothed and the resolution is adjusted to that of the
velocity field data (figure 4b). Applying thresholds leads to the final image (figure 4c) with zones of
fresh gas (dark blue area), exhaust gas (bright blue are) and entrainment (dark red areas at the outer
parts of the image) are marked. Even if this method is rather simple it leads to acceptable results in
most cases.
l [mm]
t

z

pos

z

(a)

neg

(b)

(c)

Fig. 3: Axial length scales integrated in positive (a) and negative direction (b). Both lead to wrong results at the top (a)
and the bottom (b). A weighted average according to eq. (10) leads to the result shown in (c)

(a)
(b)
(c)
Fig. 4: Estimation of the density distribution from Mie scattering images for a flame with hot co-flow

3.4 Heat release distribution and flame front detection
During combustion, radicals are generated with steep gradients at the flame front. They are
either chemically excited or can be excited by laser light. In both cases, they emit light at certain
wavelengths. These radicals are generally used to describe the heat release zone and flame front
position. Typical radicals are OH* and CH*. The chemiluminescence of these radicals can be used
as an indicator for the heat release zone (Büchner et. al 1993, Kühlsheimer and Büchner 2002). In
the study, the distribution of the radicals was recorded with an image intensified high-speed camera
(Photron APXI²) using narrow bandwidth interference filters for λ = 308 nm (OH*) and λ = 430 nm
(CH*) respectively. Unfortunately, the CL intensity is not only depending on the heat release rate
but also on the temperature in the reaction zone. Another disadvantage of CL is its line of sight
integration. However, planar OH-LIF exhibits the advantage that OH radicals are excited only in
one plane illuminated by a Nd:YAG pumped dye laser and a wavelength of 283 nm with a pulse
energy of 80 µJ at a repetition rate of 1000 Hz. With LIF true planar information can be obtained
which allows the determination of the flame front (Winkler et al. 2004, 2005).
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4. Burner setup and dimensioning
4.1 TD 1 burner
A sketch of the swirl generator (Winkler et al. 2005, Wäsle et al. 2005b) of the investigated TD1
burner is shown in figure 5. The burner features a compact design and a variable swirl number,
which is achieved by partially blocking of the slit area and a simple geometry. The inner diameter
of the nozzle is Dnozzle = 40 mm and the diameter of the centerbody is Dlance = 16 mm. Natural gas
with 98,5% methane and a mixture containing 50% vol. of hydrogen were used as fuel. The burner
can be operated in a wide range of thermal powers from Pth = 10 – 100 kW at moderate swirl
numbers of S ≈ 0.28 – 0.55. For premixed combustion, a static mixer is implemented upstream. The
swirl numbers of the TD1 burner were obtained from FLUENT simulations (Kiesewetter 2000).

Fig. 5: Schematics of the TD1 burner with a typical flame and swirl generator

4.2 Design of the porous burner
For the proper design of the porous burner, the amount of exhaust gas required to avoid direct
contact between the flow exiting the nozzle of the TD1 burner and the ambient air in the flame zone
must be optimized. Using the information obtained from conditioned PIV, the amount of entrained
cold air can be estimated for the TD1 burner either for isothermal conditions with different swirl
numbers (figure 6, left) or for the reacting case (figure 6, right). For the power range from 30 to
60 kW and the corresponding change of the bulk velocity at the nozzle exit, the ratio of the mass
flow rates is almost independent of the flow rate of the TD1 burner but it is higher than for
isothermal swirling flows. It must be noted here that in reactive flows the reliability of the mass
ratio estimation deteriorates somewhat further downstream since the density of the hot exhaust gas
cannot be measured directly and must be estimated from conditioned PIV data.

Fig. 6: Ratio of isothermal mass flow rates along the burner axis for different swirl numbers (left) and different reactive
flow rates compared to an isothermal flow for S ≈ 0.55 (right)

In many operating points, the main reaction zone of the TD1 burner propagates downstream within
z = 0 – 2D. From figure 6 can be concluded as a rule of thumb that the amount of hot exhaust gas
from the porous burner to be provided for entrainment must be at least as big as the mass flow rate
exiting the swirl burner. As the mass flow rate increases linearly with thermal power for a fixed
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equivalence ratio, the co-flow burner must have the same maximum power output than the test
burner. Furthermore, a turndown ratio in terms of equivalence ratio of ∆φ ≈ 0.4 and a small exit
velocity of the hot exhaust gas are desired in order to achieve conditions corresponding to those of
enclosed burners. Taking these data into account, the porous burner was designed for thermal
powers up to Pth,porous = 100 kW with a maximum exit velocity of approximately 2 m/s. In addition,
2D simulations with FLUENT have been carried out for the check of the effectiveness of the
thermal shielding of the swirl flame. Figure 7 shows that the hot co-flow is contracted due to the
interaction with the flow from the TD1 burner but the CFD results confirm that the main heat
release zone is still completely enclosed by hot exhaust gas.

Fig. 7: Temperature field simulated with FLUENT

4.3 Burner assembly and testing
The porous burner (figure 8) consists of a ceramic preheating zone (zone A), where the fresh gas
is preheated. It is also used as flame flashback barrier. The pore structure of the ceramics is fine
enough to provide quenching of the flame. Downstream of zone A, the flame stabilises and burns
homogenously over the entire area in zone C of high porosity. Due to very good heat transport in
the ceramics, the large surface and long residence times, the combustion region is very compact and
fully burnt products leave zone C. In zone A both, 2 – 5 mm Al2O3 spheres and a ceramic plate with
670 drilled holes are used. Zone C instead consists of SiC rings with a size of ∅ 14 x 14 mm.
Exhaust gas

C
A

Combustion zone C
Flamefront at T

ad

Preheating zone A

Insulation

CH +Air
4

Fresh gas

TD1 Swirl
generator

Fig. 8: Schematic sketch of the porous burner

On the right hand side of figure 8, the porous burner enclosing the TD1 burner is sketched. The
porous burner has a total diameter of Dout = 440 mm with an exit area of APB = 66400 mm². Figure 9
shows the ceramic elements of the burner. The right photo (SiC rings removed) proves that a
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uniform flame distribution above zone A is achieved. The photos in figure 10 were taken in the
heat-up phase of the porous burner with the TD1 swirl flame already burning. Durability tests of the
burner have been performed in order to ensure a save and reliable operation over several hours. Due
to different thermal expansion coefficients of the steal casing and the ceramics, sealing is crucial for
reliable operation. Due to the strong radiation of the hot ceramics, measurement equipment placed
near the test rig must be carefully protected with additional cooling and thermal insulation.

Fig. 9: Ceramic base plate, ceramic filling and porous burner flame with removed SiC rings

Fig. 10: Swirl burner operated (Pth ≈ 30kW, φ ≈ 0,83 and S = 0,55) during the heat-up of the
porous burner (Pth ≈ 80kW, φ ≈ 0,77)

5. Validation and discussion
5.1 Velocity field
For a comparison of flames with and without thermal shielding a similar flow field must be
achieved. In order to prove that premixed flames with Pth = 60 kW, φ = 1, S ≈ 0.28 – 0.55 were
operated with hot co-flow (HCF) and cold co-flow (CCF). In these tests natural gas with 98.5%
CH4 as well as a mixture with 50% H2 were used. On the left hand side of figure 11 the mean
velocity field of the burner with shielding is shown. A weak recirculation zone, which is typical for
the burner configuration, is produced. On the right hand side, the mean velocity profiles for both
cases are compared to each other. As mentioned already in section 3.1, at some positions reflections
stemming from the burner hardware lead to errors during data processing, e.g. at z = 0.5D where no
negative velocity component is measured without thermal shielding. This is an artefact and does not
exist in reality. In general, a good agreement is found. Far downstream (z > 1.5D) a slightly higher
maximum velocity is found for the flames with thermal shielding. A similar slope in the velocity
curves is found. Even if the curves are not completely congruent, this finding is satisfactory since it
indicates similar velocity gradients and thus similar shear and mixing layers.
Using eq. (2), the mass ratio in the swirl flow can be estimated. The necessary density
information is obtained from conditioned PIV data by assigning a density to the local Mie scattering
intensity. Figure 12a shows the results for two fuel compositions at Pth = 60 kW. Due to the higher
heat release density, the H2-CH4 flame interacts stronger with the gas phase around the flame. This
tends to a higher mass ratio compared to the CH4 flame. In both cases, the mass ratio increase up to
z = 1D is lower if the porous burner is used. In the diagrams, shown in figures 12b-d, the radial
averages for different axial positions are plotted. In general, the type of thermal enclosure does not
affect the relevant parameter much, but there are some minor effects, which deserve discussion:
Very interesting is the behaviour of u´rms (12b) over in longitudinal direction. In the near field of the
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nozzle (up to z = 1D), cold fresh gas from the TD1 nozzle is dominating. For the case of cold air
entrainment a lower density gradient is expected since both gas flows are cold. In the range up to
z = 1D lower u´rms values are found if cold air is entrained. However, further downstream where hot
exhaust gas dominates the swirl flow, higher u´rms values are obtained for the case with cold air
entrainment.
u ax [m s ]

CCF
HCF
Fig. 11: Mean axial velocity field in a Pth = 60kW CH4 flame
(a)

(b)

(c)

(d)

Fig. 12: Results CH4 and H2-CH4 flames and Pth = 60kW: Mass ratio (a), velocity fluctuation (b), turbulent length scales
(c) and the vorticity (d)

Thus, it can be concluded that low density gradients cause lower velocity fluctuations. The
turbulent length scales lt (12c) which are calculated according to eqs. (4) and (10) are not
substantially influenced by the type of enclosure. They increase linearly over z. For the thermally
shielded H2-CH4 flame slightly lower values have been found. Figure 12d compares the mean
vorticity in the outer shear layer between entrained fluid and swirling flow from the TD 1 burner. In
the burner near field, the vorticity is similar for all investigated flames. Downstream of the main
heat release zone (figures 13a) it decreases dramatically in particular for the much shorter H2-CH4
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flame. Some peaks in the u´rms and the ω plots near the nozzle exit may attract the reader’s
attention. It must be noted here that PIV measurements near reflecting parts, e.g. the burner nozzle,
are always less reliable. The important finding of the velocity measurements is that u´rms and lt are
comparable for CCF and HCF conditions. Thus, τflow is not changing and the Damköhler number
according to eq. (7) remains almost uninfluenced.
5.2 Heat release distribution
Since the heat release distribution cannot be measured directly, the chemiluminescence of CH*
radicals was employed as the measure for the heat release. With thermal shielding the broad-band
light emission from the ceramics is visible in the CH* images but does not cause difficulties during
the data processing. The intensity curves, according to eq. (8), and the z-coordinate of the maximum
intensity are also shown. In addition, planar OH-LIF was applied. OH radicals are formed during
the combustion process. Thus, the images provide the distribution of the cold fresh gas and the
exhaust gas, respectively.

(b)

(a)

z=1.60D

z=1.79D

z=1.60D

z=1.79D

Fig. 13: Mean CH* chemiluminescence (a) and OH-LIF (b). The left part of each figure shows the CH* and OH
distribution with cold flow entrainment, the right part is with thermal shielding. The positions of zCH*,max obtained from
CH* are also shown

All observed flames show some kind of universal flame shape, similar to a tulip. As the data were
not calibrated with the thermal power output only its distributions can be considered. Weak CH*
signals are detected in the outer shear layer with hot co-flow (figure 13a) but the flame does not
stabilise at the outer burner rim. In HCF case, the most downstream extension of the flame front can
be found easily in the OH-LIF data. In the case of cold co-flow (left parts of figure 13a and b) the
result is different. Although the OH-LIF images show a strong gradient in their signal, it seems that
zCH*,max lies somewhere within a flame front of which the downstream limit is not identifiable. Here
one must consider two facts: Firstly, the OH-LIF signal is still responding far downstream in the
exhaust gas due to a long lifespan of the OH radicals. However, since the gradient in the signal
intensity is steep the authors suggest that the reaction zone may still be present. Secondly,
chemiluminescence depends strongly on the flame temperature. With cold flow entrainment, the
equivalence ratio drops in downstream direction since fresh air from the entrainment is mixed with
the fuel-air mixture from the TD1 burner. Thus, the flame temperature decreases and so does the
intensity of the chemiluminescence signals as Büchner et al. (1993) showed. So the position of
zCH*,max may be estimated too far upstream.
Considering these information, the authors suggest that in the case of hot co-flow CL and OHLIF results can be compared to each other helping to gain information about the heat release
distribution. In cold co-flow conditions instead, neither CL nor OH-LIF information provide
reliable information about the heat release distribution. Presuming that the estimation with HCF
provides reliable data, a calibration of the CL data seems to be possible. If a universal flame shape
and total consumption of the fuel are assumed, a linear correlation seems to be adequate to
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compensate the signal intensity drop caused by a temperature. In the case of cold co-flow, the
original CL signal is amplified with a factor which increases linearly over z (figure 14a). Thus, the
position of zCH*,max is shifted downstream and the heat release distribution is similar, compared to
the HCF data (figure 14b). Discrepancies between CCF and HCF flame shapes seemed to be not
physically but a problem of the CL measurement technique and the heat release distribution is not
changing tremendously in CCF and HCF conditions.
(a)

original

(b)

corrected

corrected

HCF

Fig. 14: Application of an amplification factor on the CCF CL data (a) and comparison of the calibrated distribution
with HCF CL data (b)

6. Conclusions
A new thermal shielding concept for high turbulent swirl stabilized combustion experiments
with high entrainment is presented. It consists of a porous burner, which produces a low velocity
co-flow of hot and inert gas. The mass flow was selected such that the interaction of the swirling
flame with the cold ambient air can be totally avoided. The observation of reaction products showed
that the exhaust gas of the porous burner is almost free of super-equilibrium radical concentrations
and of OH* as well as CH*.
High-speed PIV measurements prove that the thermal shielding of the flame does not alter the
velocity distribution in the reaction zones. In particular, lt and u´rms remain almost uninfluenced.
This is important because the turbulent time scale τflow remains constant.
For low burner exit velocities around Pth ≈ 30 kW, flame stabilization in the outer shear layer is
considerably improved, if thermal shielding is employed. This effect vanishes, if the mass flow is
increased.
Concluding from the CH* – chemiluminescence to the heat release distribution is rather difficult
but the comparison between flames with hot and cold entrainment allows a calibration of the CCF
data.
However, the comparison of the two cases with and without thermal shielding with each other
will be very valuable in the framework of the further analysis of the combustion noise experiments
published earlier (Wäsle et al. 2005a, 2005b, Winkler et al. 2004, 2005). These were obtained with
cold flow entrainment. The findings, presented in this paper, show that the velocity field and the
heat release distribution for hot and cold entrainment are similar. Thus, results obtained on flames
without thermal shielding, can be transferred to thermal shielded flames.
Acknowledgements The authors gratefully acknowledge the financial support by the Bavarian Research
Cooperation (FortVer) and the German Research Council (DFG) through the Research Unit FOR486
“Combustion Noise“.

- 11 -

13th Int Symp on Applications of Laser Techniques to Fluid Mechanics
Lisbon, Portugal, 26-29 June, 2006

References
Büchner, H., (1992) Experimentelle und theoretische Untersuchungen der Entstehungsmechanismen selbsterregter Druckschwingungen in technischen Vormisch-Verbrennungssystemen, Dissertation, TH Karlsruhe
Büchner, H., Hirsch, C., Leuckel, W., (1993) Experimental Investigation on the Dynamics of
Pulsated Premixed Axial Jet Flames Combustion Science and Technology, 94, pp. 219-228
Cabra, R., Hamano, Y., Chen, J.Y., Dibble, R.W., Acosta F. and Holve, D. (2000), Ensemble
Diffraction Measurements of Spray Combustion in a Novel Vitiated Coflow Turbulent Jet
Flame Burner, NASA/CR—2000-210466
Hinze, J. (1975), Turbulence, McGraw-Hill, New York
Kee, R. J., Grcar, J. F., Smooke, M. D., Miller, J. A., Meeks, E. (1992), A fortran program for
modeling steady laminar onedimensional premixed flame, Sandia National Laboratories,
Report SAND85-8240
Kiesewetter, F. (2000), Charakterisierung eines Drallbrenners durch numerische Strömungssimulation, Master Thesis, Lehrstuhl für Thermodynamik, TU München
Kühlsheimer, C., Büchner, H. (2002), Combustion Dynamics of Turbulent Swirling Flames
Combustion and Flame, 131, pp. 70-84
Maier, P. (1968), Untersuchung isothermer drallbehafteter Freistrahlen, In Forschung im
Ingenieurwesen, Bd. 34, No. 5, pp. 133-140
Pfadler, S., Löffler, M., Dinkelacker, F., Leipertz, A. (2004), Measurement of the Conditioned
Turbulence and Temperature Field of a Ring Stabilized Bunsen Type Premixed Burner
Using Planar Laser Rayleigh Scattering and Stereo Particle Image Velocimetry, 12th
International Symposium on Applications of Laser Techniques to Fluid Mechanics, Lisbon
Prucker, S., Meier, W., Stricker, W. (1994), A flat flame burner as calibration source for
combustion research: Temperature and species concentrations of premixed H2/air flames,
Review of Scientific Instruments, 65 (9), pp. 2908 – 2911
Trimis, D., Durst, F., Piekenäcker, O. and K. (1997), Porous Medium Combustor versus
Combustion Systems with Free Flames.Proceedings 2nd International Symposium on Heat
Transfer Enhancement and Energy, South China University of Technology Press,
pp. 339-345
Wäsle, J., Winkler, A., Sattelmayer, T. (2005a), Spatial Coherence of the Heat Release Fluctuations
in Turbulent Jet and Swirl Flames, Kluwer, Flow Turbulence and Combustion,
Vol. 75, No. 4, pp. 29 – 50
Wäsle, J., Winkler, A., Sattelmayer, T. (2005b), Influence of the Combustion Mode on Acoustic
Spectra of Open Turbulent Swirl flames, 12th International Congress on Sound and
Vibration, Vol. 12, p. 100, Lissabon, Portugal
Warnatz, J., Maas, U., Dibble, R. W. (1996), Combustion, Springer Heidelberg Berlin New York
Winkler, A., Wäsle, J., Sattelmayer, T. (2004), Investigation of Combustion Noise by Real Time
Laser Measurement Techniques, CFA/DAGA Joint congress, Straßburg
Winkler, A., Wäsle, J., Sattelmayer, T. (2005), Experimental Investigations on the Acoustic
Efficiency of Premixed Swirl Stabilized Flames, 11th AIAA/CEAS Aeroacoustics
Conference, No. AIAA-2005-2908, p. 19, Monterey, USA

- 12 -

