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Introduction
During the preliminary design phase of gas turbine combustors

or when considering modifications to an existing design, it is
essential to make realistic predictions of the mass flow splits
through the various air admission holes, total pressure losses
across the combustor as well as liner temperatures along the
length of the combustor. The more accurate the initial design
phase, the less time is spent on more advanced, three-
dimensional simulations and rig tests, thus reducing develop-
ment time and cost.1–3

Traditionally, one-dimensional codes have been used during
the preliminary design phase, although these are limited by
the geometrical restrictive empirical correlations.4–6 Samuel3

described an analytical method that was based on the actual
sequence of processes that the flow experiences as it passes

through the combustion system. The method calculated the
pressure distribution and mass flow rates throughout a gas
turbine combustor when inlet flow conditions and geometry of
the system were known. Joubert and Hattingh7 described a
similar approach in which the pressure drop and flow splits
were calculated for a reverse-flow combustion chamber. The
analysis employed the continuity, momentum, and energy
conservation in a step-wise manner. The combustor model was
divided into several stations and calculations proceeded from
one station to the next by using the results from the previous
station as input to the following one. Mongia et al.6 also used a
one-dimensional model to predict mass flow distributions that
could be used as boundary conditions for a three-dimensional
model. However, the one-dimensional empirical approach is
not that versatile and, when complex geometries need to be
analysed, it is difficult to implement.

A network approach, on the other hand, is capable of modelling
complicated geometries more effectively and rapidly. Stuttaford
and Ribini8 described a network model consisting of independent
sub-flows linked together to model a certain process, which can
be described by overlaying a network on the system geometry
comprising elements that are linked together by nodes. The
elements define the actual geometrical features such as orifices
and duct sections in the domain of interest. Semi-empirical
formulations are used to describe the flow through the compo-
nent elements, while the overall governing equations are solved
within the nodes.9,10

The purpose of the study described here was to develop a
rapid one-dimensional model, by combining an empirical
approach with a commercial network solver. Commercial
network solvers, although capable of modelling a range of
steady and transient incompressible and compressible flows, do
not have the ability to model reactive flow as found in gas turbine
combustors. The study therefore focused on the integration of
the two different approaches to develop a model which allows
several design modifications to be investigated on annular and
can-annular gas turbine combustors, prior to involving more
expensive three-dimensional models. Although the advantages
of more expensive numerical models surpass simplified
approaches, they remain time-consuming and computationally
expensive. The need for such a model arose from crack formation
problems experienced on a commercial combustor. These defects
were believed to be due to high temperature gradients, which in
some cases may even have been increased by blocked splash
cooling strips on the dome (Fig. 1). The combustor design is
rather old compared with modern-day systems but, because the
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In this study, a one-dimensional empirical model was developed
and integrated with a commercial network solver to predict flow
distributions and pressure losses for the combustion chamber of a
commercial gas turbine aero engine. The need for such a model
arose from practical problems being experienced on the particular
gas turbine combustor considered. Results obtained showed
that our simplified model is capable of predicting, with reasonable
accuracy, the same trends as more detailed numerical models. The
advantage, however, is the model’s rapid execution, which allows
design modifications and parametric studies to be conducted more
simply than before. Moreover, the data obtained from the one-
dimensional analysis were also used as boundary conditions for a
more detailed three-dimensional model. The results were com-
pared with the measured temperature distribution on the combus-
tor outlet plane and overall good agreement was obtained.

Fig. 1.Defects on combustor dome indicated by the arrows. (a) Crack formation on the dome section (circled); (b) thermal distortion of the splash cooling devices (arrowed)
on the inside of the dome.



aircraft concerned is required to continue in operation for the
foreseeable future, a need exists for improvement.

The combustion system investigated has a can-annular arrange-
ment, consisting of six combustion liners positioned within an
annular casing and exhaust into a four-stage turbine. A single
combustor liner is depicted in Fig. 2. The primary zone contains
a single hole-set comprising seven air admission holes. The
secondary and dilution zones each consists of two hole-sets. The
first and second hole-sets in the secondary zone comprise three
and four holes, respectively, whereas the first and second
hole-sets in the dilution zone comprise four and two holes,
respectively. Use is made of eight splash strips on the dome to
impart a swirling motion to the flow within the primary zone
and to cool the dome wall. Film cooling air is admitted through
five wiggle strip sets along the combustion liner as well as some
splash cooling devices. Typical operating conditions during
take-off and also used in this study are presented in Table 1.

Network model of the combustor
Initially, a one-dimensional empirical model was developed

as part of the study.11 The model employed an incompressible
pressure drop–flow relationship through the individual hole
types. The geometry is divided into four distinct zones:
re-circulation, primary, secondary, and dilution zone. The total
mass flow was then computed in each zone, after which the
maximum temperature rise in each was determined from typical
temperature rise curves for kerosene. Intermediate gas tempera-
tures were calculated by interpolation between the zones
followed by a heat balance in the radial direction to determine
liner wall temperatures.

Although such an empirical code is not new, we chose to inves-
tigate the possibility of combining the empirical model with a
commercial one-dimensional network solver. Network models
employ conservation governing equations and are therefore
suitable for both compressible and incompressible flow, while
parameters such as gas temperatures, combustion efficiency, gas
emissivity, and correlations to predict film cooling efficiencies
can be obtained from the empirical formulations. By combining
the two approaches rather than using only an empirical one, it is
possible to obtain more detailed and realistic answers while still
maintaining rapid execution time.

Figure A(a) (see supplementary material online) illustrates the
network layout that was developed for the combustor under

consideration to solve the flow distribution through the different
features without any heat transfer elements. Given its symmetry,
only half of the combustor was modelled. The squares and
circles, shown in more detail for the primary and secondary zone
in Fig. A(b) (online), denote the nodes and elements, respec-
tively. The type of element that was used varied depending upon
the type of geometrical feature modelled. Inside the combustion
chamber and annulus, DG elements (duct with variable area)
were used. These elements account for area changes in a duct as
well as frictional losses and momentum addition. The geometri-
cal flow features, such as primary, secondary, and dilution holes,
as well as film cooling devices were modelled with RD elements
(restrictor with discharge coefficient). These elements are used
when the combustor has a known discharge coefficient. A
swirler, on the other hand, can be modelled with an RL element
(restrictor with loss coefficient), which is similar to the RD
element but accounts for the pressure drop through the feature
contraction as well as accounting for loss coefficients.

The initial step in the computational scheme was to assume a
pressure at all the nodes and to calculate the corresponding
density. The flow rate could then be calculated from the initial
pressure and density. Thereafter, a correction scheme, presented
by Greyvenstein and Laurie,12 was applied to the pressure,
density, and flow rate to satisfy the governing equations. The
overall governing equations constitute the continuity equation,
which was applied at every node in the network, and the
pressure drop–flow relationship, which was applied for every
element. The pressure drop–flow relationship in each element is
typically defined using the Darcy-Weisbach, Hazen-Williams,
Manning or other exponential or empirically determined corre-
lations.13 Mass and energy conservation was thus applied at the
network nodes and momentum conservation was imposed
across the elements.

Heat transfer was modelled with convective, radiative, and
conductive heat transfer elements. The heat transfer process is
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Fig. 2. Single combustion chamber and description of the combustor hole layout.

Table 1. Operating conditions during take-off.

Combustor inlet temperature, T03 [K] 566

Combustor inlet pressure, P03 [Pa] 923 897

Total mass flow rate, ma [kg/s] 14.154

Air–fuel ratio 50



described between two nodes where enthalpy is balanced
within each node, thereby satisfying the energy conservation
equation. In the absence of a film cooling device, heat transfer
from the combustion gases to the combustion liner was modelled
with convective and radiative elements. These elements were
connected to a conductive element which accounted for the
conductive heat transfer through the combustor liner. External
heat transfer was accounted for by the connection of a CHT
(conductive heat transfer) element to the conductive element
where, for simplicity, a constant convective heat transfer coeffi-
cient and radiation to the annulus air was specified. Axial
conduction along the combustor liner was also incorporated into
the model with a PCHT (primitive heat transfer) element. Such
a process is illustrated in Fig. B (online) using only two heat
transfer strings due to the complexity of the model, whereas
several strings were actually used to obtain an adequate resolu-
tion. The black nodes denote nodes that have a fixed property
assigned to them, in this case, a fixed temperature. Flame
temperatures were predicted with the use of the empirical code
using temperature rise curves14 and accounting for combustion
efficiency in the various zones.

Radiation between the combustion gases and the combustor
liner, and also between the liner and outer casings, were also
considered. Radiation could not be modelled between the flow
path and combustion liner due to the limitations of the network
model. For this reason, an additional node with fixed temperature,
similar to its flow path counterpart, was added to incorporate
radiation from the combustion gases to the liner wall (Fig. B).
The radiation element was connected between the additional
node and the node connected to the CHT element, which
describes conduction through the liner wall. Gas emissivities as
well as heat transfer areas were defined within the radiation
element. The gas emissivities were predicted as a function of
flame temperature using semi-empirical correlations presented
by Lefebvre.15

Modelling the effect of film cooling air on the combustor liner
is generally done with the aid of empirical correlations, which
make use of film cooling efficiency to predict the temperature
increase of the film cooling air as it flows along the length of the
combustor.16,17 Such correlations are, however, not available in
the network model. A heat transfer process was therefore used
from the hot combustion gases to the film cooling air in a series of
heat transfer strings to model the temperature increase of the air
as it flows further downstream from the point of injection. It
was assumed that the film cooling air flowed from the point of
injection up to the following geometrical feature. Figure C
(online) illustrates the network layout used to define the flow
and heat transfer process through a film cooling device. The
latter was modelled with RD and DG elements to describe the
flow through the cooling orifice and the flow path of the cooling
air, respectively. For a specific film cooling heat transfer string,
the film cooling air was heated through convection from the
combustion gases – denoted by element 1 in Fig. C. The heat
transfer of the film cooling air to the combustion liner was
thereafter modelled with convection but with a heat transfer
area similar to that of the cooling device. This process is depicted
by element 2 in Fig. C. The remaining area that is not cooled by a
film cooling device was heated by convection and radiation from
the combustion gases, shown as elements 3 and 4 in Fig. C.

Network results
The incompressible empirical code was initially used to predict

discharge coefficients (Cd) and jet angles using the correlations
presented by Norster.17 The discharge coefficients were thereafter

defined as inputs to the network solver to predict flow distributions
and pressure losses. However, the correlations presented by
Norster16 are only valid for plain holes and not for cooling
devices. Consequently, discharge coefficients had to be assumed
for the cooling devices. According to Dodds and Bahr,18 if
inadequate discharge coefficients are available for cooling
devices, an appropriate initial guess is a value of 0.8. For the
splash cooling devices a discharge coefficient of 0.6 was assumed.

Experimental isothermal flow distribution data were obtained
from Van Niekerk and Morris19 for a single combustor liner at
atmospheric operating conditions. Initially, these data were
used to validate the predicted data obtained from the network
solver. Table 2 (see supplementary material online) compares the
experimental measurements with the initial predicted flow
distributions obtained, as a fraction of the total mass flow rate.
The predicted pressure loss obtained from the network solver is
also shown. The data in Table 2 are described in sequence when
moving from the dome, downstream towards the combustor
exit as depicted in Fig. 2. The comparison between the predicted
and experimental flow distribution data shows that there were
discrepancies between the two sets of data. These discrepancies
can be attributed mainly to the assumed discharge coefficients.
More than 50% of the total inlet mass flow was distributed
through the cooling devices, and consequently the pressure
loss predictions and the flow distribution were sensitive to
differences in the assumed coefficients.

Because the experimental flow distribution for the current
combustor was known, however, it was possible to calibrate the
network model to obtain more appropriate discharge coeffi-
cients. The calibration was done by systematically varying the
coefficients in the network solver until the experimental flow
distributions were obtained within an approximate error of 1%.
Table 3 (online) presents the flow distributions and pressure
loss predictions that were determined. Comparing the former
pressure loss predictions in Table 2 with that in Table 3, it can be
seen that the pressure loss almost doubled. The latter value is a
more realistic pressure loss and this is an important parameter
when considering design modifications, because it influences
the overall efficiency of the engine. A comparison of the empiri-
cally determined discharge coefficients and those obtained from
the calibration method is shown in Table 4 (online). It is evident
that the largest discrepancies were between the cooling devices.

Numerical results
The data obtained from the one-dimensional analysis were

used as boundary conditions for a more detailed three-
dimensional model to asses the validity of the network results. A
commercial finite volume code was used to solve the turbulent
flow transport equations and appropriate physics. The k-epsilon
model20 with standard model constants provided turbulence
closure to the Reynolds–Averaged Navier–Stokes equations21

with wall functions for the near-wall treatment. Combustion
was modelled using the equilibrium mixture fraction model
with an assumed β-probability density function, which is
appropriate for the solution of turbulent diffusion flames with
infinitely fast reactions.

The primary boundary conditions were the air and fuel inlets.
The air inlet boundaries were prescribed with a uniform mass
flow rate along with inlet temperature. The mass flow rates were
obtained from the network results presented in Table 3 along
with calculated jet angles. On the outlet plane, a pressure
boundary condition was used. On the outside of the liner wall a
constant heat transfer coefficient was prescribed, calculated
from the average Reynolds number within the annulus. The fuel
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distribution used in the numerical model corresponded with the
experimental measurements obtained by Van Niekerk and
Morris.19 The fuel spray was modelled as a discrete second phase
and the droplets were tracked in a Lagrangian framework. The
spray cone was modelled as 6 discrete cones covering the total
included angle of 110° of the real spray. Radiation was modelled
using the P-1 radiation model,22 which is a non-equilibrium
diffusion type model, and the variation of the mixture’s absorption
coefficient was taken into account using the weighted-sum-of-
Gray-gases model.23

The accuracy of the numerical results was compared with the
experimental measurements made by Skidmore (pers. comm.)
on the outlet plane of the combustor. Temperature measure-
ments were taken under the operating conditions specified in
Table 1 and averaged on constant radii to obtain an averaged
turbine inlet temperature (TIT) profile. The temperatures were
then non-dimensionalized with the averaged measured temper-
ature on the outlet plane. Figure 3 demonstrates the ability of the
numerical model to predict the TIT profile. It can be seen that the
profiles are similar, although the temperatures are over-predicted.
The maximum predicted temperature was also obtained at a
40% span whereas the measured maximum was at a span of
approximately 35%. However, overall differences in magnitude
between the predicted and experimental data compared favour-
ably and within 10% of each other. These differences can be
attributed to the inaccuracies of the network model as well as to
the limitations of the physical models employed in the numerical
model. We also found that the highest temperatures were
predicted on the dome section and transition piece. It is possible
that these high temperatures and hence thermal gradients on
the dome could be associated with the thermal distortion of the
splash cooling devices shown in Fig. 1.

Conclusion
A one-dimensional incompressible empirical code was devel-

oped and coupled to a compressible network solver to predict
flow distribution data and pressure losses across a combustion
chamber in an aircraft engine. This method proved to be rapidly
executed while still providing good results. Consequently,
various design modifications can be investigated by this means,
prior to invoking more detailed computational fluid dynamics
analyses. The results obtained showed that discharge coeffi-
cients influenced the one-dimensional flow and pressure drop
predictions significantly. Obtaining correlations for the predic-
tion of discharge coefficients for any hole type is, however, a

difficult task. Hence, cold flow measurements were used to
calibrate the simplified model to obtain correct discharge
coefficients, flow distributions and overall pressure drop.

Furthermore, the results obtained from the analysis were used
as boundary conditions for a more detailed three-dimensional
numerical model incorporating the chemical reactions, turbulence
and heat transfer. The mass flow distributions were used to
calculate the jet angles that were prescribed at the various inlets.
The fuel was modelled as a discrete secondary phase using a
measured particle distribution. The results obtained from the
numerical model were compared against measured average exit
temperature profiles. Good agreement was obtained overall,
with a maximum temperature difference of less than 10%. The
numerical results also indicated higher temperatures to be
present on the dome section, which corresponds with crack
formation problems currently experienced with the combustor.
Future work will include more detailed flow and temperature
analyses to assess the influence of replacing the dome splash
strips with an axial swirler.
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Fig. 3. Comparison of measured and predicted average exit temperature profiles
on the combustor outlet plane.



Table 2. Comparison of predicted and experimental flow distributions.

Network predictions Experimental

Hole type Mass fraction (%) Mass fraction (%) Error (%)

Injector shroud 0.7 – –
Dome splash strips 4.63 6.14 24.6
Wiggle strip 1 12.74 15.63 18.4
Primary hole-set 3.01 4.82 37.5
Wiggle strip 2 12.75 10.69 –19.2
Secondary hole-set 1 2.26 3.51 35.7
Splash strip 1 0.87 0.19 –359.7
Wiggle strip 3 12.75 11.07 –15.1
Secondary hole-set 2 4.69 6.6 28.9
Splash strips 2 1.75 0.83 –110.5
Wiggle strip 4 12.75 9.59 –32.9
Wiggle strip 5 12.75 9.87 –29.1
Dilution hole-set 9.52 10.8 11.8
Dilution splash strips 2.62 2.62 –0.1
Single dilution hole 1 3.84 4.36 11.8
Single dilution hole 2 2.39 3.27 27.0

Pressure loss 2.24%

Table 3. Comparison of calibration approach with experimental data.

Calibration approach Experimental

Hole type Mass fraction (%) Mass fraction (%) Error (%)

Injector shroud 0.74 – –
Dome splash strips 6.09 6.14 0.81
Wiggle strip 1 15.51 15.63 0.79
Primary hole-set 4.78 4.82 0.82
Wiggle strip 2 10.61 10.69 0.72
Secondary hole-set 1 3.48 3.51 0.8
Splash strip 1 0.19 0.19 –0.17
Wiggle strip 3 10.99 11.07 0.68
Secondary hole-set 2 6.55 6.6 0.77
Splash strips 2 0.82 0.83 1.53
Wiggle strip 4 9.52 9.59 0.77
Wiggle strip 5 9.81 9.87 0.63
Dilution hole-set 10.73 10.8 0.69
Dilution splash strips 2.61 2.62 0.44
Single dilution hole 1 4.33 4.36 0.63
Single dilution hole 2 3.25 3.27 0.71

Pressure loss 5.10%

Table 4. Comparison of predicted discharge coefficients.

Hole type Assumed discharge Calibration method
coefficient discharge coefficient

Injector shroud 0.8 0.57
Dome splash strips 0.6 0.53
Wiggle strip 1 0.8 0.65
Primary hole-set 0.58 0.62
Wiggle strip 2 0.8 0.44
Secondary hole-set 1 0.58 0.60
Splash strip 1 0.6 0.087
Wiggle strip 3 0.8 0.46
Secondary hole-set 2 0.58 0.55
Splash strips 2 0.6 0.19
Wiggle strip 4 0.8 0.40
Wiggle strip 5 0.8 0.41
Dilution hole-set 0.58 0.44
Dilution splash strips 0.6 0.4
Single dilution hole 1 0.59 0.45
Single dilution hole 2 0.6 0.54
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Fig. A. (a) General flow network layout for the combustion chamber; (b) primary and secondary zone network layout.



Fig. C. Heat transfer and flow layout for a film cooling device.

Fig. B. Heat transfer process network diagram without film cooling devices.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /AmazoneBT-Regular
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.00667
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 200
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.01000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 800
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 2.00500
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /SyntheticBoldness 1.000000
  /Description <<
    /FRA <>
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [1200 1200]
  /PageSize [612.000 792.000]
>> setpagedevice


