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ABSTRACT

Experimental and numerical work has been carried out to
determine the wall heat load at the liner structure of a model
gas turbine combustion chamber. Measured cross-sectional
profiles of the velocity and temperature field inside the
chamber could be used to validate various CFD calculations of
the combustion flow. It turned out that only a special treatment
of the thermal boundary conditions at all liner walls would
actually lead to appropriate values of the wall heat flux.
Radiation modeling included two radiative properties models
(SG single gray gas and WSSG weighted sum of gray gases)
and three radiation transport models (P1, DT discrete transfer,
MC Monte Carlo). The performance of the WSGG model has
been assessed with charts and the impact of the radiation on the
liner wall temperature distribution has been studied. The
experimental values are matched within 3% deviation with the
best combination of transport and radiation property models.
The radiation contributes to 20-30% of the total wall heat flux.
The present approach enables Siemens PG to access the
thermal design of combustors more precisely.
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L characteristic length
P operation pressure

P partial pressure
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Pcoz2 partial pressure of CO;
P20 partial pressure of HyO

q heat flux
SG single gray
T temperature

Tawan area mean wall temperature
Thiade exhaust channel wall temperature
TRI turbulence-radiation interaction
molar concentration

axial coordinate

coordinate

velocity

Weighted sum of gray gases
emissivity coefficient
absorptivity coefficient
equivalence ratio

cooling effectiveness
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INTRODUCTION

With regard to the rising world wide energy demand
coupled with climbing fuel expenses and urgent environmental
aspects the development of high efficient environmentally
compatible gas turbines has high priority for the power plant
industry all over the world. The so-called lean premixed
combustion technique offers high potential to realize high
efficiency at high temperatures and pressures together with low
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NOy emission. Due to high air consumption in the combustion
process at lean mixtures high high priority is given to optimize
the cooling air management. Thus a reliable prediction of wall
heat load becomes crucial in the design process of such a
combustor. Besides convective heat transfer the combustor
liner can also suffer considerably from radiative heat load.

An accurate simulation of radiative processes requires the
knowledge of the temperature and species distributions which
can be obtained by multidimensional combustion CFD
methods. The quality of predicted radiative processes thus
depends on the quality of the numerically calculated
temperature and species fields. However, it also depends on the
quality of the employed models for radiative transfer and
radiative properties.

Despite the fact that radiation can be very important for the
design of combustion chambers there is only very little
experimental and simulation data available in the open
literature concerning the effect of heat radiation on the thermal
loading of the wall liners and the gas temperature field of gas
turbine combustion chambers [1-3]. Thus, it can be concluded
that there is not much known about the effects of radiation and
the accuracy of the available numerical tools for radiative
processes within modern gas turbine chambers.

Ceramic tile, thermocouple location
Cooling

Access window I
Figure 1: Scetch of combustion chamber and co-
ordinate system

The present paper addresses the role of radiative heat load
of gas turbine combustors walls. In particular, the accuracy of
different radiation models is evaluated. In a research program
an experimental and numerical investigation has been carried
out on an atmospheric test rig with one single Siemens burner.

EXPERIMENTAL SET-UP

The single burner was mounted to the atmospheric test rig
at the ITS, University of Karlsruhe [4], and 19 thermocouples
(type S, PtRh10-Pt) were placed within a ceramic liner tile in
order to measure the heat flux through the 40 mm thick ceramic
tile. Here, 8 thermocouples were placed at the inner face, 8 at
the outer face and three in the middle of the ceramic. The
thermoelectric voltage was converted into temperature
according DIN EN 60581-1. In the course of the experiment,
the ceramic tile with the thermocouples mounted was displaced
in axial direction along the liner wall in order to take
measurements at three different positions (figures 1 and 2).
Hence, the measurements on the wall covered nearly half of the
axial chamber span. The outer face of the ceramic tile and the
combustion chamber are surrounded by a cooling air flow. The
major objective of this air flow is to reduce the exhaust gas
temperature in order to prevent overheating of the chimney. On
the other side it ensures a well defined thermal boundary
condition of the ceramic tile. However, compared to the
thermal load of the combustor the heat flux through the tile is
very small.

The chamber was accessible in order to take measurements
of the cross-sectional profiles of the temperature and velocity
fields inside the chamber (fig. 1). Velocity measurements were
taken with LDA [4, 5], temperature was measured with a probe.
Corrections for radiation effects were introduced in
the temperature measurements.

EXPERIMENTAL BOUNDARY CONDITIONS

The chamber was operated with natural gas. In pre-mixed
operation condition, the flame was stabilized by 7 % pilot gas
injection, 93% of the gas was injected through the premixing
gas nozzle. The air was preheated to 673 K which corresponds
to a typical burner inlet temperature of gas turbines. The air
volume flow was set to that of a burner in the engine under
typical pressurized conditions in order to ensure Mach number
similarity. The Re-number at the burner nozzle was in the range
of 10°. More details about the rig and the burner design are
described in [4, 5].

Total thermal power 450 kW
Operation pressure 1 bar
Equivalence ratio ¢ 0.5

Cooling air inlet conditions 337K, 13.7m/s
Ratio cooling air / combustion air 4:1

The thermal conductivity of the ceramic tile was given by
the manufacturer as a function of temperature (fig. 2).

With increasing temperature the thermal conductivity of
ceramics decreases, which is a typical characteristic for
electrical isolators [6] and differs here from the characteristic of
steel or gases. During lean combustion the ceramics remains
reflective with an emissivity of 0.4. The major heat flux of the
tile is in the perpendicular direction, which is at least ten times
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higher than that in lateral direction. The mean cooling
effectiveness of the tile cooling system, which is defined as
D=(T gas~Touter want)/(Tgas=Tcoolant), 15 in range of 0.68.

thermal conductivity of ceramic tile

— — CFX constant default value

—— Linear (manufacturer)

800 1000 1200 1400 1600 1800

Temperature [K]

Figure 2: thermal conductivity of ceramics

CFD SET-UP AND BOUNDARY CONDITIONS

All CFD calculations were carried out with the commercial
software package Ansys-CFX, the grid was generated with the
CFX related software ICEM.

Turbulence was modeled with the standard k-e¢ model,
which turned out to compare favorable with experimental
results. Combustion was modeled with the eddy dissipation
model.

GRID

The combustion chamber including the burner nozzle was
modeled with a 3D grid consisting of about 720000 cells. The
double swirler of the burner with its blades was not explicitly
modeled, instead a boundary inflow profile provided by
Siemens was deployed. As can be seen in fig.3, the upper liner
wall where the thermocouples where placed has been included
into the computational domain. The grid of the flow domain is
not symmetrical; it is refined in the upper half of the domain
and in particular towards the upper ceramic boundary, where in
the experiment the thermocouples were located. In a
preliminary investigation, the convective heat transfer on a
uniform and symmetrical grid with about 1780000 cells has
been compared with the results calculated on the grid of
720000 in fig.3, and there was no significant deviation of the
wall temperatures at the ceramic conjugate heat transfer
boundary (the upper wall). This may be due to the fact, that the
calculation was carried out with the k-¢ model using the so
called scaleable wall functions. With scalable wall function the
grid sensitivity is significantly reduced [7].

INFLOW BOUNDARY
As stated above, an inflow profile was deployed according
to the data provided by the manufacturer of the burner nozzle.

The direction of the inflow through both inlets (axial and
diagonal, compare fig.4) has been adapted to model a co-
rotating double swirl as generated from the burner. The piloting
gas fraction (7% of the total amount of CH,) has been
distributed in the model equally over the axial inlet, the
diagonal premixing passage contained 93% of the total amount
of methane. The overall equivalence ratio was ¢ = 0,50.
Preheating and operation pressure was set according to the
experiment.

Conjugate heat transfer boundary

i

Figure 3: Non-uniform grid of the combustion chamber

For the turbulent inlet conditions, the fractional intensity
was estimated as 0.05 and the eddy length scale was based on
geometrical details of the burner.

Diagonal inflow, swirler with

Pilot lance, premixing gas passage

closed

Axial inflow, swirler with pilot gas passage

Figure 4: Burner nozzle, CFD model (cf. fig.1)

In the experiment, closed steel tubing and a closed steel
plenum supplies the inflow. Hence, as boundary condition for
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radiation it was assumed that the ambient environment at the
inflow functions as a black body radiator at inflow temperature.

WALL BOUNDARY

At all liner walls the boundary condition for the
momentum equation was set to non-slip for a smooth wall. In
order to insure equal energy transfer conditions at all liner
walls, a special thermal boundary condition was applied at all
liner walls, which were not subject to explicitly calculated
conjugate heat transfer. The temperature of the cold gas side
was interpolated (fig.5) based on the provided experimental
values and applied to all liner walls. All other energy boundary
options, like fixed T, adiabatic or fixed heat flux, caused
unrealistic heat flux values across the liner. As soon as
radiation is involved, the thermal equilibrium depends on equal
treatment of all wall boundaries, and the conjugate heat transfer
boundary at one wall needs to be complemented by at least 1D
heat flux boundary condition at all walls.

Interpolation of T profile, cold wall side
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Figure 5: Temperature distribution on the cold gas side of
the liner wall

The thermal conductivity of ceramics has been modeled either
as function of the temperature or as constant value (fig. 2). In a
preliminary investigation of the temperature dependence of the
thermal conductivity of ceramics, the temperatures on the liner
wall turned out to be around 20 K lower than the model with
constant thermal conductivity.

The radiation boundary conditions for the opaque wall
were estimated with an emissivity € = 0.4 and a diffuse fraction
of 1, since the ceramic tiles keep a pale surface with the lean
combustion generating only very little amount of soot.

OUTLET BOUNDARY

For the momentum field a static pressure condition was
applied at the outlet, whereas the impact of various radiation
outlet conditions has been investigated. If the ambient
environment at the outlet is assumed to be at outlet

temperature, a large amount of radiation enters the outlet and
increases the heat flux across the liner walls. Hence, at the
outlet a black body radiator has been assumed at temperature
Thlade Which was estimated for the exhaust channel walls
behind the combustor. In general, the results were not sensitive
to the radiation outlet boundary condition, as long as a black
body radiation at temperatures lower than the hot gas side liner
wall was applied.

RADIATION MODELING

RADIATIVE PROPERTIES MODELS

Two different models SG and WSGG were applied for the
calculation of the radiative properties of the combustion gases.
The SG model takes the gas radiation as a black or gray body
radiation without any bands. It implies that the combustion air
has the same radiative properties than the combustion products.
In CFX the single gray emissivity or absorptivity is set via the
absoption coefficient k, whereas the absorptivity a=1-¢™" and
kL is called optical density. By default of CFX x=1/m is set.
The value of kis problem-dependent and thus should be
derived from preliminary calculations. However, the SG model
is not expensive and is frequently used in particular in
connection with P1 radiation transport; here CFX recommends
an optical density of at least 1.

WSGG calculates the local emissivity € as a function of the
species concentrations (H,0,CO,,CO, unburned hydrocarbons)
and the temperatures.

£,(N,T(r), p(r)-L(n) =

N
zai (T(r)) (1 _ e_kl « P(T)Hzo+P(ﬂcoz*P(f)co)'L(r)—’ﬂ’P(T)HC'L(I'))

i=l

N is the number of virtual gases, the weight a; is a function of
the temperature.

Values are fitted with charts e.g. according to Hottel [8]. It may
well be, that the local emissivity has a different value in
scattering media and/or in a media confined within a reflecting
enclosure. The radiation transport model has to take these
effects into account.

The model takes the operation pressure into account via
Daltons law: partial pressure of the species p = X + P, where X
is the molar concentration of the species and P the operation
pressure. The charts, which were used to fit the model, own the
parameter p L up to 250 atm m. Additional line broadening due
to high pressure does not play a significant role in particular at
high temperatures [9]. Edwards proposed a relation pL’ = pLP™
for pressure correction of the parameter partial pressure times
optical path length (fig.6). The model can be applied in a
temperature range of 1200K to 2400K.
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Figure 6: Edwards pressure correction with m=0.08

In fig.6 the change from experimental conditions at 1.7 atm
to real scale conditions of 17 atm at a constant temperature of
1500K has been modeled for gas combustion, with the smallest
optical path length of 0.001 m (compare pCO, L scale in fig.
6). The charts, which have been used to fit the model, display a
total emissivity, there is no frequency resolution. However, the
charts have been generated already for the mixture of CO, and
H,0, hence the line overlapp (e.g. at 2.7 pm) is already
included in the fitting [8].

The pathlength L refers to a local value of a fluid control
volume or a discretization length of the beam, which is larger
than the cell size. Hence, the model determines emissivity as
function of the local coordinate r, where r is in discrete values.
Every radiation transport model ,,integrates over the beam
path length. Hence, the equivalent optical density has to be
calculated using a characteristic geometrical size of the
chamber.

Several authors give different values for the coefficients and
the weights. Mainly there are two sets of values, one for
combustion of gas (partial pressure ratio of the products
pH,0/pCO, =2) (cf. fig.7) and one for oil and other fuel of the
form (CH,), (with the partial pressure ratio of the products
szO/pCOz = 1)

Details to the model as used in CFX are given in the
Manual of CFX [12] and refer to Taylor and Foster [10].

Non-gray models are dealt with treating each band as a
separate calculation. The results of the bands are combined to
give the total radiative heat transfer.

ratio of partial pressure P_H20/P_CO2
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Figure 7: Partial pressure ratio of the products of
simulated gas combustion, taken along the
centeraxis of the chamber

RADIATION TRANSPORT MODELS

Three different radiation transport models have been
applied: P1 model, the discrete transfer model and the Monte-
Carlo method.

The Pl model is the first order approximation of the
general PN-approximation using the method of spherical
harmonics. Theoretical details are given in Modest [11].
Radiative transfer depends on the distribution of gas
temperature and radiative properties and is governed by an
integro-differential equation with several independent
variables, which are the wave number, three space coordinates
and two directional angular coordinates. The basic idea is that
the solution of the radiative transfer equation can be simplified
by expressing the radiative intensity in a series of products of
angular (directional) and spatial coordinates. For the angular
dependence spherical harmonical functions are used, which
satisfy the Laplace equation in spherical coordinates. The
spherical harmonical functions contain the polar and the
azimuthal angles and the associated Legendre polynominals
P,". The number of terms 1 retained in the series expansion
gives the method its name and its order [11]. In this way the
method transforms the Radiation Transfer Equation into a set of
simultaneous partial differential equations.

The method allows nonblack surfaces, nonconstant
radiation properties, anisotropic scattering. However, the
method requires near isotropic radiative intensity. The method
may be in error in optically thin media with strongly
anisotropic  intensity  distributions, in multidimensional
geometries with large aspect ratio, and/or when surface
emission dominates over the flow medium emission. However,
when emission from a hot flow medium is considered, the P1
method leads to good results for optical thin medium but may
even fail for optical thick medium. It gives good results for hot,
radiating media in cold surroundings. The P1 approximation
can lose accuracy when an optically thin medium acts as a
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radiation barrier between hot and cold surfaces. The Pl
approximation does not work for collimated irradiation (=
anisotropic). Improvements of the method exist but they are not
implemented in CFX so far. The CFX recommendation is to
use the P1 model only for an optical thickness > 1.

The Discrete Transfer Model of the radiation transfer in a
three dimensional field with known temperature and known
emissivity is based on discretization of the Radition Transfer
Equation along rays. A description of the method is given by
Modest [11] and by CFX [12]. The path along a ray is
discretized by using the sections formed from breaking the path
at fluid control volumes. It is important that the fluid control
volumes are so small that the optical properties respectively the
radiation field and the temperature inside the fluid control
volume is homogenous and the scattering optical depth is less
than 1 across the fluid control volume. The ray traversing the
fluid control volume interacts with the volume depending on its
pathlength through the volume: depositing energy into the
volume weakens the ray, emission and in-scattering from the
volume strengthens the ray. The fluid control volumes are
clusters of grid cells, the method is computationally too
expensive when too many volumes are crossed by rays. CFX
applies here a method to coarsen the grid for radiation
modeling, generating so called radiation elements, and the
radiation field is calculated at a different (lower) frequency
than the other transport equations. Coarsening factors can be
set by the user.

Rays are traced from surface to surface. A boundary
surface element consists of a cluster of boundary cell faces. The
rays are leaving from nodal points at the boundary surface
element. The unitary hemisphere over the boundary surface
element is discretized using spherical coordinates. The span is
divided into angles by the number of rays (in CFX by default
8), and ray directions are computed to pass through the center
of the angles. The surface element (span x span) on the unitary
hemisphere is then by default discretized by 8 x 8 rays. On the
other side, the radiation intensity approaching a point on a
boundary surface element is integrated over the hemispherical
solid angle. The net radiative heat flux from the surface
element is computed as qout = (1-€wail) qin + Ewal O Tyar*. The
ray paths are calculated once and stored. The number of rays is
to choose.

The model suits to nearly all optical properties and fails
only at extremely optical thin (transparent) media. Optimized
accuracy can be achieved with better radiation grid resolution
(coarsening factor lower) and with a higher number of rays,
which improves the shadow effect in complex geometries. Due
to the discretization the method is susceptible to ray effects.

Radiation transfer with the Monte Carlo method in a three
dimensional field with known temperature and known
emissivity is also based on the discretization of the Radiation
Transfer Equation along rays. The method is explained in

Siegel [13] and by CFX [12]. The path along a ray is
discretized by using the sections formed from breaking the path
at fluid control volumes similar to the discrete transfer method.
The photon traversing along the ray across the fluid control
volume interacts with the volume depending on its path length
through the volume: depositing energy into the volume
weakens the ray (absorption), elastic scattering changes its
direction, emission and in-scattering from the volume
strengthens the photon. Each interaction of the photon is called
an event, and each event is weighted. The photon is tracked
through the system until its weight falls below a certain
threshold at which point its energy is depleted. This process
(photon generation, sum of events, depletion) is called ‘the
history’ of that photon in that system. The photons are leaving
either from photon source points at the boundary surfaces
element of the radiating face ore they are emitted from points
within the medium. The Monte Carlo method differs from the
Discrete Transfer method in the way the photon sources are
generated at the boundary surface eclement of the radiating
surface or within the radiating medium. A statistical sample of
representative energy (or photon) bundles is emitted with
different points of emission, energy (wavelength) of emission
and direction. However, the energy of the photon bundle
depends on the local temperature. A generalized radiation
exchange factor is computed by tracing the history of the
energy bundles.

The Monte Carlo radiation transport model suits to nearly
all optical properties. The ordinary Monte Carlo method
becomes inefficient for open configurations and highly
reflective surfaces, in optically very thick media or if an optical
thin media is externally irradiated. However, this can be
overcome with the energy portioning method [11].

Optimized accuracy can be achieved with better radiation
grid resolution (coarsening factor lower) and higher number of
histories. It can be used for very complex geometries.

However, the scatter of the heat flux results is inversely
proportional to the number of bundles absorbed by a boundary
surface or volume radiation element. The number of bundles is
therefore proportional to the number of volume radiation
elements. For a good spatial resolution with small volume
radiation element size a very large number of bundles must be
applied.

VALIDATION OF THE WSGG MODEL

The WSGG model as The WSGG model as implemented
in CFX has been coded separately and compared with data
from Ludwigs as quoted in Taylor and Foster [10]. Fig. 8
shows that there is generally a good agreement between
experimental values and the slopes of the model, at least in the
range from 1200K to 2400K. Further, the WSGG emissivities
have been calculated on the base of a simulated flow field of
the combustion chamber, with temperature distribution,
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operation pressure and the distribution of species
concentrations. Here, the emissivity values have been related to
a standard optical pathlength of 0.1 respectively 1 m. The
temperature in the field was in the range of 1575K to 1725K,
and the values of the simulation correlate well with the
parameter slopes of the model (fig. 8).
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Figure 8: Validation of WSGG model and correlation with
values of the simulated combustion chamber
radiation field (lines: data from Ludwigs, s. [10])
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Figure 9: Correlation of simulated values to Hadvig charts

8]

The same values do not correlate so well with the charts of
Hadvig [8], who generated the charts based on a mixture of
H,0 and CO, from the original charts of Hottel after a unit
conversion into SI units. The simulated emissivity values
related to the standard optical pathlengths of 0.1m respectively
Im are overestimated, the values are expected to fit between
the parameter slopes of 0.04 < p L < 0.06, but they are above
the slope p L=0.06 (fig. 9). However, for small optical
pathlength the distance between the parameter slopes becomes

very small and the absolute deviation of the simulated values
from the chart values narrows down.

I 1.000e+00

—8.750e-01

' 7.500e-01

—6.250e-01

5.000e-01

Figure 10: Simulated combustion with WSGG model and
DT radiation transfer (T/T_max)

RADIATIVE AND CONVECTIVE WALL HEAT LOAD

In a first step, a pure convective solution, e.g. without
considering radiation, was derived using the eddy dissipation
combustion model. Here, the calculated temperature in the core
of the flow field compared very well with the adiabatic flame
temperature for the equivalence ratio of $=0.50

N

™
RN

v

———J"

X1=0.06,X2=0.113, X3 =0.147, X4 = L‘
0.194,

Figure 11: Measurement positions in the chamber, x values
refer to the total length

Based on the pure convective solution, further calculations
comprising three different radiation transport models and two
radiative properties models were carried out (e.g. fig. 10). The
profiles of the velocity components and the temperature have
been compared with experimental values at certain
measurement positions (fig. 11). .

In the following section the profiles of temperature and of
velocity components at the profile line X2 downstream of the
burner nozzle will be shown. The profile is symmetrical to the
central x-y plane, hence only half of the profile is displayed.
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Figure 13: Axial velocity component, axial vel., refers
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Fig.12 shows the comparison of the experimental data and
the simulated values at measurement position X2 along one
symmetrical half of the chamber line, z = 0 is on the chamber
axis. The experimental and the simulated values appear to be
misaligned in lateral direction, which appeared to be consistent
throughout all measured data. The convective simulation meets
the adiabatic flame temperature very well. The simulation
including radiation predicts only slightly lower gas
temperatures than the convective simulations. Thus, the
calculation of radiation processes in a post processing step with
a fixed velocity and species field is justified in the present case.

The calculation shown in fig. 12 is based on the WSGG
model and it turned out a radiative source term of around 3% of
the thermal power of 450 kW. The effect of radiation on the
temperature of the ceramic liner wall is discussed further down.

Fig. 13 shows that except for a certain lateral shift between
measurement and simulation satisfactory agreement of
predicted and measured axial velocity components was
achieved. In particular the recirculation zone in the core of the
chamber and the outer recirculation zone are fairly well
predicted.

The same applies to the tangential velocity component in
fig. 14. The flow in the main stream with the maximal axial
velocity component carries also the maximal tangential
velocity, the recirculation zones carry only little swirl.
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Figure 14: Tangential velocity component, tan.-vel.max
refers to the maxiamal tangential velocity in
the simulation

The contour of the axial velocity component is shown in
fig. 15. The non-uniform grid has only very little impact on the
velocity field, in particular there is some small deviation at the
outer recirculation zone.

Of particular interest was to determine the wall heat fluxes
and the temperature at the interface to the ceramics for various
combinations of the three radiation transport models with the
two radiative properties models.

The experimental values of the temperature distribution at
the ceramic interface (hot gas side) in fig. 16 are prone to an
experimental uncertainty of about +2% of the average wall

temperature Tay,wall as indicated in figs. 16-20.

A pure convective calculation fails to predict the correct
wall temperature in particular at the front part of the wall
(X/total length < 0.2).Here, the radiation changes the
temperature distribution on the wall significantly.

The P1 radiation transport combined with single gray
emissivity came closest to the experimental values; however it
does not predict the shape of the distribution correctly. This
model was used with the default absorption coefficient of 1/m,
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Figure 15: Axial velocity contour, simulation (V/V_max)

which gives the optical density of 1 related to the standard
optical pathlength of 1 m. Here emissivity and absorptivity is
overestimated. The radiation source term is 3 times larger than
the one using the WSGG model, and the same applies to all
heat fluxes across the boundaries.

The radiation outlet boundary has a large impact on the
radiation properties inside the chamber: setting the ambient
temperature behind the outlet equal to outlet temperature,
radiation from the environment penetrates the outlet and the
temperature on the walls increase. As appropriate radiation
outlet boundary condition one may apply an estimated black
body temperature Tyge of the channel walls behind the
combustion chamber.
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Figure 16: Temperature distribution at the ceramic

interface, Tay.wall refers to the area mean wall
temperature as calculated (with WSGG DT

However, increasing the radiation black body outlet
temperature from Tppage t0 Toywan (With only a small radiation
heat flux leaving the outlet), which is the average ceramic wall
temperature based on the calculation with DT WSGG radiation
modelling, does not change the temperature distribution along

the ceramic wall very much. This is in particular true when the
WSGG model is applied, with much lower emissivity values
than the default single gray parameters in the standard
application of the P1 radiation transport model in CFX. One
can also see, that the application of the P1 radiation transport in
combination with the WSGG model under predicts the wall
temperature significantly. In this case, the radiative heat flux
from the walls into the chamber exceeded the heat flux from
the combustive medium to the walls, which is not realistic. Due
to the discretization of the P1 model, a discontinuity can appear
at the walls, which are not in thermodynamical equilibrium
with the adjacent flow [14].

The WSGG model for rather optical thin media can be
applied with the discrete transfer radiation transport, which
predicts the shape of the measured temperature distribution
very good. However it still under predicts the temperature
values. The discrepancy is in a range of approximately 4%
error. Possible reasons for this rather small discrepancy could
be the imperfect temperature and species concentration fields
of the numerical simulation. Furthermore, the discrepancy can
stem from errors remaining in the radiation models employed
such as the disregard of turbulence radiation interaction TRI.
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Figure 17: Temperature distribution at the ceramic
interface, using Monte Carlo radiation
transport

Since the experiment displayed turbulent conditions the
turbulence-radiation interaction (TRI) may arise from the
highly non-linear dependence of radiative transfer with respect
to temperature and species concentrations [11]. Due to TRI
radiative emission from a flame may be considerably higher
than would be expected based on mean values of temperature
and concentrations. The closure of TRI is a current field of
research.

Any impact of the temperature function of the thermal
conductivity of ceramics has been investigated separately. The
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Figure 18: Impact of ceramic emissivity on the temperature
distribution at the interface

application of the temperature function lowers the temperature
distributions with an offset of around 20K, which increases the
discrepancy to the experimental values even more.

The Monte Carlo approach leads to a wall temperature
distribution similar to the result of the discrete transfer model.
The number of histories has to be sufficiently high in order to
reach a smooth temperature distribution, otherwise the slope
becomes humpy due to a false discontinuous radiation
distribution (fig.17).
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Figure 19: Impact of ceramic emissivity on the temperature
distribution at the interface

Any alteration of the emissivity value at the ceramic
interface changes the temperature distribution on the ceramic
interface. Fig. 18 shows the result of a simulation, where the
emissivity value of the ceramic tiles has been changed from 0.4
to 1 (from reflecting to black); the emissivity of the other liner
walls has been kept constant 0.4. The temperature rises in the
front part of the ceramic interface, upstream of the flow
impingement on the wall. In this front area the radiation has the
main contribution to the overall heat transfer, at the rear part
convection dominates.

In the same way, any alteration of the wall emissivity has
an impact on the temperature profile at the ceramic wall only at

the front part, where radiation dominates. Fig. 19 shows the DT
WSGG case of fig. 18 for various values of wall emissivity at
all walls (0.5, 0.4 and 0.3). The small temperature drop takes
place only at the front part of the wall, at the rear part
convection dominates.

An uncertainty of the temperature at the liner cold side
wall of about 4% (related to the preheat temperature) has also
only a rather minor impact on the temperature distribution at
the ceramic interface. Fig. 20 shows the result of the DT-
WSGG simulation, where the liner cold side temperature
distribution T-profile 1 is shown in fig.5. T-profile 2 is identical
but has an offset of plus 4 % related to the preheat temperature.
The temperatures at the liner hot side rise less than 1.5 %
related to Tay.wan (fig.20).

The radiative source term using the WSGG model is
around 3% of the thermal power (450 kW). The radiative wall
heat load makes up 20-30% of the convective wall heat load.
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Figure 20: Impact of liner cold side temperature distribution
on the temperature distribution at the ceramic
hot gas side

CONCLUSIONS

In the present investigations it became clear, that in the
case considered here radiation can be calculated in the
postprocessing of a converged simulation of flow and
combustion processes. Thus, it was found that the impact of the
altered temperature field on the momentum transport can be
neglected. For optical thin conditions, the P1 model as
implemented in CFX is not recommended. It is possible to use
the WSGG model separately to determine in a quick way the
emissivities for the case under investigation. Here, the input
parameters are operation pressure, species concentrations and
temperature. The optical pathlength depends on the geometrical
size of the application. Hence, it is possible to assess previous
to the radiation modeling the optical density, which than, for
example, can be used to assess the applicability of the efficient
P1 radiation transport model.
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Further, dependent on the characteristics of the boundary
layer at the wall, transient effects of the combustion flow might
cause a significant alteration of the heat transfer [15]. A
detailed numerical study on alteration in heat transfer due to
transient boundary layer characteristics in unsteady flow is
currently carried out at DLR [16].

Still, with steady state modeling of the combustion and
treating the radiation as a post process, it was possible to reach
fairly good agreement between experiment and simulation. The
investigation shows, that radiation can have a significant
contribution to wall heat load of gas turbine combustors even at
atmospheric test conditions. In particular, radiation has a
significant effect on the wall temperature distribution compared
to the pure convective solution, and is not only an offset to the
pure convective solution. Radiation can be taken into account
with reasonable effort. For low optical density, the radiation
transport models discrete transfer and Monte-Carlo performed
well.
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