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Coupling LES, radiation and structure in gas turbine
simulations

By J. Amayat, E. Colladof, B. Cuenot{, AND T. Poinsot}

Multi-physics coupled simulations are performed to study the temperature field in a turbine blade
placed in the high pressure distributor of a helicopter engine. Large Eddy Simulation (LES) is used
to calculate the unsteady reacting flow in the chamber and is coupled to the simulation of radiation
and heat conduction in the high pressure stator (HPS). This implies the use of three different solvers,
running simultaneously on a parallel machine with an optimized processor distribution. Results are shown
for the LES alone, for the LES coupled to heat conduction only and for the three coupled codes. The
present demonstrate that the temperature field in the fluid and in the HPS are sensitive to both heat
conduction and radiation, and that these two phenomena must be included to accurately predict the HPS
temperature.

1. Introduction

Large Eddy Simulation (LES) is a powerful tool for the study of realistic combustors (Mahesh et al.
2006; Moin & Apte 2006; Schmitt et al. 2007; Lacaze et al. 2009) but its applicability remains limited
if it is not coupled with other physical phenomena. Radiation and heat transfer through the walls of a
combustion chamber are two obvious examples of mechanisms that play an essential role. On the one
hand, radiation redistributes energy in the flow field, modifying the final temperature and acoustic modes
of the combustor (Sengissen et al. 2007). On the other hand, heat transfer by conduction through the
combustor walls determines the wall temperatures which are essential for combustion chambers design;
e.g. in 2008 the CTR study of Kaess et al. (2008) showed that the response of a flame to acoustic
excitations depended strongly on the flameholder temperature. Therefore, accounting for heat losses in
LES of combustors is important. This can be done efficiently only if wall temperatures are well known,
thus requiring a coupled computational approach. Performing LES for the flow and the chemistry while
also accounting for radiation and conductive heat transfer is therefore one of the obvious promising paths
for LES in the near future. It also belongs to a more general class of multi-physics problems studied
for example at CTR in the PSAAP program. In the present work, LES of a reacting flow in a realistic
combustion chamber (provided by Turbomeca) is coupled to the computation of radiation by combustion
gases and to a heat conduction solver for the solid. A similar coupling methodology (limited to LES and
heat transfer through walls) was first tested at CTR in 2008 by Duchaine et al. (2009) in a non-reacting
case (blade cooling). The objective here is more ambitious and requires the coupling of three different
solvers:

e A LES solver for flow and chemistry: here the LES solver of CERFACS (AVBP) is used.

e A radiation solver: a discrete ordinates method (DOM) solver developed by Ecole des Mines d’Albi
and CERFACS (called PRISSMA) is coupled to AVBP.

e A heat conduction solver (AVTP), developed by CERFACS: this solver applied to the problem of
heat conduction through the walls.

The objective is to evaluate the impact of heat conduction and radiation on the thermal behavior of the
blade in the distributor downstream of the combustion chamber.

The characteristic time scales of each heat trasnfer mode are quite different: radiation has a negligible
response time and radiative heat fluxes are established faster than any other phenomenon in the chamber.
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In the fluid, heat convection has a time scale 7, which is controlled by the chamber size L and the bulk
velocity U, and is typically a few ms. Heat diffusion through the solid walls has a characteristic time
scale of the order of a few seconds. Coupling the three solvers efficiently requires work at two levels.
First, the stability of such coupled simulations remains difficult to control and a strategy to converge
efficiently to the quasi steady state must be defined. Second, the parallel implementation of this three-
code coupling is difficult: the issue is to split a given parallel machine in three parts (one for each solver)
optimizing both the time between coupling points and the processor distribution between the three solvers
to obtain the result in the shortest elapsed time. In the following, section 2 briefly presents the solvers.
The configuration of the simulation is described in section 3. The results are then split into three parts:
LES alone (section 4), LES with heat conduction (section 5) and LES with heat conduction and radiation
(section 6).

2. Description of solvers and models

The different solvers used in this work have been extensively described before and are summarized
here.

The LES is performed with the code AVBP, which solves the fully compressible Navier-Stokes equations
together with the energy and chemical species conservation equations. It is based on a cell-vertex finite-
volume formulation on unstructured meshes and uses up to third-order spatial and temporal discretization
schemes. The sub-grid scale turbulence model used in the present work is the classical Smagorinsky model
(Smagorinsky 1963), together with a wall law and turbulent Schmidt and Prandtl numbers of 0.6 for
mixing. Turbulent combustion is described with the Thickened Flame model (Colin et al. 2000; Légier
et al. 2000). Kerosene chemistry is simplified with a two-step kinetic scheme, validated for a wide range
of initial pressure and temperature and for the whole range of equivalence ratio (Franzelli et al. 2010).
Thermodynamic properties are tabulated so as to recover the correct temperature dependence.

The calculation of thermal diffusion in solids is performed with the code AVTP, solving the classical
heat equation (Duchaine et al. 2009). AVIP also uses unstructured meshes and is advanced with a
first-order explicit forward Euler scheme.

Finally the radiation solver, called PRISSMA, has been specifically designed for combustion applica-
tions (Joseph et al. 2005; Amaya et al. 2010). It uses DOM with different angular discretizations and
spectral models. DOM allows to use the same kind of mesh as used in LES, which is a great advantage
for the coupling. In the present work, the S, quadrature (i.e. 24 directions) is used together with the
tabulated FS-SNBcK spectral model (Poitou et al. 2009). This combination was shown by Poitou (2009)
and Amaya (2010) to have sufficient accuracy with a reasonable computational cost.

The interactions between the three physical phenomena, i.e. combustion, radiation and heat transfer
in the structure, are summarized in Fig. 1.

The coupling between AVBP and AVTP, as well as between PRISSMA and AVTP, is a surface coupling:
data are exchanged at the boundaries of the flow/solid domain. To ensure stability (Giles 1997; Duchaine
et al. 2009), AVBP and PRISSMA calculate and send to AVTP the convective and radiative heat flux,
while AVTP sends back its surface temperature 7 which acts as a boundary condition for the flow, thus,
influences the near-wall temperature in the fluid T as well as the wall radiative intensity. Note that T}/ is
not the temperature at the wall surface but of the first fluid node (this temperature differs from the wall
temperature T3 because a law-of-the-wall formulation is used). The total heat flux to the wall writes:

a5 =an M +qp =hM(T) - T5) + W (T, — T5) (2.1)

w

where g;, is the radiative heat flux and qL’JV M ig the convective heat flux, calculated by the wall model in
the fluid. To ensure convergence, the solvers do not exchange directly fluxes but reference temperatures in
the fluid (7% and 77, ) and the heat transfer coefficients AWM and h" defined by: WM = ¢WM /(TS —T3)
and b = gL, /(T7, ; — T5).

Through emission and absorption, radiation redistributes energy in the combustion chamber. This re-
sults in a volumic radiation source term S, added to the energy equation in AVBP. This source term being
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FIGURE 1. Interactions between combustion, radiation and heat conduction in solids.

highly non-linear, it raises the question of the impact of the turbulent fluctuations of temperature and
species mass fractions. Numerous studies have been devoted to this problem, known as the Turbulence-
Radiation Interaction (TRI), mainly in the RANS context (Coelho 2007; Li & Modest 2007). It has been
shown however that TRI is negligible in LES, where the sub-grid fluctuations are not high enough to
modify radiation (Poitou 2009).

The coupling between PRISSMA and AVBP is volumic. AVBP sends its temperature, pressure and
mass fraction fields to PRISSMA, while PRISSMA sends back the radiative source term.

The strong differences in time scales between the three physical phenomena requires a coupling strategy:

e The unsteady coupling of LES and heat transfer in solids is not synchronized in physical time: data
exchange between the two codes is performed every ap7pr in the fluid and a7 in the solid, where ap
and «; are the coupling synchronization constants. Each code has a different time step thus coupling is
performed at different physical times. It has been shown by Duchaine et al. (2009) that using the same
low value @ = ap = «; leads to a fast convergence to a steady state. In the asynchronous coupling
strategy only the final equilibrium temperature field in the solid is kept, the intermediate states having
no physical meaning.

e The radiation source term must be updated at time intervals corresponding to the characteristic
time scale of the temperature and mass fractions, i.e. 7r. However, because AVBP is an explicit, fully
compressible code, it runs with an acoustic time step At = CFLAz/c where CFL is the Courant-
Friedrich-Levy stability number, Ax is the mesh size and ¢ is the speed of sound. Typically 77 ~ 100At,
which means that the radiation source term can be updated every s 100 iterations of LES (?).

All three solvers used here are efficiently parallelized; they use subdomain decomposition, and in the case
of PRISSMA, the calculation is also parallelized using a spectral and angular discretization. However the
three solvers have very different restitution times. AVTP is very fast (0.96 s/iteration/processor), as it in-
volves a simple equation for only one variable, whereas PRISSMA is very long (3000 s/iteration/processor),
mainly owing to the spectral complexity and the non-local character of the integration (optical paths go
through the whole domain). AVBP is in between, with 95.2 s/iteration/processor, but requires many
iterations. Efficient coupled simulations require an optimal load balancing, where resources allocation
for each solver allows the synchronization of data exchanges (Amaya 2010). The management of data
exchange and resources allocation is performed with a dedicated software (PALM) that allows for setting
up and monitoring coupled simulations (Buis et al. 2005). Table 1 gives the processors distribution as well
as CPU times for the different solvers in the two AVBP-AVTP (AA) and AVBP-AVTP-PRISSMA (MP)
coupled simulations. Note that AVBP and AVTP run on half processors in the MP simulation compared
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AVBP AVTP PRISSMA CPUgs

Case AA 230 24 - 1 hr
Case MP 105 12 48 3 hr

TABLE 1. Processors distribution and CPU time. The quantity CPUjg 5 is the CPU time needed to compute 0.5
ms of physical time.

with the AA simulation. Beacause PRISSMA reaches a speedup limit at 48 processors, load balancing
and synchronization imply a limitation of processors on the two other codes.

3. Configuration

The configuration is a sector of a helicopter combustion chamber of Turbomeca (Fig. 2), including the

secondary air flow (A) and the high pressure distributor containing one blade of the downstream stator
(D) which redirects the flow in an azimuthal motion. The flame tube (C) is curved for compactness,
and fed with air through two contra-rotating swirlers and gaseous kerosene at the center (B). Chamber
cooling is achieved by cold air films along the walls. The main thermal problem here is linked to the
blade, which does not hold the high temperatures produced by the flame in the combustor. In order to
decrease their temperature, the burnt gases are therefore mixed with cold air in the dilution zone of the
combustion chamber. The challenge is to reach a homogeneous mixture at the chamber exit and guarantee
the absence of hot spots that could damage the blade.
The blade geometry is also detailed in Fig. 2. It is cooled with an internal cold flow, represented in
the present simulation with a fixed convective heat transfer coefficient. Note that in the true geometry
additional cooling devices are also present, in particular at the trailing edge of the blade. These systems
were not included here for simplicity.

The LES mesh is built with 11.9 10® tetrahedra. It involves the secondary air flow, as well as all cooling
films and primary and dilution jets. To describe the flame with sufficient accuracy, the mesh is refined
in the primary zone where the flame stabilizes in a conical shape. For PRISSMA, only the combustion
chamber is meshed with 2.6 106 cells.

The calculated operating point corresponds to full thrust. An algebraic adiabatic law of the wall is
used for all walls of the geometry, including the blade in the uncoupled AVBP simulation. The Lax-
Wendroff scheme was used for all AVBP calculations. In the coupled simulations, heat transfer to the
walls is calculated only for the blade, on a mesh made of 108 tetrahedra. The solid has a conductivity
A =24 [WK~!'m™1], a heat capacity C = 600 [Jm2K~1], a density p = 8110 [kg-m 3] and a diffusivity
a=4.39 x 1076 [m2s71].

Radiation is computed considering only H2iO, CO5 and CO as absorbing, and a constant wall emissivity
of 0.95. Radiation is known to be very sensitive to the wall temperature, which makes the coupling with
heat transfer in solids mandatory in confined flows. However in the present simulation, heat transfer is
computed only in the blade, and the temperature of the chamber walls is prescribed from measurements.

4. Turbulent reacting flow: uncoupled LES results

Figure 3 (left) shows the mean axial velocity, non-dimensonalized by the injection velocity, in the
median plane for an uncoupled LES, where the main features of a swirled flow are recognized: a central
recirculation zone (visualized with a zero-axial velocity contour) extends from the injector nozzle to
approximately half the primary zone. Owing to the curved geometry, the flow is not symmetric. After
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FIGURE 2. View of the configuration geometry (a) and detail of the blade (b).
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FIGURE 3. Mean axial velocity, non-dimensonalized by the injection velocity with an isocontour line at zero
(left) and rms velocity (right) in the median plane. Uncoupled simulation (AVBP only).

changing direction, it is strongly accelerated in the distributor. The rms axial velocity field (Fig. 3 right)
indicates zones of high turbulence: close to the injection in high shear zones and behind the central
recirculation zone, where the hot gas mix with the primary air jets.

Figure 4 displays the mean temperature, non-dimensionalized by the injection temperature T;,;, and
the products mass fractions fields in the median plane. The hot primary zone reaches a maximum temper-
ature of ~ 47T},;, around the conical flame. The flame is asymmetric and the hot zone is more extended
on the internal side. The hot gases are cooled down abruptly by the cold air jets, down to a temperature
around 27;,;. The temperature of the burnt gases gradually decreases downstream through the action of
the cooling films along the chamber walls, reaching a value around 1.57},; near the blade. Although high
turbulence levels in the dilution zone (Fig. 3 right) increases mixing, the temperature is not perfectly
homogeneous at the chamber exit. Figure 4 also shows the distribution of the radiating species (combus-
tion products), which are mostly located around the flame zone and strongly diluted downward. As a
consequence, radiation emission by the gas will mainly originate from the flame zone.
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FIGURE 4. Mean temperature (non-dimensionalized by the injection temperature) (left) and products mass
fractions Yp = Yu,0 + Yoo + Yoo, (right) in the median plane. Uncoupled simulation (AVBP only).
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FIGURE 5. Blade temperature field in the mid-plane (non-dimensionalized by the injection temperature) (left)
and on the surface (right). AA case.

5. Coupled LES/heat conduction simulations (AA case)

In a first step, only the two solvers, AVBP and AVTP, are coupled (AA case). The resulting temperature
field in the blade shown in Fig. 5 is quite inhomogeneous, as a consequence of the heating by the hot
gas and the cooling by the internal flow. A hot zone (HS1) is visible on the leading edge owing to the
exposure of this surface to the hot flow. Another hot spot can be observed at the trailing edge (HS2),
at an even higher temperature. In this zone the thinness of the solid limits heat conduction and leads to
heat accumulation. Note also the temperature difference between the top and bottom of the blade, the
result of cooling films in the chamber (see Fig. 5).

Fig. 6 gives the time-averaged non-dimensional temperature of the solid T}, /T;y;, the non-dimensional
near-wall temperature of the fluid 7}/ /T},; and the convective heat flux along a blade contour in the
bottom, median and top cutting planes (contour points are shown in the bottom right image of Fig. 6).
The mean flow impacts the blade almost horizontally realitive to the image shown in Fig. 6: the stagnation
point is situated around the point 22. The coupled AVBP-AVTP simulation (AA case, solid line in Fig. 6)
introduces negative heat fluxes in the pressure side and leading edge of the blade and positive values on
the trailing edge of the suction side. Between points 1 and ~ 15, the gas is hot and the blade surface



Coupling LES, radiation and structure 7

o
Bottom Median
2.2 T T T T T T T T T 22 T T T T T T T T T
= =
= =
7z 7z
= =]
= 2
= )
A N
= z
g g
. 610° ] _
i s g
= 1107 5 =
£ 5 E
A 4107 1 N
‘2 s &
F 910° - ] g
1108 L L : . 110° . . . L
0 0 10 20 30 40 50
Point number
z
(=]
“z
F
24 T T T T T T 35
=
(]
A
=
g
s 8 [ r T : r .
N
£ 10k /"ﬁ\_ ! 48
E 5 2
A -410° [""=. E 1
=
g 910 F 1
1108 L . . .
0 10 20 30 40 50
Point number

FIGURE 6. Profiles of adimensional temperature on the solid surface (T /Tin;), in the near-wall fluid (T /Tin;)
and convective heat flux (g, ) along the blade contour shown in the bottom right, for the top, median and bottom
cutting planes. Dashed lines: AVBP alone. Thick lines: Coupled AVBP-AVTP simulation (AA case). Symbols:
Coupled AVBP-AVTP-PRISSMA simulation (MP case).
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FIGURE 7. Left: Radiation source term in the median plane of the combustion chamber (non-dimensionalized by
Sring = UT{;J-). Right: Mean non-dimensional temperature difference between the simulations with and without
radiation in the median plane of the combustion chamber.

temperature decreases because of the internal cooling, which leads to an increasing negative flux in the
fluid. When approaching the leading edge (point 25), the blade temperature increases again and the flux,
still negative, decreases in magnitude. Continuing along the suction side of the blade, the flux gradually
decreases in magnitude as the gas temperature decreases, then changes sign and increases again as the
blade temperature increases. Finally at the trailing edge on the suction side, the positive flux starts to
decrease following the gas temperature increase. The impact of the AVBP-AVTP coupling on the fluid
temperature is close to zero in the top and median plane but leads to a quite significant temperature
decrease in the bottom plane compared with the uncoupled simulation (dashed line in Fig. 6). This may
be due to the different thermal properties of the mixture in this zone, where cold films mix with hot gas.

6. Coupled LES, heat conduction and radiation simulation (MP case)

The three solvers are now coupled. Figure 7 shows the mean field of radiative source term (non-
dimensionalized by S7rin; = oTi‘;j where o is the Stefan-Boltzmann constant). It is clearly correlated to a
zone where hot combustion products are located, particularly at the end of the primary zone where CO is
formed. The radiative source term take negative values where the hot gases mix with cooling air. There is
no direct effect of radiation on the blade, as there is no direct line of sight between the blade and the flame.
However one may expect an indirect effect, through the modification of the flow temperature distribution.
This is illustrated on Fig. 7(right), showing the mean non-dimensional temperature difference between
the simulations with and without radiation in the median plane of the combustion chamber; hotter gases
appear along the wall, whereas gases are cooled down in the center of the chamber.

Compared with the mean energy in the combustor, the mean radiative source term is small. It is
approximately 4.8% of the combustion heat release, and leads to a temperature deviation of the same
order (Fig. 8). This is usual for such small flames as energy emission or absorption cumulates along optical
paths and strongly depend on the volume of hot gases. However a deviation of the gas temperature of 4.8%
is an important difference in the context of blade cooling, suggesting that radiation must be calculated.

Finally Fig. 6 shows the non-dimensional blade temperature, the non-dimensional near-wall fluid tem-
perature around the blade and the convective heat flux obtained when radiation is included (symbols). In
the three planes the impact of radiation on the convective heat flux is negligible, but fluid temperatures



Coupling LES, radiation and structure 9

20
%) 10 | B
s 007 1
= =10 | 4
%
E -20F M ]
H
-30 + WJ\M\/MW\WJW‘\ Wf‘ﬂ) W M 4
-40 L L L ! ! | | L
0.052 0.053 0.054 0055 0056 0.057 0058 0.059 0.06 0.061
10 T T T T T T T T
=) 05 B
E 00 f . 1
E8
FH -05 .
C-10 | 1
g
& -10 .
= -20 L L L L L I L L

0.052 0.053 0.054 0055 0056 0057 0058 0.059 0.06 0.061
time [s]
FIGURE 8. Time evolution of the maximum (top) and mean temperature (bottom) in the chamber relative to

the arbitrary reference temperatures 7,7 and T,25"", for the simulations without radiation (thick line) and with
radiation (thin line).

%, as the blade surface receives a
radiative flux (mostly at the leading edge) and emits radiation (mostly at the trailing edge).

T} are modified. Differences also appear on the solid temperature 7'

7. Conclusions

Multi-physics simulations, including LES of turbulent reacting flow, heat conduction in solids, and
radiative heat transfer, have been performed in a helicopter gas turbine. These coupled simulations allow
for the study of the thermal behavior of the system taking into account the three heat transfer modes.
In particular the problem of turbine blade cooling is critical for the design of the engine and requires a
prediction of the temperature distribution with high precision: an error bar of 10K is the current objective
(an error of 25K can induce a reduction of 50% in the lifetime of the blade). The results show that, in
the present configuration, both heat conduction in the solid and radiation have a non negligible impact
on the fluid and the blade temperature.

The authors ackowledge the support of CINES (GENCI, France) for the computing resources (grant
2010-¢2010026401) and Turbomeca for the case definition. We also thank Florent Duchaine (IMFT),
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