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Coupling heat transfer solvers and large eddy
simulations for combustion applications

By F. Duchainey, S. Mendez, F. Nicoudz, A. Corpron{, V. Moureau{
AND T. Poinsotyk

A fully parallel environment for conjugate heat transfer has been developed and applied
to two con gurations of interest for the design of combustion devices. The numerical
tool is based on a reactive LES (Large Eddy Simulations) codend a solid conduction
solver that can exchange data via a supervisor. Two coupled npblems, typical of gas
turbine applications, are studied: (1) a ame/wall interac tion problem is used to assess
the precision of the coupled solutions depending on the couding frequency. For such an
unsteady case, it is shown that the temperature and the ux aaqoss the wall are well-
reproduced when the codes are coupled on a time scale whichdbthe order of the smallest
time scale. (2) An experimental Im-cooled turbine vane is gudied in order to reach a
steady state. The solutions from the conjugate analyses andn adiabatic wall convection
are compared to experimental results. Pressure pro les on gessure and suction sides
obtained by adiabatic and coupled simulations show a good agement with experimental
results. Compared to the adiabatic simulation, it is found that the conjugate heat transfer
case has a lower mean pressure side temperature due to the theal conduction from this
part to the plenum as well as from the pressure to the suction igle of the blade. Thermal
results show a very large sensitivity to multiple parameters as the coupling strategy and
LES models.

1. Introduction

Conjugate heat transfer is a key issue in combustion (Lefelne 1999; Bunker 2007):
the interaction of hot gases and reacting ows with colder wdls is a key phenomenon
in all chambers and is actually a main design constraint in ga turbines. For example,
multi-perforated plates are commonly used in gas turbine cmbustion chambers to cool
walls and they must be able to sustain the high uxes producedin the chamber. After
combustion, the interaction of the hot burnt gases with the high pressure stator and
the rst turbine blades conditions the temperature and pressure levels reached in the
combustor, and therefore the engine e ciency.

Conjugate heat transfer is a di cult to accomplish and most existing tools are devel-
oped for chained (rather than coupled), steady (rather thantransient) phenomena: the
uid ow is brought to convergence using a RANS (Reynolds Averaged Navier-Stokes)
solver for a given set of skin temperatures (Schiele & Wittig2000; Garg 2002; Mercier
et al. 2006). The heat uxes predicted by the RANS solver are then tansferred to a
heat transfer solver which produces a new set of skin tempetares. A few iterations are
generally su cient to reach convergence. There are circumgnces, however, where this
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chaining method must be replaced by a full coupling approachFlames interacting with
walls for example, may require a simultaneous resolution ofhe temperature within the
solid and around it. More generally, the introduction of LES to replace RANS leads to
full coupling since LES provides the unsteady evolution of # ow variables.

Fully coupled conjugate heat transfer requires that multiple questions be taken into
account. Among them, two issues were considered for the preat work:

The time scales of the ow and of the solid are generally very derent. In a gas
turbine, a blade submitted to the ow exiting from a combusti on chamber has a thermal
characteristic time scale of the order of a few seconds, whlthe ow-through time along
the blade is less than 1 ms. As a consequence, the frequencytbe exchanges between
the codes is critical for the precision, stability and restitution time of the computations.

Coupling the two phenomena must be performed on massively pallel machines
where the codes must be not only coupled but synchronized toxloit the power of the
machines.

During this work, these two issues have been studied using twexamples of conjugate
heat transfer: (I) a ame interacting with a wall and (Il) a bl ade submitted to a ow of
hot gases. Both problems have considerable impact on the dgm of combustion devices.

2. Solvers and coupling strategies

The AVBP code is used for the uid (Schenfeld & Rudgyard 1999; Roux et al. 2008).
It solves the compressible reacting Navier-Stokes equatits with a third-order scheme
for spatial di erencing and a Runge-Kutta time advancement (Colin & Rudgyard 2000;
Moureau et al. 2005). Boundary conditions are handled with the NSCBC formuation
(Poinsot & Veynante 2005; Moureauet al. 2005).

For the resolution of the heat transfer equation within solids, a simpli ed version
of AVBP, called AVTP, was developed. It uses the same data stucture as AVBP. It
is coupled to AVBP using a software called PALM (Buis et al. 2005). For all present
examples, the skin meshes are the same for the uid and the sidlso that no interpolation
error is introduced at this level.

The coupling strategy between AVBP and AVTP depends on the oljectives of the
simulation and is characterized by two issues:

Synchronization in physical time: The physical time computed by the two codes be-
tween two information exchanges may be the same or nog.We will impose that between
two coupling events, the ow is advanced in time of a quantity ¢ ; where ¢ isa ow
characteristic time. Simultaneously, the solid is advancd of a time s s where s is a
characteristic time for heat propagation through the solid. Two limit cases are of inter-
est: (1) s = ¢ ensures that both solid and uid converge to steady state at he same
rate (the two domains are then not synchronized in physical tme) and (2) ¢ ¢+ = s s
ensures that the two solvers are synchronized in physical te.

Synchronization in CPU time: on a parallel machine, codes fothe uid and for
the structure may be run together or sequentially. An interesting question controlled by
the execution mode is the information exchange. Figure 1 shws how heat uxes and
temperature are exchanged in a mode called SCS (Sequentialo@pling Strategy) where
the uid solver after run n (physical duration ¢ ) provides uxes to the solid solver
which then starts and gives temperaturesT,, (physical duration ¢ ). In SCS mode, the

y For example, when a steady state solution is sought (i.e., to be used as initial condition for
an unsteady computation), physical times for both solvers c an di er.
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Figure 1. Main types of coupling strategies.

codes are loaded into the parallel machine sequentially andach solver uses all available
processors K ). Another solution is Parallel Coupling Strategy (PCS) where both solvers
run together using information obtained from the other solver at the previous coupling
iteration (Fig. 1). In this case, the two solvers must share he P = P + P; processors.
The Ps and P; processors dedicated to the solid and the uid, respectivel, must be such
that:

P _ 1

P 1+ T.=T
where T and T; are the execution times of the solid and uid solvers, respetively (on
one processor).Ts and T; depend on ¢ s and ¢ . Perfect scaling for both solvers is
assumed here.

Note that both SCS and PCS questions are linked to the way infomation (heat uxes
and wall temperatures) are exchanged and to the implementabn on parallel machines
but are independent of the synchronization in physical time PCS or SCS can be used
for steady or unsteady computations. This paper focuses onhe PCS strategy.

Finally,this work explores the simplest coupling method wtere the uid solver provides
heat uxes to the solid solver while the solid solver sends sk temperatures back to the
uid code. More sophisticated methods may be used for precisn and stability (Giles
1997; Chemin 2006) but the present one was found su cient forthe two test cases
described below.

(2.1)

3. Flame/wall interaction (FWI)

The interaction between ames and walls controls combustio, pollution and wall
heat uxes in a signi cant manner (Poinsot & Veynante 2005; Delataillade et al. 2002;
Dabireau et al. 2003). It also determines the wall temperature and its lifeime. In most
combustion devices, burnt gases reach temperatures betwed 500 and 2500 K while wall
temperatures remain between 400 and 850 K because of coolinfhe temperature de-
crease from burnt gases levels to wall levels occurs in a neaall layer which is less than
1 mm thick, creating large temperature gradients.

Studying the interaction between ames and walls is dicult from an experimental
point of view because all interesting phenomena occur in a tim zone near the wall: In
most cases, the only measurable quantity is the unsteady héaux through the wall.
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Figure 2. Interaction between wall and premixed ame. Solid line: ini tial temperature pro le.

Figure 3. The IFF (In nitely Fast Flame) limit. Solid line: initial te mperature pro le.

Moreover, ames approaching walls are dominated by transiat e ects; they usually do
not "touch" walls and quench a few micrometers away from the old wall because the
low wall temperature inhibits chemical reactions. At the same time, the large near-wall
temperature gradients lead to very high wall heat uxes. These uxes are maintained
for short durations and their characterization is also a di cult task in experiments (Lu
et al. 1990; Ezekoyeet al. 1992).

The present study focuses on the interaction between a lamiar ame and a wall
(Fig. 2). Except for a few studies using integral methods wihin the solid (Desoutter
et al. 2005) or catalytic walls (Popp et al. 1996; Popp & Baum 1997), most studies
dedicated to FWI were performed assuming an inert wall at costant wall temperature.
Here we will revisit the assumption of isothermicity of the wall during the interaction.

3.1. The in nitely fast ame (IFF) limit

Flame front thicknesses (?) are less than 1 mm and laminar ame speeds <) are of
the order of 1 m/s. Walls are usually made of metal or ceramicsand their characteristic
time scale ¢ = L2=Dg (where L is the wall thickness and Ds the wall di usivity) is
much longer than the ame characteristic time = P2=s. An interesting simpli cation
of this observation is the "In nitely Fast Flame" limit (IFF ) in which the time scale of
the ame is assumed to be zero compared to the solid time. In tis case, the FWI limit
can be replaced by the simpler case of a semi-in nite solid atemperature T, getting
instantaneously in touch with a semi-in nite uid at a const ant temperature T, where
T, is the adiabatic ame temperature (Fig. 3). The propagation time of the ame toward
the wall is neglected.

The IFF problem is a classical heat transfer problem and has @ analytical solution
which can be written as:

T, X

T

T(x;t)= T+ b b+ Qlerfc( 2p D—st) for x< 0 (3.1)
T2 T1 X

TXt)=T erffc(gp=) for x>0 3.2

()= T b prerfo(p=s) (32)

where b = P C , is the e usivity of the burnt gases, bs = P s sCps the e usivity of
the wall and D the burnt gases' di usivity. Ds and D are assumed to be constant in the
solid and uid parts. The temperature of the wall at x = 0 is constant and the heat ux
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Initial Thermal Thermal  Thermal Heat Density Mesh  Fourier
temperature di usivity e usivity conductivity capacity s ize time step
Solid 650 33810 ° 705817 1297 460 8350 410° 2:3710°
Fluid 660 2:5310° 552 0028 11622 0947 410° 316107
Table 1. Fluid and solid characteristics for IFF test case (Sl units) . The Fourier time step
corresponds to the stability limit for explicit schemes  t° = x?=(2Dy).

decreases like 1=IO t:

bT, + bsTy T, T bl
b+ bs b+bs "t
This IFF limit is useful to understand FWI limits. It was also used as a test case of

the coupled codes to check the accuracy of coupling strategg (next section).

T(x=0;t) = and (x=0;t)=

(3.3)

3.2. The IFF limit as a test case for unsteady uid / heat transfer coupling

A central question for SCS or PCS methods is the coupling fregency between the two
solvers especially when they have very di erent charactestic times. Since the IFF has
an analytical solution, it was rst used as a test case for PCSmethods. The test case
corresponds to a wall at 650 K in contact att = 0 with a uid at 660 K. Compared
to a wall/ ame interaction, this small temperature di eren ce is chosen in order to keep
constant values forD, and Cp. Table 1 summarizes the properties of the solid and the
uid and indicates mesh size x and maximum time steps tP for di usion (the only
important ones here since the ow does not move).

The most interesting part of this problem is the initial phase when uxes are large
and coupling di cult. During this phase, the solid and the u id can be considered as
in nite and there is no proper length or time scale to evaluate ¢ or ¢ in Fig. 1. The
only useful scale is the grid mesh and the associated time deafor explicit algorithm
stability. Therefore we chose to take ; = th and s= t2.(Note that the uid solver
is limited by an acoustic time step smaller than tP). The strategy used for this test
is the PCS method (Fig. 1) for unsteady cases which requiress 1 = ¢ s. The ¢
parameter de nes the time interval between two coupling eveats normalized by the uid
characteristic time. Values of ; ranging from 0:131 to 655 were tested for this problem
and Fig. 4 shows how the errors on maximum wall temperature ad the wall heat ux
change when ¢ changes. The IFF solution of Eq. (3.3) is used as the referemcsolution.
Using values of ; larger than unity leads to relative errors which can be signicant and
to strong oscillations on the temperature and ux. As expected a full coupling of uid
and solid for this problem requires that values of ; of order unity be used which means
to couple the codes on a time scale that is of the order of the sallest time scale (here
the ow time scale).

3.3. Flame/wall interaction results

This section presents results obtained for a fully coupled I and compares them to the
IFF limit. The parameters used for the simulation (Table 2) correspond to a methane/air
ame at an equivalence ratio of 08, propagating in fresh gases at a temperaturerl; of
650 K at a laminar speeds? = 1:128 m/s. The adiabatic ame temperature is T, = 2300
K. The wall is also initially at T; = 650 K. The maximum time step corresponds to the
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Figure 4. Tests of the PCS method for the IFF case of Fig. 3. E ects of the coupling period
between two events (measured by s). Left: relative error on wall temperature at x = 0, right:

relative error on wall ux at x =0. Solid line:  =0:131, dashed: { =13:1, dots: ; =65:5.
Initial Thermal Thermal Thermal Heat Density Mesh Time
temp. diusivity e usivity conductivity capacity size sca le
Solid 650 33810°% 705817 1297 460 8350 2 10° 0:3
Fresh gases 650 #4410°  7:35 0047 11689 0977 410° 304510 °
Hot gases 2300 372104  7:28 0:140 14416 0262 4 10° 304510 °

Table 2. Fluid and solid characteristics for ame/wall interaction test case (S| units). The
characteristic time s for the solid is based on its thickness and heat di usivity. T he characteristic
time scale for the uid ¢ is based on the ame speed and thickness.

Fourier stability criterion for the solid and to the CFL stab ility criterion for the uid.
These time steps are respectively t£ =0:59 s and tfFt =0:0023 s . For this fully
coupled problem, the only free parameter is ;. The period between two coupling events
(+ 1= s s) determines the number of iterations performed by the gas slwer during
this time: Ny = ¢ ¢= t°FL. As the cost of computing heat transfer in the solid for
this problem is actually negligible, no attempt was made to gtimize the computation.
The e ect of mesh resolution in the gases was also checked arfdund to be negligible;
for most runs, 500 mesh points are used in the gases with a mesize of 4 10 % mm.
The coupling parameters for the presented case correspona ta PCS simulation with
¢ = 7:5 10 ° leading to N = 100 in the gases accompanied by one iteration in the
solid where ¢ =7:6 10 7 (Fig. 5). Figure 6 displays the wall-scaled temperature at e
uid and solid interface T = (T(x = 0) T1)=(T, Ti) and the reduced maximum
heat ux =(CpsP (T2 Ti) through the wall versus time. The ame quenches at time
sPt= 0 = 9, where the ux is maximum. Figure 6 also displays the prediction of the
IFF limit (Eq. (3.3)). Except in the rst instants of the inte raction, when the ame is
still active, the IFF limit matches the simulation results e xtremely well, both in terms
of uxes and wall temperature. The IFF solution cannot predict the maximum heat ux
because it leads to an in nite ux at the initial time. Howeve r, as soon as the ame
is quenched, it gives a very good evaluation of the wall heat ux. Note that the wall
temperature increases by a small amount during this interation between an isolated
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Figure 5. Parallel coupling strategy for the ame/wall interaction w ith ¢ =7:510 3.
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Figure 6. Coupled ame/wall interaction simulation (solid line). Co mparison with IFF limit
adjusted to start at ame quenching (dashed line). Left: red uced wall temperature (x = 0),
right: reduced wall heat ux at x =0.

ame and the wall (T 10 2 on Fig. 6). In more realistic cases, ame will op and
hit walls frequently, which could lead to cumulative e ects and therefore to higher wall
temperature and fatigue.

Figure 7 shows how the wall temperature atx = 0 changes when the e usivity of
the solid varies. For the IFF limit, this temperature is give n by Eq. (3.3) and for the
simulation, it is the temperature reached asymptotically for long times. The agreement
is excellent and con rms that the IFF limit correctly predic ts the long-term evolution
in this FWI problem. It also shows that the coupled simulation works correctly. Note,
however, that the IFF limit given by Eq. (3.3) is only approxi mate for the FWI problem
since it assumes constant density and heat di usivity in the gases.

Finally, Fig. 8 shows how the coupling frequency (measured ¥ the parameter ;)
changes the precision of the coupled simulation (coupling\wents are scheduled at every
¢ ¢ times where ¢ is the uid time). The precision of the coupling was checked ly
changingN from 100 to 50Q 000 ( s from 7:5 10 3 to 37:8) with N;y =10( ¢ =7:510 %)
as reference. The error on the maximum temperature remainsery small, even for large
¢ values. The error on the maximum energy entering the wall betveen the initial time
and an arbitrary instant (here Pt=s? = 82) depends strongly on ¢. As expected from
results obtained for the IFF problem only (previous section), coupling the two solvers
less often that ¢ ( ¢ > 1) leads to errors larger than 10% on the energy uxed into the
wall. The errors on temperature and energy uxed into the wall converge both to 0 when

+ decreases with an order close to 1.
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4. Blade cooling

The second example studied during this work is the interacton between a high-speed
ow and a cooled blade. This example is typical of one of the ma problems encountered
during the design of combustion chambers (Bunker 2007; Bogd & Thole 2006): The
hot ow leaving the combustor must not burn the turbine blade s or the vanes of the
high-pressure stator. Predicting the vanes' temperature eld (which are cooled from the
inside by cold air) is a major research area (Holmert al. 2000; Medic & Durbin 2002;
Garg 2002). Here an experimental setup (T120D blade) devefmed within the AITEB2
European project was used to evaluate the precision of the epled simulations (Fig. 9).
The temperature di erence between the mainstream {T; = 333:15K ) and cooling (T =
30315K) airs is limited to 30 K to facilitate measurements. Experimental results include
pressure data on the blade suction and pressure sides as wadl temperature measurement
on the pressure side.

The computational domains for both the uid and the structur e contain only one
spanwise pitch of the Im cooling hole pattern (z-axis on Fig. 9), with periodicity en-
forced at each end. This simpli cation assumes no end-wall ects, but retains the three-
dimensionality of the ow and greatly reduces the number of tetrahedral cells required to
model the blade: about 85 million cells to discretize the uid and 600; 000 for the solid.
A periodicity condition is also assumed in the y-direction. The WALE subgrid model
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Figure 9. Con guration for blade cooling simulation: the T120D blade (AITEB2 project).

Inlet static Inlet total Inlet total  Flow Thermal Heat Time T ime
temp. temp. pressure rate conduc. cap. scale step t{"

Mainstream T»(333:15) T4(339:15) P(27773) (0185 2610 2 1015 Q001 980 10 ®
Cooling air  T1(303:15) T!(303:15) P{(29143) 0:000148 244 10 > 1015 Q0006 980 10 ®

Table 3. Flow characteristics for the blade cooling case (Sl units). The uid time scales are
based on the ow-through times in and around the blade. The ch aracteristic uid time scale ¢
is the maximum of this time, i.e., ¢ =0:001. The time step t{" is limited by the acoustic CFL
number (0:7).

(Nicoud & Poinsot 1999) is used in conjunction with non-slipping wall conditions. As
shown in Fig. 9, the three Im-cooling holes and the plenum ae included in the domain:
jet 2 is aligned with the main ow (in the xy-plane) while jets 1 and 3 have a com-
pound orientation. The mean blowing ratio (ratio of a jet momentum on the hot ow
momentum) of the jets based on a hot gases velocity of 3Gis ! is approximately 0:4.
Tables 3 and 4 summarize the properties of the gases and of theslid used for the sim-
ulation. At each coupling event, uxes and temperature on the blade skin are exchanged
as described in Fig. 1. During this work, only a steady state slution within the solid was
sought so that time consistency was not ensured during the agpling computation. The
converged state is obtained with a two-step methodology:
(a) Initialization of the coupled calculation that includes:
a thermal converged adiabatic uid simulation,
a thermal converged isothermal solid computation with bourdary temperatures
given by the uid solution,
(b) Coupled simulation.
Convergence is investigated by plotting the history of the ttal ux on the blade
(which must go to zero) and of the mean, minimum and maximum bhde temperatures.
Figures 10 and 11 show these results for two variants of the PE strategy. In the rst
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Thermal Heat Density Thermal Time Time
conductivity capacity diusivity scale s step
0:184 1450 1190 07107 3422 171103

Table 4. Solid characteristics for the blade-cooling case (S| units). The time scale s is
computed using the thermal di usivity and the blade minimum  thickness.
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Figure 10. Time evolution of minimum and maximum temperatures in the bl ade (left) and
total heat ux through the blade with (solid) and without (da  shed) relaxation.

one, uxes and temperature are exchanged at each coupling ep while for the second
one, relaxation is used and temperature and uxes imposed atach coupling iterationn
are written as f" = af" 1+ (1 a)f" wheref" is the value obtained by the other
solver at iteration n and a is a relaxation factor (typically a = 0:6). Without relaxation,
the system becomes unstable and convergence almost impdssi

At the converged state, the total ux reaches zero: the ux entering the blade is
evacuated into the cooling air in the plenum and in the holes Fig. 11). Note however
that the analysis of uxes on the blade skin shows that, even hough the blade is heated
by the ow on the pressure side, it is actually cooled on part d the suction side because
the ow accelerates and cools down on this side. Due to the a&teration in the jets,
heat transfer in the holes and plenum are of the same order. Gopared to the external
ux, plenum and hole uxes converge almost linearly. Oscillations in the external ux
evolution are linked with the complex ow structure developing around the blade.

At the converged state, results can be compared to the expement in terms of pressure
pro les on the blade (on both sides) and of temperature pro les on the pressure side.
Pressure elds are displayed in terms of isentropic Mach nurbers Mis computed by

E 2 " Py — #
_ 2
M=t o 1 4.1)

where P} and P}, are the total pressure of the mainstream and at the wall. Figue 12
displays an average eld of isentropic Mach number obtainedby LES and by the ex-
periment. The comparison of the adiabatic simulation and the coupled one shows that
these pro les are only weakly sensitive to the thermal condiion imposed on the blade.
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Figure 11. Time evolution of heat uxes through the blade: external ux (solid line), plenum
(dashed), holes sides (dot), sum of all uxes (dot dashed).
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Figure 12. Isentropic Mach number along the blade. Solid line: coupled LES, circles:
adiabatic LES, squares: experiment.

Although the shock position on the suction side is not perfetly captured, the overall
agreement between LES and experimental results is fair.

Temperature results are displayed in terms of reduced tempature =( T! T)=(T}
Ti) where T} and T} are the total temperatures of the main and cooling streams (Bble 4)
and T is the local wall temperature. measures the cooling e cien cy of the blade. Fig-
ure 13 shows measurements, adiabatic and coupled LES ressilfor spanwise averaged
along axis x. As expected, the cooling e ciency obtained with the adiabatic computa-
tion is lower than the experimental values: The adiabatic temperature eld over-predicts
the real one. The main contribution of conduction in the blade is to reduce the wall
temperature on the pressure side.

The reduced temperature distribution on the pressure side fig. 14) shows that the
peak temperature occurs at the stagnation point (reduced abcissa close to 0). The tem-
perature at the stagnation point is reduced compared to the aiabatic wall prediction,
leading to local values of of the order of 02. The thermal e ects of the cooling jets
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Figure 13. Cooling e ciency versus abscissa on the pressure side at st eady state. Dashed
line: adiabatic LES, solid line: coupled LES, symbols: experiment, vertical dashed lines: position
of the holes.

Figure 14. Spatial distribution of reduced temperature  on the pressure side of the blade.
The computational domain is duplicated one time in the z-direction.

on the vane are clearly evidenced by Fig. 14. Jet 3 seems to bééd most active in the
cooling process by protecting the blade from the hot stream ntil a reduced absissa of
0:5 and then impacting the vane between @& and G6.

The reduced temperature obtained during this work over-esimates experimental mea-
surements. In particular, the strong acceleration caused ¥ the blade induces large ther-
mal gradients at the trailing edge. This phenomenon, not-wd resolved by the compu-
tations, leads to a non-physical values of cooling e ciency Nevertheless, these results
have shown great sensitivity to multiple parameters, not orly of the coupling strategy
but also of the LES models for heat transfer and wall descripibns. Additional studies
will be continued after the Summer Program.

5. Conclusions

Conjugate heat transfer calculations have been performedof two con gurations of
importance for the design of gas turbines with a recently deeloped massively parallel
tool based on a LES solver. (1) An unsteady ame/wall interaction problem was used to
assess the precision of coupled solutions when varying th@gpling period. It was shown
that the maximum coupling period that allows the temperatur e and the ux across the
wall to reproduce well is of the order of the smallest time scke of the problem. (2)
Steady convective heat transfer computation of an experimetal Im-cooled turbine vane
showed how thermal conduction in the blade tends to reduce wihtemperature compared
to an adiabatic case. Further studies on LES models, couplig strategy and experimental
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conditions are needed to improve the quality of the results ompared to the experimental
cooling e ciency.
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