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Abstract

During the last two decades, CFD tools have
been a significant source of improvementsin the
design process of turbomachinery components,
leading to higher performances, cost and cycle
savings as well as lower associated risks. Such
methods are the backbone of compressor,
combustion chamber and turbine design
methodology at Shecma Moteurs and their use
is a key factor in designing components with
high performance level. Moreover, the first test
series of components designed with this
methodology generally show performances
close to the objectives that were assigned.

In the late 90's new, modern and powerful
methods have been developed, led by a constant
progress in computation power. As a matter of
fact, methods such as steady 3D Navier-Stokes
multistage solvers, unsteady 3D Navier-Stokes
stage solvers, coupled heat transfer and
combustion solvers, and even Large Eddy
Smulation are now commonly used in the
design process. As an example, several
thousands of 3D Navier-Stokes computations
are done yearly at Shecma Moteurs for the
design of low and high pressure compressor and
turbine blades.

In addition to their modeling capabilities,
the efficient use of such methods through the
design process has been enabled by a close
integration in a global methodology and an
adequate exploitation environment. Thelr
validation against experimental data, their
calibration, the correlation between different
levels of modeling are of critical importance to
an actual improvement in design know-how.

In the present paper, the integration of
different CFD methods in the design process is
described. Several examples of application
illustrate their practical use. Some comparisons
between computational results and experimental
data show their capabilities as well as their
present limitations. The prospects linked to
developments, currently under way, are
discussed.

1 Introduction

The design of advanced turbomachinery
components has to meet ever more requirements
that are demanding. Higher performance must
be reached within shorter design cycles and at
lower cost. Moreover, ambitious objectives of
weight, complexity and manufacturing cost
reduction are assigned. For compressor,
combustion chamber and turbine designers, this
implies the capability to control the complex
flow phenomena occurring in al the operating
range of the component, early in the program.
Besides performances, the aggressive design of
advanced components also requires an early
focus on al the aspects related to engine
integrity.

Up to the mid 70's, most of the design and
optimization process relied on an empirica
approach, which meant a large number of tests.
The all-experimental optimization strategy was
time and cost consuming for two reasons at
least. Each iteration implies al the phases from
design to manufacturing, instrumentation and
testing. Secondly, determining what must be
improved in the design required heavy
instrumentation on each component, in order to
identify the “hard spots’. For these reasons,
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Snecma Moteurs started very early to take
advantage of the fast growing computer power
and of the concurrent advances in CFD. The use
of CFD tools in the design methodology has
brought mgor improvements in the iterative
optimization process of each component. An
attempt to summarize this contribution could
use the following keywords : faster response,
broader range of aternative solutions, better
description of flow complexity. Indeed, every
computation node in a numerical smulation is
also a “measurement” node, which alows an
easy and comprehensive anaysis of the flow
prediction.

But unfortunately, CFD is far from
faithfully reproducing reality yet. Even with the
power of the most recent super computers,
simulation capabilities still depend on models or
are limited to component parts. The
computation of a complete 3D component with
unsteady and viscous small-scale phenomena is
still out of reach for a long time. So the major
challenge for both the engine component
designer and the CFD method developer
consists in integrating new computationa
methods, with their capabilities and limitations,
in the design process in a fast, safe and efficient
way. Every new method brings new answers,
but also raises new questions. The most obvious
risks in using a new, more powerful tool are
either misunderstanding or overconfidence in
the results. Therefore, a constant effort must be
dedicated to methods of comparison, validation
and calibration. This means in particular that
heavily instrumented rigs, representative of real
engine components must be used to produce a
validation database.

At Snecma Moteurs, a strong interaction
between component designers and CFD tools
developers alows an early use of advanced
methods in the design process. Most of the CFD
developments have been undertaken in close
cooperation with Research Laboratories and
especialy with Onera.

This paper will present some current
applications of advanced CFD tools for
compressor, combustion chamber and turbine
design. Some comparison with experimental
results will show the prediction capabilities of
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different methods. Finally, conclusions will be
drawn on the current use of CFD tools in the
design methodology.

2 CFD applicationsin compressor and fan
design

2.1 Objectives of modern compressor s and
fansdesign

During the last 3 decades, the introduction of
ever-improving CFD tools in the methodology
of compressors design has led to an
improvement of global performance as well as a
constant reduction of design time cycle. Thanks
to the implementation of potential methods in
the 70's, followed by Euler methods in the early
80's and then by dsationary Navier-Stokes
methods since 90’s, the aerodynamic efficiency
of fans has been improved by about 10 % in 25
years, as illustrated by figure 1. High and low
pressure compressors have known the same
kind of evolution with another step in the late
90’ s with the introduction of steady multi-stage
and unsteady rotor-stator simulation.
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Figure 1 : Impact of CFD on the improvement of
efficiency of SnecmaMoteurscivil fans.

Nevertheless, this race towards higher
aerodynamic efficiency is now slowing and the
objectives of modern compressors and fans are
dightly different than it used to be in last
decades. In the case of fans, the next generation
is most likely to have the same efficiency than
the previous one because it is close to a
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theoretica optimum. Thus, the god for
designers will be to maintan this level of
performance while focusing on noise reduction
and cost savings. For multi-stage compressors,
the main targets are a better operating margin
and lower costs. In both cases, reducing cost can
be trandated into two main objectives. On the
one hand the number of blades and stages has to
be reduced, which leads to highly loaded blades
and very complicated flows, and on the other
hand, the design time cycle has to be shorten,
which requires a fast and reliable design
process. The only realistic way to achieve all
these objectives is rely on an intensive and
appropriate use of CFD [1].

2.2 Useof CFD in compressor and fan
design
Thanks to modern super-computers, simulating
the flow in a whole compressor module of a
civil aircraft engine is today something quite
easy to achieve. A dationary solution of the
flow in a multi-stage compressor can be
obtained within few hours with a well optimized
code used on a multi-processor computer. As an
example, figure 2 displays the results of a fan-
booster-OGV set and of a high pressure
compressor simulations, obtained by using the
multi-stage 3D Navier-Stokes solver CANARI,
developed by ONERA and based on the mixing
plane method. This kind of multi-stage
computations is very helpful to optimize the
matching of high pressure and low pressure
compressors, but it can aso be very hazardous if
the use of CFD is not perfectly under control.
Most of the computations that are done are
steady because they require a reasonable time
and because not much more information is
needed for the aerodynamic design of a blade.
However, although they are very expensive in
terms of computer time, unsteady simulations
are very useful for acoustic and aero-elastic
anaysis. Therefore, this kind of tool is used
only for fina analysis, but there is no doubt that
within few years it will be intensively used,
being pat of a whole integrated multi-
disciplinary design process.

a) Flow field of afan-OGV-booster configuration
(static pressure)

b) Flow field of a HP compressor
(static pressure)

Figure 2 : 3D multistage steady Navier-Stokes
compressor simulations.

In the next 2 parts, we focus on aspects of
CFD that are of man importance for
compressor designers.

2.2.1 Mesh and turbulence model

The boundary layer effect in a compressor
is of main importance, especidly in the last
stages of high pressure compressors, where it is
of the same order of size than the annulus. At of
off-design conditions (i.e. close to surge point),
secondary  flows, chock/boundary  layer
interaction and stall dominate the whole flow.
For these raisons, mesh refinement and
turbulence models have a strong impact on the
computation results. A bad choice in these
parameters can result to an over-estimation of
the surge margin and a poor operability. This is
illustrated by figure 3, displaying for the same
stator at 10% span four computations with four
different turbulence models. This simulation is
close to the surge point and a large stall occurs,
which is well correlated by measurements. The
results have been obtained with a structured grid
of about 1 million points using similar codes :
CANARI from ONERA and Turbo3D from
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UPMC/LEMFI. In the case of algebraic
(CANARI/Michel) and 1 transport equation
(CANARI/Spalart-Allmaras) models, the stal is
not predicted because the model is unable to
predict the boundary layer thickening, whereas
in the case of 2 transport equations models
(CANARI/k-I and Turbo3D/k-€) the prediction
Is very satisfactory.

a) Algebraic model (Michel)

b) Spalart-Allmaras model

) k-e model

d) k-1 model

Figure 3 : Importance of the turbulence model in off-
design computations.

The same computation with a 2 transport
eguations model of turbulence on a lighter mesh
(400 000 points) is dso unable to predict the
stal. In fact, it appears that the parameter that
has to be controlled is the size of the first mesh
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cell. A good rule is generdly to have a y+ on
hub, casing and blade of about 1. However,
some models require thinner mesh as, for
example, k-e model that gives better results with
a value of y+ about 0.3. Although this rule is
easy to apply for structured grids, the control of
the mesh in the boundary layer becomes a tricky
problem for unstructured grid.

For some cases, 2 transport equations
turbulence models are not precise enough for an
accurate flow anaysis. For example, to carry
out an acoustic analysis from a computed flow,
it is needed to take into account the non-
isotropic character of the turbulence, which is
not possible with such turbulence models. A
good way to overcome this difficulty isto lead a
full resolution of the Reynolds stress tensor.
This is the solution chosen by LEMFI [2], [3]
for the code Turbo3D, used at Snecma Moteurs
for computing flows with a Reynolds Stress
Model (RSM).

2.2.2 Technology modeling

A great challenge for the compressor simulation
is to take into account the technology impact on
the flow. Indeed, tip clearance, bleeding, hub or
shroud misalignment can have a major effect on
the flow and the compressor performance [4],
[5], [6]. The small size and the complex
geometrical definition of these technological
elements make them difficult to implement,
wheresas their influence can be of first order.

Tip clearance and bleeding can be analyzed
with quite smple modeling, requiring no major
modification of the grid topology and of the
code. Therefore, they are commonly taken into
account and their impact is well understood.

Other technological effects require ether
grid topology modifications by adding blocks,
either an implementation of a more complex
methodology. Therefore, to tackle with these
kind of configurations, it is a good compromise
to compute the compressor once, including all
the technology elements, in order to extract
rules or models applicable to smpler
simulations. One application of this kind, is
presented on figure 4, where the cavity between
the fixed and rotating parts of the hub has been
computed. With an analysis of this result, it is
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possible to understand the phenomena taking
place in this complex flow area and then to
implement the cavity effect in a lighter way,
using only boundary conditions.

-

Radial velocity

Figure 4 : Modeling a cavity in front of rotor.

3 CFD applications on combustion chamber
design

3.1 The 3D Navier-Stokes platform for
combustion: N3S-Natur

To the aerodynamic challenges that have been
the target of CFD for a long time, such as
turbulence, mixing, swirling flows or cross
flows interactions, the design of a combustor
adds the complexity of specific physical
phenomena : essentially two-phase flow physics
and combustion. The CFD available experience
for these last aspects is more recent. Therefore,
combustion design generally relies more on
experimental investigations and empiric rules of
design.

Snecma Moteurs has decided very early to
invest into CFD, by developing a strong
cooperation with Onera, CNRS (Laboratories
EM2C, CORIA, LCSR, LCD...) and Cerfacs. It
was decided to build a 3D Navier-Stokes solver
targeted on combustion applications. A few
constraints were highlighted. The computational
grid had to be easily generated, and was to cope
with the general geometrical complexity and
diversity of combustion systems (single annular,
double annular, axialy staged combustors,
reheat systems...). The reheat system, and to
some extent the main combustion chamber are
regulated downstream by a sonic throat (in the

first case the main nozzle, in the second case the
high pressure turbine distributor), which could
be represented. Industrial turnaround times were
finally expected on easily accessible computer
resources.

These objectives led to the development of
N3S-Natur, which is a compressible, multi-
species 3D Navier-Stokes  solver, using
unstructured tetrahedral meshes, coupled with a
variety of turbulence, two-phase flow and
combustion models. The code is parallelized
and runs on platforms ranging from vector or
scalar supercomputers to PC clusters. The code
was co-developed by the french electric power
company EDF, the car manufacturer Renault,
and Snecma Moteurs, with scientific input from
Inria, CNRSLMFA, and Simulog. This
association, which alows to reduce the
investment costs for each partner, also turned
out to be an efficient way of technica "cross-
fertilizing”.

The core industrial application for N3S-
Natur is the definition of the air distribution in
the dilution zone to optimize the temperature
field at the exit of the combustor, and therefore
ensure the safety of the high pressure turbine.
Dilution air control is an essentia factor for
avoiding excessively hot spots seen by the
turbine blades. The detail of the modeling level
for theses smulations may be found in [7] or
[8]. The basic components are a lagrangian
solver for the liquid fuel bresk-up and
vaporization, ak-e type turbulence model, and a
presumed pdf (probability density function)
turbulent combustion model. The combustion
model is suited to non-premixed combustion,
and based on infinitely fast chemistry, where the
reaction rate source term is controlled by
mixing, with a characteristic time provided by
the turbulence model. It is limited by chemical
equilibrium, which is precomputed and
tabulated using the detailed (complex)
chemistry of kerosene oxidation.

3.2 N3S-Natur: current and future
applications

Grid construction is essential for combustion
chamber simulation. Snecma Moteurs was
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previoudy relying on a code using structured
meshes. Mesh construction is  actualy
unstructured, automated and coupled to a
combustion chamber database, and takes
between 15 minutes and two days for the most
complex injection system. An example of
surface mesh is shown in figure 5, where specid
care is taken to provide enough grid points
across each air passage, without impacting the
grid across the whole chamber, as in the case
with structured grids.

¥
: —~
Ir"‘“--\'
Inlet bowl Dilution holes

Figure 5 : Unstructured surface mesh for asingle
annular flame tube.

The code is continuoudly validated versus
the experimental database of Snecma Moteurs
combustors. Figure 6 shows results obtained on
a dgngle annular combustor of current
generation. The exit temperature field is
predicted a a level alowing optimization and
design choices. It must be noticed that such
results are due not only to the code, but aso to
the boundary condition definition methodology.
Regarding the injection system, a complex mix
of  numerica  simulation,  experimental
characterization, and extrapolation from test to
design point conditions is still necessary.
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Figure 6 : Exit temperature profiles. The RTF isthe
radial temperature factor, where a spanwise averageis
performed at each radial location. The LTF isthe lateral
temperature profile, indicating the maximum
temperature at each radial location. Plane 1 isthe radial
plane including the injection system axis. Plane 3 is the
intermediary radial plane, between injection systems.

As mentioned above, correlations may be
established for classical single annular
combustors with constant cooling or injection
technological level, but fail to cover the
diversity of solutions developed by the
combustion designer. CFD is therefore useful
for concepts such as double annular or axialy
staged combustors, which are one of the ways to
resolve contradictory emission and stability
requirements, and therefore obtain low emission
engines. An illustration of the use of N3S-Natur
on a chamber design is given in figure 7 for an
axialy staged combustor. CFD is used here to
optimize the exit temperature field under
constraint of maintaining the efficiency
(limiting over-rich regions within the chamber).
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Fuel mixture fractions

Figure 7 : Simulation of an axially staged combustor.

Models regarding combustion  and
turbulence aspects are continuously developed
for N3S-Natur, but the present development
plan is focused on finite rate chemistry effects.
Infinitely fast chemistry, used on the present
approach, is suited to the temperature prediction
at high engine operating points (cruise or take-
off), and to some extent of NOx production. But
it is not appropriate to the simulation of CO, or
to the behavior of the chamber far from those
points (stability analysis). These performances
are presently estimated via correlations and
simplified approaches. Current developments
am to take into account finite rate chemistry
effects within the Navier-Stokes simulation
itself. Advanced transported pdf methods, which
produced excellent result [9], are therefore
incorporated in  N3S-Natur. The actual
computation is still not affordable because the
chemistry of kerosene oxidation involves a few
hundred chemical species and more of a
thousand chemical reactions. Therefore, reduced
chemistries must be developed, posing the
problem of reducing a high-dimensionality real
dynamical syssem to an much lower-
dimensionality approached system. Techniques
such as neuron networks are investigated for
this aspect. A real combustion chamber
computation including detailed chemistry
effects, which was not even considered a few
years ago, is findly considered as close
perspective, with turn-around times a few times
higher than present industrial ssimulations.

3.3 Large Eddy Simulation for combustion

Large Eddy Simulation (LES) is a full of
promise technique, in which Snecma Moteurs
decided to invest for combustion applications,
for two main reasons. The first is the prediction
of combustion instabilities, a complex coupling
between combustion and pressure oscillations
within the chamber. An essential component of
such a process is the flame response to upstream
perturbations. This response and more generally
the combustion dynamics are not seen by
classical RANS approaches, while LES has
shows promising results. The second motive is
related to combustion modeling prospects.
Current modeling is applied on a statistically
averaged aerodynamic field, provided by RANS
simulations, while the combustion process takes
place on a mixture of fuel and oxidizer that is
local in space and time, and is generally
different from the statistical average. LES, by its
ability to capture large scale intermittency,
simplify the combustion modeling problem ; the
turbulence model "closure” problem is ssimpler.

LES being an advanced technique, the
choice was made to rely on the expertise of
Cerfacs Research Center. The code developed
by Cerfacs and relying on the paralle library
COUPL (maintained at Oxford University) is
AVBP [10]. The basic philosophy was to design
a code perfectly suited for compressible LES,
and therefore to pay special attention to the
properties of the numerical scheme, dissipation,
and boundary conditions. An efficient
paraleism and the use of multi-elements grids,
able to represent arbitrarily complex geometries,
ensure industrial turn-around times.

An interesting application of LES was
done on LPP (Lean Premixed Prevaporized)
injection systems. These systems present
attractive properties in terms of NOx reduction,
but they are aso prone to combustion
instabilities, especially to flashback, where the
flame moves upstream into the LPP, leaving its
intended stabilization location in the chamber.
Successful LES of flashback were reported in
[8] in 2D, but computations are now performed
in 3D with a good agreement with the measured
behavior of the module (figure 8).



Velocity and temperature

Figure 8 : 3D Large Eddy Simulation of a premixing
injection system.

An interesting quantitative information that
LES can produce is the flame response,
represented by a delay time t and a sensitivity
index n between a pressure or velocity
perturbation and the heat release response.
Comparison of such quantities with experiments
conducted by the CNRS laboratory EM2C have
shown how LES is able to produce quantities
which are critical to dynamic problems such as
combustion instabilities, and difficult to
evauate via RANS methods. The perspective
for LES is taking into account two-phase flows
and complex chemistry. Work is going on and
LES is expected to gain ground in the following
years.

4 CFD applications on turbine design

4.1 Aerodynamic analysis

The first step of the turbine aerodynamic design
consists to the definition of its operating point.
Two ways are used to mode its behavior :
through-flow simulations or 3D multi-stage
simulations. If the first method can be judged
satisfactory during the pre-design phase when
cycles are not well defined, the second one is
preferable during the design phase for its
capacity to provide more accurately the velocity
triangles and the coolant injection effects.

The steady multi-stage 3D Navier-Stokes
calculations are carried out with the CANARI
solver, developed by Onera. They are based on
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a mixing plane model and all the technological
effects (tip clearance, filet radii, groove) and
coolant injection regions (cooling holes, trailing
edge dots, platforms leakage, high pressure
cavity leakage) can be taken into account [11],
[12]. A result of a multi-stage dua spool
configuration simulation (cooled high pressure
turbine + low pressure turbine) including all
technological effectsis given on figure 9 a).

Turbulence and transition phenomena can
modify significantly the turbine behavior. For
design practices, the boundary layer of film
cooled blades can be considered as fully
turbulent, while for blades not cooled with film
but protected by internal circuits or/and thermal
barrier cooling, transition modeling can be
helpful to predict blade heat transfer coefficient.
In al cases the turbulence and the transition
modeling have an impact on the turbine
performances prediction as shown in figure 9 b)
for alow pressure turbine.

a) Flow field of aHPT + LPT configuration
(static pressure)
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b) Influence of turbulence model and transition on LPT
performances

Figure 9 : 3D multistage steady Navier-Stokes turbine
simulations.



USE OF ADVANCED CFD FOR THE DESIGN OF SNECMA MOTEURS TURBO-MACHINERY

Moreover, unsteady effects due to potential
interactions, turbulence, shocks and wakes on
blade leading edge, as well as cold / hot spot
impact on blade profile are important in turbine
environment. So, even if their prediction is not
yet entirely part of the design process, unsteady
phenomena are today studied and quantified on
turbine  configurations. Two different
approaches, based on the 3D Navier-Stokes
solver CANARI, are used : unsteady stage
calculations and steady stage calculations using
the deterministic stresses model, which takes
into account through modelisation, for a given
row, the effects of the neighboring rows [13].
Figure 10 @) and b) presents, for an uncooled
high pressure turbine stage, the results obtained
by a steady stage simulation using the mixing
plane model, an unsteady stage simulation and a
steady stage simulation using the deterministic
stresses model, compared to measurements.
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b) Rotor blade 50% span static pressure

Figure 10 : Influence of stage modeling for high
pressure turbine simul ations.

4.2 Aerothermal analysis

The aerothermal design of turbine blades is of
primary importance for the high pressure
turbines, where the inlet temperature, severa
hundreds of Kelvin higher than the maximum
temperature admissible by the material, implies
the use of cooling techniques. It is closely
linked with the aerodynamic design and the
mechanical design. Moreover, this
multidisciplinary iterative design has to take
into account the manufacture constrains, during
each project step. Severa computational
procedures are used for the design and analysis
of turbine aerothermal phenomena : the first one
for the investigation of turbine external flows,
the second one for interna flows in blade
cooling cavities and the third one for the
prediction of blade metal temperature field.

4.2.1 External aerothermal analysis
The critical environment, generated by the high
inlet turbine temperature, has led to the use of
cooling flows, in order to increase blade life. In
particular, film cooling is now a common
technique used to prevent the blades from
overheating and the prediction of its
performance is a mgor issue in view of the
blade efficiency and life. For a given
aerodynamica flow field, the number, the
location, the pitch, the shape, the streamwise
and compound injection angles of holes and
trailing edge dots are important geometrical
parameters for the design of a cooled blade.

3D Navier-Stokes calculations of film
cooling is a challenge, because the phenomena
involved are very complex, due to the very
vortical flows and to their length scales, which
are very different from the common length
scales of the flow around the blades. As for the
aerodynamic  anaysis, the Navier-Stokes
simulations for the film cooling prediction [14],
[15] are performed with the CANARI solver,
developed by Onera. Some results, concerning
grooved tip, leading and trailing edge cooling,
are presented on figure 11 a), b) and ¢).



a) bladetip cooling
(Mach number)

b) leading edge cooling
(wall heat flux)

¢) trailing edge cooling
(Mach number)

Figure 11 : External aerothermal analysis of turbine
blade.

4.2.2 Internal aerothermal analysis

Modern turbine arfoils are designed with
internal cooling passages, arranged with radial
or serpentine patterns, through which the
coolant air travels to remove heat from the
airfoil walls, in order to ensure blade life. The
internal cooling performances of turbine blades
are highly dependant on the technologies used :
ribs, pedestals, pins fins, impingement, blade
internal circuits. An important part of the
designer's work is to optimize the cooling flow
systems encountered inside the Dblade,
minimizing the amount of cooling mass flow
and optimizing the cooling efficiency. Thus, 3D
Navier-Stokes calculations are carried out to
anayze, in details, flow and heat transfer on
new complex technological concept [16].

The Navier-Stokes simulations, performed
with the MSD solver developed by Onera,
provide results close to experimental data, as
can been shown by the comparison for the U
bend duct case presented on figure 12 a) and b).
So, their use, for the prediction of the flow field
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into internal cooling circuits, is increasingly
encouraged. Actually, the whole internal
cooling circuit can be considered, as shown on
figure 12 c) for a high pressure turbine rotor
blade internal cooling circuit containing holes,
ribs and pinsfins.

NN -
n y 4

a) experiment U bend duct case

T .,r-"{

(waII heat flux)
! "‘- A oy
r' -‘ ‘ -‘ A.i'ligd
b) calculation U bend duct case
(wall heat flux)

¢) rotor blade internal circuit
(Mach number)

Figure 12 : Internal aerothermal analysis of turbine
blade.

4.2.3 Thermal analysis
The prediction of the blade metal temperature is
the final achievement of the aerothermal design.
Due to the fluid / solid interaction, the global
heat transfer analysis on blades is one of the
most challenging works for turbine designers.
Generdly, the Navier-Stokes simulations
and the conduction calculations are used
independently, a manual iteration model being
used between the fluid and the solid media. The
methodology adopted is to prescribe the couple
heat transfer coefficient / reference temperature
from the Navier-Stokes code to the conduction
solver, and the wall temperature from the
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conduction solver to the Navier-Stokes code. A
result of the iterative (uncoupled) thermal
analysis process, provided by the commercial
conduction solver ABAQUS, for a high pressure
turbine rotor blade protected by therma barrier
coating, is presented on figure 13 a).

However, the manual iteration
methodology is time consuming and can be
faulty in general 3D flows. Moreover, results
depend on the number of manual iterations done
by the designers. Therefore, to prevent these
problems, an automatic general coupling
procedure between the Navier-Stokes solvers
and the conduction solver ABAQUS has been
developed [17]. A result of a conjugate heat
transfer calculation, carried out on the NASA
C3X cooled blade with internal cavities, is
presented on the figure 13 b).

\
E

.

a) uncoupled heat transfer
(metal temperature)

b) conjugate heaf:transfer
(static and metal temperature)

Figure 13 : Thermal analysis of turbine blade.

5. Conclusion

The role of CFD in the design process of aero-
engine components is fast growing. Numerica
simulation significantly contributes to reaching
industrial objectives such as the reduction of
cycle time and cost in a project development. It

is constantly demonstrating its effectiveness on
several applications, alowing an earlier and
more reliable component optimization.

The advances in computer technologies
and the combined development of CFD
techniques increasingly enlarge the field of
possible applications. In this paper, a broad
spectrum of examples in aero-engine component
design and analysis shows the capabilities of
today’s CFD methods.

However, the increasing importance of
CFD requires special care to turn numerical
methods into integrated tools easy to handle by
component designers. Validation and calibration
are essential to an effective use of advanced, but
still  limited, simulation techniques. Well-
instrumented  experimental  vehicles are
definitely needed for this purpose.

The integration of advanced CFD tools in
the design methodology of aero-engine
components have maked an important
milestone and have led to significant changes in
the overall design process. The development of
new applications makes the near future very
promising. The next generation of computers
will enable a new step in component
optimization. However, much has to be done in
numerical techniques and modeling of flow
physics, in order to turn this opportunity into an
industrial achievement.
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